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Introduction
Teruo Kishi, President
Five years have passed since the National Institute for Materials Science (NIMS) was established as
an independent administrative institute. Meanwhile, the first Mid-Term Program has come to an end,
and the second Mid-Term Program—formulated to further expand upon the results obtained from the
first program—was started in 2006.
NIMS is Japan’s only independent administrative institute specializing in materials research. In
combination with its own research activities, NIMS intends to serve as a key institute that fundamentally supports all materials research in Japan as well as, by extension, international materials research.
With this in mind, NIMS published Materials Science Outlook 2005 for the first time in 2005 as part of
its information dissemination activities. This document for information assessment accurately ascertains and analyzes overall trends surrounding policy, measures, research activities, and other items connected with materials research both in Japan and abroad.
Materials Science Outlook is intended for policymakers, managers of research institutes,
researchers, and other people connected with both domestic and international materials research. Its
publication was commenced in the hope that it would be used by these people as analytical information
when they are determining their courses of action.
Part I of Materials Science Outlook 2006 provides an overview of Japan’s Third Science and
Technology Basic Plan, while Part II is a survey and analysis of research policies and representative
research institutes connected with substances and materials, with focus on Asian countries where materials research and the nanotechnology field are expanding at a dramatic rate. Part III classifies research
fields into nanotechnology, nanomaterials, information and communications materials, bionanomaterials, and the environment and energy, and then examines research trends in these fields.
Through Materials Science Outlook, NIMS hopes to disseminate information on materials research
and current as well as near-future trends, and contribute to the development of materials research both
in Japan and abroad. Nothing would give us at NIMS greater pleasure than to see Materials Science
Outlook 2006 prove helpful to all who use it.
Moreover, NIMS has prepared the NIMS Policy Paper 2020*1, which provides a mid- and long-term
vision of NIMS for use in study of what the institute should look like in 2020. NIMS has also prepared
v

a pamphlet entitled NIMS21*2, which presents the content of NIMS research by selecting 21 outputs
from the first Mid-Term Program. These publications can be viewed on the NIMS website. It is our
hope that readers will use them together with this Materials Science Outlook.

March 2007
*1: http://www.nims.go.jp/jpn/news/nims2020/NIMS2020.pdf
*2: http://www.nims.go.jp/eng/news/nims21/index.html

vi

PART Ⅰ

Outline
of
Japan’s Third Science
and
Technology Basic Plan

Part I provides an overview of strategy to promote the nanotechnology and materials field that was taken
from the Third Science and Technology Basic Plan. This plan was approved by the Cabinet based on the
Science and Technology Basic Law on March 28, 2006.

PART I Outline of Japan’s Third Science and
Technology Basic Plan
1. The Third Science and Technology Basic Plan1)
The Third Science and Technology Basic Plan—a
five-year plan to begin in FY2006—was approved by
the Cabinet in March 2006. The foundation for science
and technology (S&T) policy in Japan is being solidified under the First and Second Basic Plans (the first
beginning in 1996). The focus of the Third Basic Plan is
placed on the creation of “highly innovative human
resources” and “systems to create the maximum results
using limited natural resources.” This focus is based on
the fact that international science and technology competition is intensifying as well as on the awareness that
Japan, as a resource-poor country, has no choice but to
survive using its “wisdom.” From this standpoint, one
of the basic stances of the Basic Plan is wrapped up in
the slogan “S&T to be supported by public and to benefit society.” For example, concerning with the three
concepts that were established in the Second Basic Plan
as directions that Japan’s S&T must take, the Third
Basic Plan sets six concepts and 12 sub-goals (see Table
1) in order to further clarify policy goals, and strives to
reinforce accountability by making the route by which
results from research investments are returned. Another
basic stance is phrased in the slogan “emphasis on fostering human resources and competitive research envi-

ronments.” This stance states that a shift in emphasis
from “hard” to soft” and the placement of greater significance on individuals will also result in a shift in investment emphasis from infrastructure to development
of excellent human resources in S&T policies.
Furthermore, while the second basic plan mentioned a
total of 24 trillion yen for government R&D investment
during its period in effect, the Third Basic Plan mentions a total of 25 trillion yen for the purpose of staying
on par with major European and North American countries in terms of GDP share.
Strategic priority setting in S&T will continue from
the Second Basic Plan in terms of selection and concentration for the purpose of effective use of limited financial resources. First, in the area of “promotion of basic
research,” the Third Basic Plan mentions securing of a
certain amount of investment for basic research producing diverse wisdom and innovation and its steady pursuit. The basic research areas include, for example,
research that derives from the free ideas of researchers
and that is supported by Grants-in-Aid for Scientific
Research. The Third Basic Plan states that it shall be
clarified and thoroughly understood that such research
shall be promoted independently from R&D for policyoriented subjects as mentioned nextly, and that efforts
shall aim to accumulate intellectual achievements to

Table 1 Policy Goals.

Concept 1:
Create human
wisdom

Concept 2:
Maximize
national
potential

Items in parentheses are sub-goals

Goal 1: Quantum jump in knowledge, discovery, and creation: Accumulation and creation of
diverse knowledge to ensure a bright future
(1) Discover and clarify new principles and phenomenon
(2) Create knowledge as a basis of discontinuous technical innovation
Goal 2: Breakthroughs in advanced S&T: Efforts toward making human dreams come true
(3) Bolster S&T by conducting the world’s most advanced projects
Goal 3: Economic growth & environmental protection: Achieving sustainable economic growth
based on environmental protection
(4) Overcome global-warming and energy problems
(5) Realize an environmentally harmonized, recycling-oriented society
Goal 4: "Innovator Japan": Realizing a strong economy and constantly innovating industries
(6) Realize a ubiquitous Internet society attracting global interest
(7) Become the world’s top manufacturing nation
(8) Enhance industrial competitiveness to win in global S&T competition

Goal 5: Good health over a lifetime: Making Japan a country where people from children to the
elderly stay healthy
Concept 3:
(9) Overcome diseases afflicting the public
Protect nation’s
(10) Realize a society where everyone can stay healthy
health and
Goal 6: The world’s safest country: Making Japan the world’s safest country
security
(11) Secure national, social safety
(12) Ensure safety in life
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generate new knowledge constantly. Next, particular
emphasis shall be placed on R&D for policy-oriented
subjects that address national and social issues; life sciences, information and telecommunications, environmental sciences, and nanotechnology/materials, to
which resources are preferentially allocated, shall be
referred to as the “four priority fields to be promoted”;
and energy, “monozukuri” technology (manufacturing
technology in the second basic plan), social infrastructure, and frontier sciences, as areas in which R&D activities are conducted with an emphasis on issues that are
considered fundamental for the nation’s existence and
that need to be addressed by the government, shall be
referred to as “four fields to be promoted.” The Third
Basic Plan also clarifies its relationship with six policy
goals, and then further promotes prioritization in each of
the abovementioned fields and strengthens their strategic qualities through selection and concentration. The
directions toward selection and concentration within
these fields are indicated in the “promotion strategies.”
Under the promotion strategies, important R&D themes
in each field are established toward realization of policy
goals. In addition, the Third Basic Plan selects themes
for which particular funding priority will be placed during the plan’s five-year period from among the R&D
themes, and establishes them as “Strategic Prioritized
S&T” for concentrated investment.
In restructuring of the S&T system, the Third Basic
Plan seeks to set goals as follows. In order to promote
the development, maintenance, and activity of human
resources, the plan seeks, for example, to set a 25% hiring goal for female researchers throughout all of the natural sciences and to expand competitive funding. In
order to enhance scientific development and persistent
innovative capacity, the plan seeks, for example, to form
about 30 research centers that are positioned among the
world’s best as a means of further reinforcing university
competitiveness, to strengthen functions of public
research institutes through reformation, and to eliminate
irrational overlapping and overconcentration of research
expenses through construction of a cross-governmental
database. These steps are intended to support structural
reorganization that aims for the world’s highest S&T
level. Moreover, the plan mentions reinforcement of the
“control tower” functions of the Council for Science and
Technology Policy. This covers such areas as demonstration of leadership that surpasses that of government
ministries, and ascertainment and compilation of views
pertaining to S&T-related activities.

2. Strategies to Promote the Nanotechnology and
Materials Field2)
The following important points in the “nanotechnology and materials” field are identified within its promotion strategy: a) the field contributes to S&T progress
and problem-solving as a basic technology that is shared
by other fields, such as the life sciences and information
and communications, and is an important technical seed
2

in efforts to promote industry and realize affluent human
lives as well as a safe, secure, and comfortable society;
and b) it is a field that must address its possibilities as
innovation-catalyzing S&T capable of yielding discontinuous and dramatic achievements while also handling
the technical requirements of society and industry.
Thus, it will be important to proceed by emphasizing
discontinuous and challenging technical innovation
while paying a certain amount of attention to continuous
progress. This is because the field encompasses efforts
to refine existing technologies and pursue continuous
technical progress as well as efforts toward discontinuous technical innovation.
Nanotechnology is a technology that can pioneer new
S&T fields by turning traditional principles and common sense upside down. Aside from dramatically
advancing S & T, it can also enhance industrial competitiveness and promote the creation of new large industries. In recognition of this, the name “True Nano” was
given to “a) innovative R&D expected to lead to discontinuous advances (jump-ups) that do not follow conventional courses, and b) R&D that can foresee large industrial applications, from among various nanotechnology
areas” True Nano is thus a basis for selection of important R&D themes.
In the materials field, selection of important R&D
themes focuses on R&D that boldly takes on intractable
social issues, including objective basic research, and
continuous promotion of common basic R&D that
makes a major contribution to social and industrial
infrastructure.
Moreover, based on the idea that combination and
merging of nanotechnology and materials research will
bring advantages to Japan, the scope of important R&D
themes in the nanotechnology and materials field is set
as follows:
- All themes belonging to nano-electronics and nanobiotechnology in which the achievements of “true
nano” and innovative materials research must be
maximally exploited.
- All themes belonging to advanced materials
research that tackle issues that, while intractable,
may yield important evolution for society if overcome.
- All themes belonging to measurement and fabrication technology that will become technical infrastructure for promoting R&D on nanotechnology
and materials, and all themes belonging to human
resources development and establishment of
research centers (COEs) that will constitute underlying infrastructure.
- All themes belonging to nano-science and material
science that should be promoted based on longterm prospects in the nanotechnology and materials
field and toward strategic objectives.
All of these themes are shown in Table 2.
Three concepts can be listed as standing behind selection and concentration within Strategic Prioritized S&T,
which will be the target of priority investment in the
nanotechnology and materials field during the plan’s
Materials Science Outlook 2006

Table 2 Important R&D Themes.
Important R&D themes

Outline and examples of R&D in the important R&D theme

1 Next-generation silicon-based nano-electronics superior to
conventional silicon semiconductors

Device technologies that develop existing electronics through integration with other
technologies exploiting unique physical phenomena and chemical phenomena in
the nano area

2 Electron/photon-controlling nano-electronics technology

Fabrication technologies, devices, systems, etc., having new functions that go
beyond the principled limits of existing technologies by the application of unique
nano-specific physical/chemical phenomena to materials and functions not used in
conventional silicon electronics.

3 Nano-scale manufacturing technology for electronics

Manufacturing technologies and apparatuses for the realization of semiconductor
microfabrication technology of 32 nm node and beyond and ultra-small devices at
the nano scale.

4 Cost reduction technology for nano-electronics components

Materials and technologies that thoroughly incorporate cost-reduction awareness
from the initial stages of development in all developing processes in the nanoelectronics area.

5 Energy-saving/environment-friendly nano-electronics

Ultra-low power consuming electronics (molecular, organic electronics, etc.) that
actively utilize unique physical phenomena and chemical phenomena in the nano
area

6 Security electronics technology

Authentication and communications technologies that actively utilize unique physical and chemical phenomena in the nano area

Nanoelectronics

Nanobiotechnology and biomaterials
7 Molecular imaging technology for investigating internal
structures and mechanisms, function, etc., of living organisms

Measurement technologies, analytical technologies, etc., for molecular imaging

8 Molecular manipulation technology for living organisms

Technologies for comprehending, and directly manipulating, cell/organ structure
and function in living organisms at the molecular level

9 Diagnosis and treatment methods using DDS and imaging
technology

Ultra-early diagnostic imaging, highly functional/low-side-effect DDS carriers,
cell-targeting therapies using DDS technology, etc.

10 Apparatus utilizing ultra-micro fabrication technology

Devices using nano-machining technology based on semiconductor fabrication
technology

11 Detection technology for ultra traces of substance

Dramatic improvement of precision in detecting infinitesimal substance quantities
in living organisms, minimizing of environmental risk due to advancements in
environmental monitoring, etc.

12 Pacient-friendly bio-devices with high safety and
advanced functions

Medical devices and functional materials making full use of nanotechnology that
are easy on living organisms; devices that rebuild, restore, or substitute for organic
functions; etc.

13 Regeneration initiation materials

Materials for guided regeneration that are essential in regeneration of organic tissues that make reconstruction and functional restoration of body parts and organs
possible without transplants

14 Nano-biotechnology applied food

Safe and high-quality foods using the physical and chemical properties of nanoparticles that have high intestinal absorption and a high functional ingredient content

Materials
15 Material technology to promote the use of unpopular
energy

Materials for fuel cells, materials for hydrogen utilization, superconducting materials, capacitor materials, materials for new secondary cells, thermoelectric materials,
etc.

16 Advanced material technology for highly efficient use of
energy

Structural materials for highly efficient thermal and nuclear power generation,
magnetic materials for highly efficient generators and motors, materials for solar
batteries, etc.

17 Material technology to deal with toxic substances

Lead-free/bismuth-free piezoelectric ceramics, materials for sensing of hazardous
substances, materials for hazardous ion removal technology, etc.

18 Technology for substitution and efficient use of rare amd
deficit materials

Indium-free transparent electrode materials; nonprecious metal catalysts; non-Dy
highly retentive magnets; non-W, Ta, and Co alloys for tools; etc.

19 Material technology for environmental improvement and
conservation

Low-environmental-impact, highly efficient catalytic materials for environmental
cleanup; biodegradable plastics and recyclable materials; and other new materials

20 Material technology for a secure and safe society

Ultra-tough materials and use technologies for skyscrapers; material technologies
and evaluation technologies for nano-fibrous materials; etc.

21 Material technology for advanced electric equipment

Materials and process technologies that can realize revolutionary high performance
in major components of displays, storage, optical switches, etc.

22 Material technology for globally competitive transport
equipment

Materials technologies that can help reduce the weight of automobile structural
components, materials related to next-generation automobile electric and electronic
control systems, etc.

23 Manufacturing technology for innovative materials and
components for next generation

Technologies and scale-up methods for optimum structures to control organization,
structure and interfaces in the nano area, etc.

Fundamentals for nanotechnology and materials
24 Advanced nano-measurement and nano-processing technology

Materials Science Outlook 2006

Nano-probe technology and quantum beam technology, nano-electro-mechanical
systems (NEMS’s) technology, nano-integration technology, etc.
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25 Novel utilization of quantum beams for measurement,
fabrication and manufacturing technology

New beam technologies (aberration correction, etc.); advanced industrial application in large-scale quantum-beam facilities; Ultra sensitive analysis of elements in
nano scale; etc.

26 Simulation and design technology to exploit materials
properties and functions

Development of standard theories for elucidating the properties and functions of
substances down to the sub-micron size, methods for developing new materials and
structures, etc.

27 Responsible R&D on nanotechnology

Methods for evaluating and handling the properties of nanoparticles, etc.; promotion of standardization and social acceptance of nanotechnology; support for industrialization; etc.

28 Human resource development and environmental
improvement for R&D of nanotechnology/materials science

Development of researchers/technicians, research managers, persons in charge of
commercialization, etc.; establishment of research bases to make R&D highly efficient and to improve research levels, to expand the horizons and scope of research
and to accelerate the industrialization of research results; establishment of user
facilities; etc.

Nanoscience and materials science
29 Strategic promotion of “quantum computational technology,” “elucidation and control of interface functions,”
“mechanism clarification of nano-scaled bio-systems,”
and “strongly correlated electronics”

Promotion of R&D that, although currently at the basic research stage, may prove
effective if strategic efforts are implemented based on set themes. Themes whose
output has a large impact on society, difficult interdisciplinary themes whose resolution is extremely important in R&D pertaining to the nanotechnology and materials field, etc.

Table 3 Strategic Prioritized S&T.
○ S&T for resolution of serious social and industrial issues with “true nano” and advanced materials
1. Advanced materials that can drastically reduce cost of clean energy
2. Advanced materials which can fully substitute rare or deficit materials
3. Advanced nanotechnology and materials that support our secure and safe daily life
4. Advanced materials that can play a crucial role in innovation
○ S&T that sparks second-generation innovation in “true nano”
5. Advanced electronics to break through function limits of devices
6. Advanced nano-biotechnology and nano-medical technologies aiming at realization and unification of
very early-stage diagnosis and minimally invasive medicine
○ R&D infrastructure that accelerates innovation through “true nano” and advanced materials
7. R&D toward social acceptance of nanotechnology
8. Advanced R&D at innovation COEs which leads to the commercialization of nanotechnology
9. Cutting-edge nano-measurement and nano-fabrication technology
10. Development and shared-use of X-ray free electron lasers

term: a) issues having strong social and industrial
demand that will be difficult to solve without “true
nano” and innovative materials; b) issues that lead to
international competitive advantage through utilization
of phenomena/properties that are unique to the nano area
and through discontinuous advances and major industrial application; and c) promotion infrastructure that
accelerates innovation through “true nano” and innovative materials and that maintain international competitive advantage. Specific issues are named in Table 3.
Promotion measures that are in line with strategy
include, for example, a) education of personnel having a
broad perspective, and practical technical education
based on liaison between universities and private-sector
enterprises, as a means of cross-sector human resource
fostering to promote combination and merging of fields;
b) formation of R&D bases that establish and provide
venues for researchers in different fields to collaborate
and integrate their R&D and bases that allow open participation from universities, pubic research institutes and
private-sector industries; c) creating of a framework to
support aggressive basic research that is not afraid of
failure and to link with innovation in the nanotechnology and materials field, as a way of reviewing systems of
4

research funding allocation; d) active participation from
industry and academia that ties research results to industrialization, and smooth promotion of R&D through collaboration among concerned government ministries, as a
way of promoting industry-university-government collaboration; e) promotion of policies that encourage
social acceptance of nanotechnology, as a means of promoting responsible R&D; and f) promotion of active
coordination with other Asian countries, and formulation
of intellectual property strategies toward the industrialization of findings from “true nano” research, as a way
of international collaboration, standardization and strategic protection of intellectual property. It should be noted
that the Third Basic Plan states that a flexible approach
shall be taken with regard to necessary modification and
correction of the important R&D issues and Strategic
Prioritized S&T, even during the plan’s term, in order to
realize “practical strategies.”

Contributed by: Hiroyuki Suzuki
Quantum Beam Center, NIMS
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PART Ⅱ

Materials Research Policies and
Research Institutes for
Materials Science in Asia

Materials Research Policies in Asia
● Outline of Major Public Research Institutes and
Universities for Materials Research in Asia
●

The Materials Science Outlook 2005 included a survey and analysis that provided a general description of
materials research institutes in Japan, the United States, Europe, and Russia*. The Materials Science Outlook
2006 puts special focus on Asia, where dramatic advances have been made in the materials research field.
Chapter 1 selects seven countries and regions in Asia and explains materials research policies taken from
experts of policymakers or implementing organizations in each country. Chapter 2 presents an NIMS survey
and analysis of major materials research institutes and universities based on public information obtained from
Internet websites and other sources as of April 2006. The names of the countries and regions presented are
taken from the Regional Affairs website of the Japanese Ministry of Foreign Affairs**. These regions and countries are presented in alphabetical order: China, India, Japan, (Republic of) Korea, Malaysia, Singapore, Taiwan,
and Thailand.

* 2005 Materials Science Outlook: http://www.nims.go.jp/jpn/news/outlook/outlook2005.pdf
** Regional Affairs website of the Ministry of Foreign Affairs: http://www.mofa.go.jp/mofaj/area/index.html

Chapter 1. Materials Research Policies in Asia
Section 1. People’s Republic of China
Lian Zhou
Chinese Materials Research Society, People’s Republic of China
In April 2001, the Chinese State Council approved
continued implementation of the program in the national
tenth Five-year Plan. To promote economic growth and
social development in China, the national tenth Fiveyear Plan adopted and prioritized the fields of information technology, biotechnology and life science, energy,
materials, advanced manufacturing and automation
technology, and resource and environmental technology.
Figure 1 shows the percentages by field. The budget for
materials accounts for approximately 13% of the total
national tenth Five-year Plan.
In 2004, the Chinese government began to formulate
the National Medium and Long-term Science and
Technology (S&T) Development Plan towards 2020,
which was released for implementation at the end of
2005. The plan set the direction for China’s future S&T
development, following the principle of “indigenous
innovation, leapfrogging in key areas, underpinning
developments, and setting the direction for the future”.
The basic goal for the new development of China’s S&T
is to pave the way for China to become an innovationoriented country over the next fifteen years, marked by
significantly improved indigenous innovative capabilities.
In China, the Ministry of Science and Technology
(MOST) and the National Natural Science Foundation
of China (NSFC) are mainly in charge of research and
development (R&D) related to materials. China is going
to promote the following R&D materials fields: (1)

energy- and environment-related materials techniques to
meet the requirements for energy efficient using, recycling, resources saving and environment protection; (2)
materials fabrication techniques and equipment as a
basis for traditional and raw materials, information and
communication, and national security; and (3) advanced
materials, including smart, superconducting and highefficient energy materials to improve people’s quality of
life and safeguard public security.
MOST is a main organ of the national government,
which conducts basic and high-tech research. On June 4,
1997, the State Science and Education Steering Group
decided to formulate the “National Plan on Key Basic
Research and Development” and organize the implementation of the “National Program on Key Basic
Research Project (973 Program)”. The purpose of these
two initiatives was to strengthen basic research in line
with national strategic targets. In 1986, to meet the global challenges of the new technological revolution and
competition and accelerate China’s high-tech development, the Chinese government approved the National
High-tech R&D Program - the 863 Program - to boost
China’s overall high-tech development, R&D capacity,
socio-economic development, and national security.
Figure 2 shows the percentages of total high-tech R&D
expenses of MOST’s 863 project, and Fig.3 the percentages of total basic research expenses of MOST’s 973
project.

Fig. 1 Percentages of budgets of six fields in the tenth Five-year
Plan.

Fig. 2 Percentages of total high-tech R&D expenses of MOST’s
863 project.
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interests and basic research combined with engineering
practice so as to promote scientific development; boost
new and high technologies; accelerate the technological
progress of industries; develop a healthy, wealthy, and
efficient economy and social system; and enhance our
international competitive capabilities for sustainable
development.

Fig. 3 Percentages of total basic research expenses of MOST’s
973 project.

Fig. 4 Percentages of R&D budgets of NSFC’s basic research
related to materials science.

The National Natural Science Foundation of China
(NSFC) was founded in February 1986, with the
approval of the State Council. The foundation manages
the National Natural Science Fund, which aims to promote and finance basic research and applied research in
China. Figure 4 shows the percentages of R&D budgets
of basic research related materials science in NSFC. Its
annual budget has been dramatically increasing - from
80 million RMB in 1986 to over 2 billion RMB in 2004,
contributing significantly to the development of basic
research in China.
NSFC has established a series of systems to encourage fountainhead innovation and to fund excellent and
creative researchers through fair competition on the
basis of scientific and democratic principles. The
researchers supported by NSFC are focusing on developing applied basic researches, such as materials science
and engineering, manufacturing science and engineering, resources utilization and environment engineering,
structure and civil engineering, and highlighting interdisciplinary research in life science and nanoscience.
The frontier exploration should be guided by national
8
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1. Materials Research Policies in Asia

Section 2. India
P. Rama Rao and C.N.R. Rao
Jawaharlal Nehru Centre for Advanced Scientific Research, India
1. Historical Milestones in Materials Science
Education and Research
The origins of materials science education in India
can be traced to the first Materials Science Education
Conference in 1966, at the Indian Institute of
Technology, Kanpur (IITK). Among the participating
eminent scientists at this conference was Professor
Morris Cohen, who contributed substantially in later
years to the development of materials science and engineering. For the first time in India, an Introduction to
Materials Science was offered by IITK in the undergraduate curriculum. The significance of these first steps
should be seen in light of the fact that they were taken
not long after the discipline of materials science was
born in 1959, in the department of materials science at
Northwestern University in the US. The interdisciplinary program in materials science leading to masters
and PhD degrees started at IITK in 1971, which motivated the government of India to create policy to develop materials science education and research in the country. Following this policy was the establishment of the
Advanced Centre for Materials Science at IITK in 1976,
which was soon followed by the establishment of the
Materials Research Centre at the Indian Institute of
Science (IISc), Bangalore in 1977, alongside the Solid
State and Structural Chemistry Unit. The departments of
metallurgy and physics actively promoted materials science related courses and research at IISc. The materials
research from IISc has been outstanding. A more recent
happening was the establishment in 1989 of the
Jawaharlal Nehru Centre for Advanced Scientific
Research (JNCASR) in Bangalore. The Chemistry and
Physics of Materials Unit at JNCASR has grown rapidly
into a prominent materials research group in India, with
major programs in computational materials science,
chemical design of materials, structure, and properties
and phenomena associated with advanced materials,
both inorganic and organic. More than sixty research
publications are published annually from this unit alone.
The unit employs state-of-the-art methodology to synthesize and study properties and phenomena in novel
materials from the following categories: oxide materials, molecular electronics, and nanomaterials.
An important historical milestone in India was the
establishment of the first ever Department of Metallurgy
at Banaras Hindu University (BHU) around 1923. The
early development of the metallurgical industry in the
Materials Science Outlook 2006

country owes much to this academic department. In
1974, a materials science group was set up as part of
this department, which soon developed into the School
of Materials Science and Technology and offered a fullfledged post-graduate course in materials science by
1979.
The visionary initiatives at BHU and IITK sparked
the expansion of metallurgical and materials education
in India. Currently, these disciplines account for over
1200 graduates annually at the bachelor level, over 500
at the masters level and over 150 doctorates, not including graduates in physics, chemistry and biology, with
emphasis on work related to materials research. It is relevant to mention that the intake in the broader area of
engineering has increased to over 500,000 at the undergraduate level and nearly 30,000 at the masters level.
Overall, India annually graduates three million students
across all disciplines of science, engineering and
humanities from its 350 universities. The Indian
Institute of Science (IISc) and the seven Indian
Institutes of Technology (IITs) have established themselves as the leading academic science and engineering
institutions. These academic institutions have nurtured
strong materials research groups.
Two professional bodies deserve to be mentioned in
this historical description. The Indian Institute of Metals
(IIM) is a professional body that has rendered useful
services to metallurgical science and metals development
in the country. The IIM has consistently provided a
forum for teachers, researchers and industry personnel
from India and abroad to get together during the institute’s technical meetings. While the IIM came into
being in 1946, the Materials Research Society of India
(MRSI) was founded in 1989. MRSI, a member of the
International Union of Materials Research Societies
(IUMRS), has successfully brought metallurgists, ceramics and polymer scientists together on a single platform,
along with condensed matter physicists, materials
chemists and materials biologists to promote notable
research contributions in the field. IIM and MRSI support two periodicals - the Transactions of the Indian
Institute of Metals, and the Bulletin of Materials Science.

2. Policy Initiatives and Institution Building
Soon after India gained independence in 1947, the
five-year plan approach was adopted to develop, among
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other things, science and technology in India. The first
five-year plan was launched in 1951, and the country is
now on the threshold of its eleventh plan, which will
commence in 2007. In 1971, the Government of India
set up the National Committee on Science and
Technology (NCST), which was responsible for drafting
the country’s first science and technology (S&T) plan as
a component of the socio-economic plan for the country.
In 1973, towards the close of the fourth five-year plan,
the committee released a policy document entitled “Plan
to Approach Science and Technology”. This approach
was created on the assumption that a sum amounting to
1% GNP would be made available for research and
development in the last year of the fifth five-year plan.
Since then, the allocation for S&T has been significantly
increasing from one plan period to the next.
Consequently, expenditure to promote S&T in India has
risen more than 5000 times - from an average of Rs.40
million per year during 1951-56 to nearly Rs.210 billion
during 2004-05. The NCST also drew up the first
national program for materials research in India.
Several government departments were created as a
result of continually increasing investments in S&T.
While the Council of Scientific and Industrial Research
(CSIR), and the Atomic Energy Commission came into
being in 1942 and 1948, respectively - prior to the
NCST policy document - several other science agencies
were subsequently established: the Defence Research
and Development Organisation (DRDO) in 1958, the
Department of Science and Technology (DST) and the
Department of Electronics (DOE) in 1971, the
Department of Space (DOS) in 1972, the Department of
Environment (DOEn) in 1980, the Department of Ocean
Development (DOD) in 1981, the Department of Nonconventional Energy Sources (DOES) in 1982, and the
Department of Bio-technology (DBT) in 1986. Although
the above are government agencies, several are empowered to set up autonomously functioning laboratories.
For example, CSIR manages thirty-eight autonomously
governed laboratories, and the DST sixteen autonomous
research institutions. Some of these laboratories are dedicated entirely to materials research and development.
Seven such examples are: the National Metallurgical
Laboratory, the Central Glass & Ceramics Research
Institute under CSIR, the Defence Metallurgical
Research Laboratory (DMRL), the Solid States Physics
Laboratory (SPL), the Defence Materials and Stores
Research & Development Establishment (DMSRDE),
the Naval Materials Research Laboratory (NMRL) and
the High Energy Materials Research Laboratory
(HEMRL) under DRDO. Several other autonomous
institutions have prominent materials research programmes. Under the aegis of the Department of Atomic
Energy (DAE), such institutions are: the Tata Institute of
Fundamental Research, the Institute of Physics, the
Institute of Plasma Research (IPR), the Centre of
Advanced Technology (CAT), and the Saha Institute of
Nuclear Physics (SINP). JNCASR, a DST centre, has a
leading research unit in the Chemistry and Physics of
Materials Unit. The International Advanced Research
10

Centre for Powder Metallurgy and New Materials
(ARCI), another DST laboratory, is mandated to undertake materials research-based product development and
leads the country in the area of surface coating. A more
recent DST institution is the Centre for Liquid Crystal
Research. Apart from managing networks of laboratories, each of the above-mentioned agencies has a dedicated extramural budget to advance research and development in science and technology in general, and materials science in particular, in academic institutions and
other national laboratories.
Research based materials development leading to the
successful industrial-scale production of semi-finished
products has been possible due to unique institutional
bases, as described in the following examples. The
establishment of a special alloys production unit, Mishra
Dhatu Nigam Limited (MIDHANI), alongside the
Defence Metallurgical Research Laboratory (DMRL) at
Hyderabad, has resulted in the development of special
alloys at DMRL into manufactured semi-finished products at MIDHANI. MIDHANI also produces materials
developed at other research establishments, notably the
Indira Gandhi Centre for Atomic Research (IGCAR),
the Bhabha Atomic Research Centre (BARC) and the
Vikram Sarabhai Space Centre. Assisted by the Defence
Research and Development Organization, MIDHANI
has also established the Aeronautical Materials Testing
Laboratory (AMTL) to qualify aero engines and aerospace materials for their application in high technology
systems. This has helped the country develop indigenously and deploy specialty steels, nickel super alloys
and advanced aluminum and titanium alloys for aerospace, nuclear power and the defense industry. MIDHANI also has its own materials development capabilities just as DMRL has in-house limited production capabilities - both of which have served the materialsdependent industrial engineering and strategic programs. Similarly, the Nuclear Fuel Complex (NFC) at
Hyderabad has installed production facilities for seamless tubes, high purity materials and nuclear materials,
such as uranium dioxide pellets, zirconium sponge and
zirconium-based alloy products. The NFC has produced
materials developed by BARC and IGCAR. The Bhabha
Atomic Research Centre has also set up a National
Centre for Compositional Characterization of Materials
(NCCCM), which has rendered invaluable analytical
service in support of product development endeavors.
In the area of electronic and functional materials,
Central Electronics Limited (CEL) is a public sector
company that provides the commercialization link to
laboratories such as the National Physical Laboratory
(NPL) - both of which are located in New Delhi and
come under the Department of Scientific and Industrial
Research. The Solid State Physics Laboratory and the
Gallium Arsenide Enabling Technology Centre
(GAETEC), both of which belong to DRDO, are dedicated respectively to semiconductor materials research
and device fabrication. DRDO also runs the Composite
Product Development Centre to produce advanced composites developed in the DRDO laboratories. The Centre
Materials Science Outlook 2006

for Materials for Electronics Technology (C-Met) is an
autonomous institution set up by the Ministry of
Information Technology, which develops materials for
electronic packaging, high purity materials for optoelectronics, and materials for sensors and actuators.
As the country is now engaged in drafting an
approach paper for the eleventh five-year plan commencing in 2007, S&T is occupying the centre stage. In
addition to constituting various working groups for sectorial policies and allocation, the government has set up
a Scientific Advisory Council to the Prime Minister, to
render advice on policies, new institutions, human
resources development, and to enhance research funding, which is likely to go up to 2% GNP. An
autonomously managed science funding mechanism is
on the anvil. The approach paper for the forthcoming
plan justly recognizes science and technology as a reliable benchmark for the status of the nation’s development. The paper is intended to implement selected
national flagship programs that will have a direct bearing on the country’s ability to attain a position of leadership in frontier science and enhance its technological
competitiveness. Frontier areas of materials science
research and development are embedded in the overall
plan for advancing S&T in the country.

ing research groups in accelerating the advancement of
steel research across a spectrum of specific areas - from
the raw materials through to the end product. The
importance of SRDM can be seen in the context of the
prospect of explosive growth of the steel industry and
the demand for steel products. To cite one example, the
annual demand for specialty heavy steel structurals for
nuclear power, aerospace and the process engineering
industry is expected to be ten thousand tonnes in the
near future.
Yet another new initiative is the formation of the
Core Group on Automotive Research (CAR) comprising
representatives from major Indian automobile and autocomponent makers, academic institutions and industry
bodies, to further R&D in the automotive sector. In this
endeavor, the advanced materials field is a major area of
focus. A multi-institutional project has been undertaken
for the development of pre-competitive processing technologies, namely tailor-welded blanks and hydroforming using selected automotive steels to achieve weight
reduction. IISc has set up a pilot-scale semi-solid forming facility to produce aluminum alloy-based near net
automotive components.

4. Programs in Materials Research
3. Prospects for Commodity Materials Development
The Indian economy has achieved notable growth
since India implemented its liberalized National
Industrial Policy (NIP) in 1991. India’s GDP has consistently grown at 7- 8% in recent years and the country
promises to maintain and possibly exceed these growth
rates. Compared to the present levels of consumption, it
is projected that India’s demand for commodity materials could triple within the next ten years. This translates
to over 125 million tonnes of finished steel, nearly 3
million tonnes of aluminum, nearly 1 million tonnes of
copper, over 1.1 million tonnes of zinc, 150,000 tonnes
of nickel and 20 million tonnes of paper and cardboard.
The American company, UB Investment Research, calculated the above demand based on a model that used
consumption levels and growth trends that were prevalent in China in earlier years. India is also considered to
be suited to fulfill the well-recognized prerequisites for
such growth.
The country offers prospects that naturally arise
thereby for research and development in related fields.
In this context, institutions with notable research
endeavors in steel, aluminum and copper, respectively,
are the R&D Laboratories of Steel Authority of India
Ltd, the Jawaharlal Nehru Aluminium Research,
Development and Design Centre, and the Nonferrous
Materials Technology Development Centre. In a new
move, India’s Ministry of Steel has this year set up an
autonomous institution, the Steel Research and
Development Mission (SRDM), funded by the Steel
Development Fund. This center is designed to be a virtual research center dedicated to providing and facilitatMaterials Science Outlook 2006

In this section, compilations of research activities
will be presented in the seven materials categories;
namely nanomaterials, metals and alloys, advanced
ceramics, polymers, advanced composites, surface coatings and energy materials. Nanomaterials research will
be presented at the outset due to the high level of attention received and the spurt of activities in the field.
4.1 Nanomaterials Research
The funding agencies and the institutions involved in
nanomaterials research are presented in Fig. 1. The chart
is illustrative of the major funding agencies that also
support other materials research projects. The pie chart
in Fig. 1 shows the allocation of funding to different categories of institutions in the recently launched DST program - the Nano Science and Technology Initiative
(NSTI). As part of the program, infrastructure facilities
involving surface probe microscopes, high-resolution
transmission electron microscopes and nanoindenters
have been created in several institutions across the
country.
In addition to supporting broad-based research and
development in nanomaterials, the following centers
have been set up to carry out focused research in the
areas indicated alongside each of them: (1) JNCASR
Nano Science Unit and the Centre for Computational
Materials Sciences; (2) IISc Centre for Nanodevices and
Nanobiosensors; (3) S.N. Bose Centre for
MEMS/NEMS; (4) ARCI Centre for Nanomaterials; (5)
IIT Kanpur Centre for Printable Electronics and
Nanopatterning; (6) NCBS Centre for Biosystems; (7)
IIT Bombay Centre for Nanoelectronics; (8) AIMS
Centre for Tissue Engineering; (9) University of
11

Fig. 1 Funding for and institutions involved in nanomaterials research.

Allahabad Centre for Nanophosphors; and (10) NIPER
Center for Pharmaceutical Nanotechnology.
Nanomaterials research in India is rapidly gaining
momentum and covers a wide range of topics as evident
from Table 1. Zero dimensional nanocrystals, onedimensional nanowires and nanotubes, as well as two
dimensional nanowalls and nanofilms have been
explored. New methods of synthesis mentioned in Table
1, as well as new type of nanomaterials, such as y-junction nanotubes and those specific to applications for gas
12

sensing and field emission have attracted wide attention.
The number of publications in this field is already the
largest for any single materials area.
A noteworthy trend in nanomaterials research is the
growing number of international collaborative projects.
An International Centre for Materials Sciences (ICMS)
has been proposed to be established at JNCASR to facilitate interaction between researchers from several countries; a DST- NSF (USA) materials network has also
been formed. VEECO, the world’s largest seller of scanMaterials Science Outlook 2006

Table 1 Research activities in nanomaterials.
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ning, tunneling and atomic force microscopes, have set
up a VEECO-India nanotechnology laboratory to be
jointly operated with JNCASR in Bangalore. This center
intends to make atomic force microscopes and other
nanotechnology research equipment. Engineered
Nanoproducts Gmbh, Germany, has tied up with ARCI
to set up a center for sol-gel technology at ARCI for the
joint development and commercialization of sol-gel
based coatings. Having established facilities for the bulk
production of nanopowders and their consolidation,
ARCI has also crafted a virtual center in collaboration
with Rutgers University, US, to work jointly on
nanopowder synthesis and consolidation. Nano-Tex, a
US based textile producer, has proposed to establish a
textile technology and nanomaterials science R&D center in India. The invention of flow-induced electrical
responses in carbon nanotubes, which has direct rele14

vance to biological and biochemical applications, has
been taken up for gas flow sensor commercialization by
a US start-up company, Trident Metrologies. A subsidiary of Toyota, Aisin Cosmos, has entered into a joint
venture with the Indian Institute of Chemical
Technology for R&D on nanomaterials for automotive
applications. Cranes Software International Limited has
a research outfit for MEMS and nanotechnology at IISc.
It is relevant to add that United Nanotech Products,
Kolkata is in place to manufacture and sell nanotechnology-based high performance lithium-ion battery electrode
materials to the Asian market. Furthermore, Nano-Tech
Silicon India is planning to set-up a mega-semiconductor
facility with an investment of $12 billion in Hyderabad to
produce semiconductor devices. This is expected to provide the much-needed boost to the development of
indigenous electronic materials research-based devices.
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4.2 Metallic and Non-Metallic Materials Research
Research activities pertaining to metals and alloys,
advanced ceramics, polymers, advanced composites,

surface coatings and energy materials are presented
respectively in Tables 2 and 3, Fig. 2, Table 4, Fig. 3
and Table 5.

Table 2 Research activities in metals and alloys.
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Table 3 Research activities in advanced ceramics.
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Fig. 2 R&D activities in polymers and polymer based materials.
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Table 4 Research activities in advanced composites.

4.3 Summary
What do the compilations given in Section 4.2 suggest?
An impressive framework of institutions has been
erected in India. These institutions house a range of
modern experimental and computational facilities to
carry out research on various types of materials and
combinations. A competent base of frontier research
capabilities also exists in condensed matter physics,
materials chemistry and physical metallurgy. A significantly high caliber of computer-based modeling, design
and simulation has been achieved. Notable advances
have been registered in understanding phenomena, such
as self-organization and materials synthesis. Other
instances of accomplishment, besides those mentioned
in Section 4.1, are novel high temperature superconductors, discotic liquid crystals, decagonal quasicrystals,
crystal engineering and the density functional theory of
freezing.
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In terms of indigenous materials research-based product development for high technology systems, the following are noteworthy. Development of zircaloys and
zirconium-niobium alloys using sophisticated concepts
of physical and mechanical metallurgy and the development of nuclear fuels, including metallic uranium,
mixed oxides of uranium and plutonium, and novel
fuels based on carbides, have stood the country in
extremely good stead in building its nuclear power program.
Progress in the indigenous development of aeroengines has been made possible due to the development
of not only the advanced high temperature nickel alloys,
but also their processing which achieves complexshaped, internally cooled directionally solidified, single
crystal aerofoils. In the same way, the steady progress
accomplished by the Indian aerospace program owes a
lot to the indigenous strengths in the development and
fabrication of a variety of structurals based on high
Materials Science Outlook 2006

Fig. 3 Surface coatings R&D activities.

strength steels, advanced aluminum and titanium alloys,
and advanced composites, such as carbon-carbon composites for thermal shields.
In the area of polymers, the development of Encilites
is a success story. Encilites, sold both in India and
abroad, are zeolite catalysts used in the manufacture of
para-xylene, intermediate for polyester films and fibers,
and also in the dewaxing of diesel fractions in manufacturing plants. Research and development in advanced
coatings falls in the expanding materials processing
area. Surface coatings using detonation guns and laser
surface modification have made impressive strides. A
development, which is contemporary in an international
context, is that related to micro arc oxidation (MAO).
The MAO technique is being recognized as a novel and
eco-friendly means of depositing dense ceramic oxide
coatings on aluminum, magnesium, titanium and their
alloys. Finally, there is substantial interest in novel energy materials for hydrogen storage and fabrication of fuel
cell stacks.
This article has aimed to provide an overview of
materials R&D in India, which is receiving substantial
government funding and policy support. Particular
research activities that are underway in a variety of
materials have been listed. Briefly mentioned are the
advances made in basic materials research and in product development related to high technology programs.
With the current institutional base, the rising domestic
Materials Science Outlook 2006

economy and the concomitant enhanced investment in
S&T, materials R&D will get a boost in the coming
years, wherein both public and private sectors will be
involved in promoting this area with increased contributions both from academia and industry.
In conclusion, the authors would like to gratefully
thank their numerous colleagues around the country
who have provided input for this article.
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Table 5 Energy materials research.
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1. Materials Research Policies in Asia

Section 3. Republic of Korea
Cheon Il EOM
Korea Science and Engineering Foundation, Republic of Korea
1. Introduction
The 1990s was a decade of great changes and challenges for Korea. The new political landscape and economic environments – both domestic and international –
presented new problems for Korea, which had yet to
make the transition in joining the ranks of the more
advanced economies.
Recognizing that science and technology are the keys
to Korea’s transition to becoming an advanced nation,
the Korean government elevated the Minister for the
Ministry of Science and Technology (MOST) to that of
Deputy Prime Minister and established the Headquarters
of Science and Technology Innovation in October, 2004.
The organizational chart of the reformed system, the
NIS (National Innovation System), is given below (Fig.
1).
The reorganization of the administrative system has
made pan-ministerial cooperation on formulating and
implementing science and technology related policies
feasible, thus allowing for more effective coordination
and monitoring of these policies.

2. R&D Expenditure
According to Korea’s Standardized Classification of

Science and Technology for 2004, the materials sector
took up about 5% of the total R&D expenditure,
although individual target-oriented R&D programs,
such as Microsystems, electronics, display, energy,
superconductivity, etc. included some portion of the
materials program. The total budget the Korean government allocated to the R&D program was around USD
50 million in 2004, while the average growth rate of the
R&D budget was around 10% over the last 5 years.
The R&D budget for materials was approximately
USD 280 million in 2005, and the budget distribution is
shown in the following diagram (Fig. 2). The budget for
metals research has the largest portion of approximately
31%, followed by ceramics (21%), polymers (18%),
electronic materials, measurement and analysis, etc.

3. Materials Research Institute
Like other countries, Korea’s main R&D sectors can
be divided into three groups: government supported
research institutes (GRIs), universities, and companies.
During the 1960s, Korea lacked the technological capabilities for industrialization. Although the import of foreign technologies was the immediate solution, the more
fundamental solution was the establishment of an industrial R&D institute. Thus the Korea Institute of Science

President
National S&T Council
(NSTC)

Advisor to the President
on S&T information
Presidential Advisory
Council on S&T
Prime Minister

Deputy Prime Minister
and Minister for S&T
(MOST)

Minister for
Commerce, Industry &
Energy

Vice Minister for
S&T
Vice Minister for
S&T Innovation

Minister for
Defense
(MOD)

Other
Ministries
(12)

Korea Research Council of
Government supported
Research Institutes (GRIs)

1) Fundamental S&T (4GRIs)
2) Public S&T (8 GRIs)
3) Industrial S&T (9 GRIs)

Fig. 1 Korean National S&T Administrative System.
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Fig. 2 Distribution of Government R&D Budgets for Specific Materials Fields.

and Technology (KIST) was founded in 1966 as an integrated technical center to meet the country’s industrial
needs. In the 1970s, a number of specialized research
institutes were born. Each institute’s vision was to
develop capabilities in strategic areas like shipbuilding,
geo-science, electronics, telecommunications, energy,
machinery, chemicals, etc.
There have been grave concerns regarding research
effectiveness and operational efficiency of the GRIs’
R&D activities, even though these GRIs played key
roles in the early stages of S&T development.
Particularly, while industries and universities have
grown, and research capability is considered to be a
major factor in R&D, GRIs have had to redefine their
roles in the national innovation system.
To solve this problem, a law on the creation, operation, and development of GRIs was enacted in January
1999. The law has created a new system endowing
twenty-seven GRIs with autonomy in the operation,
management, and decision-making of their organizations. This new system is expected to improve research
productivity, strengthen links between institutes, and
increase the transfer and commercialization of research
results. Among those twenty-seven GRIs, KIST and
KIMM (Korea Institute of Machinery and Materials) are
the main GRIs that carry out materials R&D. KIMM’s
focus is on structural metals and ceramics, and KIST
emphasizes the R&D of functional materials.
Universities are now running three types of Center of
Excellence programs. The ERC (Engineering Research
Center), SRC (Scientific Research Center) and RRC
(Regional Research Center) have been established in the
form of a consortium to interconnect university laboratories in similar research fields. By supporting the highly experienced research teams at the centers in universities, this program contributes to the cultivation of competent manpower, technology transfer, academic
exchange, and international cooperation.
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4. National R&D Program
The National R&D Program was first initiated by the
Ministry of Science and Technology in 1982. The program, which aims to strengthen technological capabilities and competitiveness, has made significant contributions to economic growth and improvements in the quality of life for Koreans. National R&D efforts are currently geared toward meeting the challenges faced when
moving to a knowledge-based economy while aiming to
place the nation among the ranks of the more advanced
economies by the early 2010s. To attain this goal, the
government emphasizes the efficient use of S&T
resources based on the principle of “selection and concentration.” The current National R&D Programs
include the 21st Century Frontier R&D Program, the
Creative Research Initiative (CRI), the National
Research Laboratory (NRL), the Biotechnology
Development Program, the Nanotechnology
Development Program, the Space and Aeronautics
Program and others.
The 21st Century Frontier R&D Program was
launched in 1999 to develop scientific and technological
competitiveness in newly emerging areas. The government planned to invest a total of USD 3.5 billion in this
program over a period of ten years. The program comprised twenty-three projects in frontier areas, and the
material related programs were the Center for Advanced
Materials and Processing (CAMP) in KIMM, and the
Center for Nanostructured Materials Technology
(CNMT) in KIST. The most outstanding feature of the
program is that each project director is given full autonomy in managing the program. The project director is
responsible for the design of the research project, supervising sub-projects, and allocating funds.
The Creative Research Initiative (CRI), which was
launched in 1997, symbolizes the policy shift regarding
S&T development in Korea “from imitation to innovation.” CRI aims to strengthen the national potential for
technological competitiveness through creative basic
23

research; therefore, it focuses on exploring various phenomena that occur in nature, developing new fields of
scientific research, and making technological breakthroughs. The grant is awarded to researchers based on
the creativity and originality of their proposals.
Principal investigators, selected on their creativity, leadership skills, research experience, etc., have exclusive
authority over and responsibility for managing the projects. Fifty-seven CRIs across the nation are under way
(USD 500,000 per project per year). The government
plans to conduct a general evaluation of the CRI in
2003.
The National Research Laboratory (NRL), launched in
1999, aims to explore and foster research centers of
excellence, which will play a pivotal role in improving
technological competitiveness. The government funds
each individual project approximately USD 250,000 per
year for five years. The government supports over 444
NRLs across the nation, 278 of which are in academia,
114 in research institutes and 52 in industry. There are
53 NRLs dealing with materials, including 10 NRLs in
KIMM.

5. Conclusion
Korea accomplished the highest economic growth
rate in the world over a short period by implementing a
strategy that combined imported materials and parts,
and competitive assembly technology. Consequently,
Korea became one of the top economic countries; however, the Korean government has recognized limitations
in the strategy of maintaining an effective economic
system. The Korean government wants to strengthen
materials R&D as an important and essential field for
the future in order to become one of the top countries in
the advanced materials industry. The Ministry for
Commerce, Industry & Energy (MOCIE) has also
recently been planning a large national R&D program
on generic materials technology. As the top ten SCI publications related to materials science and engineering
show, Korea has the capacity for innovation and has
good researchers, although its history of materials technology innovation is short compared with advanced
countries. Thus, the future of materials R&D in Korea
will be prosperous, and Korean scientists will contribute
to the welfare of people around the world.
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1. Materials Research Policies in Asia

Section 4. Republic of Singapore
Lim Khiang Wee and Goy Hsu Ann
Science and Engineering Research Council (A*STAR), Republic of Singapore
1. Introduction
Excellence in materials science, technology and
research is a key enabler for a knowledge-based economy based on science and technology. In 1991,
Singapore launched its first five-year Science and
Technology (S&T) Plan - the National Technology Plan
(NTP). The NTP was followed by two five-year S&T
plans: the National S&T (NST) Plan in 1996 and the
S&T2005 Plan in 2001. Both NST and S&T2005 Plans
aimed to strengthen R&D capabilities by nurturing talent and the growth of publicly funded research institutes, thereby establishing a system for technology
transfer and encouraging private sector R&D.
Collectively, public investments over the past fifteen
years have developed into three key thrusts that are centered on enhancing Singapore’s talent and knowledge
base to support economic growth and job creation in
biomedical sciences and the physical sciences and engineering:
1.1 Human Capital
A pipeline of research talent to meet industry need is
developed through science outreach programs, scholar-

ships and fellowships. The aim is to cultivate interest in
science and technology among Singapore’s youth, and
encourage them to pursue careers in R&D.
Singapore invites renowned scientists and eminent
researchers to lead Singapore’s public research institutes
(RIs), research laboratories and key research programs.
These efforts, together with policies to promote private
sector R&D, have resulted in significant growth in the
number of research scientists and engineers (RSE) from 28 per 10,000 in 1990 to 87 per 10,000 of the labor
force in 2004.
1.2 Intellectual Capital
The base of high quality researchers at the public
research institutes has reached a critical mass of
research talent with the potential to carry out impactful
research. Research capabilities fundamental to
genomics, bioinformatics, bioengineering and nanotechnology, cell and molecular biology, bioprocessing, data
storage, microelectronics, Infocomm sciences, chemical
sciences, manufacturing technology and the materials
science are being developed at the following twelve
public research institutes:

A*STAR
Four organisational units were established in 2001 to advance the development of Human, Intellectual and Industrial
Capital:
• Two research councils, viz. the Biomedical Research Council (BMRC) and the Science & Engineering Research Council
(SERC) to support, direct and stimulate quality research in the selected disciplines of science, engineering and biomedicine;
• A*STAR Graduate Academy (A*GA) to implement A*STAR’s scholarship programs that create and sustain a diverse and
critical mass of PhD talent to meet Singapore’s R&D needs; and
• Exploit Technologies Pte Ltd (ETPL), a wholly-owned subsidiary of A*STAR to manage intellectual property and technology transfer.
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Scholarship and Fellowship Schemes
A*STAR has established a comprehensive range of scholarship and fellowship schemes to target different segments of young
talent at the undergraduate and post-graduate levels.
The National Science Scholarships (NSS) and the A*STAR Graduate Scholarships (AGS) were launched in 2001 and 2003,
respectively, to build a pipeline of Ph.D. trained researchers for Singapore.
The NSS supports both undergraduate and postgraduate studies at leading overseas universities. Scholars return to take up
R&D positions in the research institutes, and thereafter in industry. A pastoral care program has been established to maintain strong links with the scholars during the course of their studies.
Under AGS, A*STAR partners top universities to jointly train researchers at the Ph.D. level. The AGS program has two
components: AGS (Local) - A*STAR partners with the National University of Singapore and the Nanyang Technological
University; and AGS (Foreign) - A*STAR partners top overseas universities, such as Imperial College London, University of
Illinois at Urbana-Champaign, Karolinska Institutet and Carnegie Mellon University.
Over the past four years, A*STAR has awarded 414 NSS and 199 AGS scholarships.

Visiting Investigatorship Program (VIP)
The program brings top researchers to Singapore to spearhead new research opportunities that have the potential to be
developed into major research themes for Singapore.
For example, Prof Dim-Lee Kwong (University of Texas, Austin) was appointed a Visiting Investigator in 2000. Through the
appointment, Prof Kwong helped set up the Silicon Nano Devices Lab at the National University of Singapore. The relationship was furthered when he accepted the appointment as a member, and subsequently as chairman of the Scientific Advisory
Board of the Institute of Microelectronics (IME).
In 2004, Prof Kwong accepted the role of Director of the IME Semiconductor Process Technology Division where he was
instrumental in helping to consolidate research equipment for 8-inch process technology. Building on this, A*STAR invited
Prof Kwong to lead microelectronics R&D in Singapore, by taking on the position of Executive Director of the Institute of
MicroElectronics (IME) in January 2005.

Physical Sciences Research Institutes
i. Data Storage Institute (DSI)
2
ii. Institute for Infocomm Research (I R)
iii. Institute of Chemical & Engineering Sciences (ICES)
iv. Institute of High Performance Computing (IHPC)
v. Institute of Materials Research and Engineering (IMRE)
vi. Institute of Microelectronics (IME)
vii. Singapore Institute of Manufacturing Technology (SIMTech)
Physical Sciences Value Chain
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Biomedical Sciences Research Institutes
i. Institute of Molecular and Cell Biology (IMCB)
ii. Institute of Bioengineering & Nanotechnology (IBN)
iii. Genome Institute of Singapore (GIS)
iv. Bioprocessing Technology Institute (BTI)
v. Bioinformatics Institute (BII)
Biomedical Sciences Value Chain

Collectively, there are over 1500 researchers and scientists1 (RSEs) at these research institutes. Over the last
five years, research staff at the twelve A*STAR RIs
published some 6790 scientific publications in Science
Citation Index (SCI) and Engineering Index (EI) journals, and filed 739 patents. Together with the higher
education institutions in Singapore, the research institutes account for almost all the patenting activity. Figure
1 shows the public sector patent activity in Singapore
for the last five years.
The success of Singapore’s efforts is reflected in its
international ranking2 in IP rights protection and the
number of patents in force.
1.3 Industrial Capital
Public research institutes demonstrate Singapore’s
R&D capabilities and manpower and help attract high

value investments to Singapore. The research institutes
also reach out to local companies by providing technical
assistance and transferring manpower to local technology-intensive enterprises. For example, research staff
from the publicly funded research institutes have been
“loaned” to companies under the Technology for
Enterprise Capability Upgrading (T-UP) scheme. In
addition, operations and technology roadmaps have
been developed for companies. Figure 2 shows the various ways in which the public research institutes reach
out to industry.
To date, the research institutes of A*STAR have
developed partnerships with industry, which has resulted in more than 750 joint projects and consortia in the
last five years. Private sector expenditure on R&D has
also increased significantly and accounts for 64% of
Singapore’s Gross Expenditure on R&D (GERD).

2. S&T2010 Plan: 2006 to 2010
To remain competitive in a global knowledge economy, and to sustain innovation-driven growth, a
Ministerial Committee on Research and Development
(MCRD) was formed in August 2004 to review existing
R&D frameworks and strategies and to chart new directions for Singapore. The following key strategic thrusts
resulted from the review:
2.1 More Resources for R&D and Continued Attention
to R&D
The Singapore government will make significant

Fig. 1 Public sector patent activity in Singapore.

International Ranking

2005

2004

2003

2002

2001

Patent & Copyright Protection

7

7

14

13

14

Number of patents in force
(per 100,000 inhabitants)

4

9

14

13

17

1

Research Scientists and Engineers (RSEs) comprise researchers, excluding full-time postgraduate research students, who hold formal qualifications at the university degree level (Ph.D., masters degree and bachelor degree).
2
Source: IMD World Competitiveness Yearbook 2005
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Fig. 2 Support partnerships with local companies.

investments in growing R&D in the next five years
(2006-10), earmarking SGD 13.55 billion (approximately USD 8.4 billion) to different agencies to promote
R&D. Of this, SGD 5 billion will be allocated to a new
National Research Foundation for longer-term strategic
programs; SGD 7.5 billion to the Ministry of Trade and
Industry for economic-oriented R&D; and SGD 1.05
billion to the Ministry of Education for academic
research. The goal is to achieve a gross expenditure on
R&D (GERD) of 3% of the GDP by 2010.
2.2 Focus on Selected Areas of Economic Importance
R&D funding will be directed to selected areas where
there is the most potential for scientific breakthroughs to
yield economic benefits to Singapore, by generating
industry growth and enterprise creation.
2.3 Balance of Investigator-led and Mission-oriented
Research
Within selected strategic areas, Singapore will develop the whole spectrum of research capabilities, from
basic research that builds the foundation for scientific
excellence, to mission oriented research with better integration into industry.
2.4 Encourage Private Sector R&D
Singapore will encourage the growth of the private
sector’s share of R&D. This sector is well placed to
decide in which areas of R&D to invest, and to align
R&D investments with commercial opportunities.
Encouraging global R&D centers at the forefront of
research and technological development in their respective fields to invest in Singapore will be important. The
flow of talented scientists and researchers between academia, public research institutions and industry in open
collaborative networks will also be encouraged.

2.5 Strengthen Nexus Between R&D and Business
Singapore’s focus will be on creating technology
transfer to help push new knowledge and technologies
to enterprises. This will be achieved by developing
stronger co-funding frameworks between industry and
public education and research institutions. The objective
is to leverage on public sector resources in order to
strengthen innovation in the private sector and to uplift
technological and manpower capabilities in enterprises.
To identify new S&T growth areas/priorities,
Singapore’s Agency for Science, Technology and
Research (A*STAR) led a planning exercise in 2004.
During this exercise, foresight studies were conducted
on major social, economic, technological and political
trends for over a horizon of up to 2015-2020. Scenarios
of future needs of industry and society were also painted
and the S&T opportunities in each scenario were identified. Figure 3 shows the various technology scan areas
covered by A*STAR.

3. Outcomes of Technology Scans
Several new and emerging technology areas were
noted. Materials science and engineering was identified
as an important enabling technology for industry sectors, such as healthcare (e.g. treatment, monitoring and
diagnostics), lifestyle (e.g. performance materials to
improve equipment systems that are easy to use, adaptable, efficient, of low cost, and are portable), smart
devices and systems (e.g. intelligent devices and systems that can sense and response), minimal maintenance
infrastructures (e.g. materials with self-cleaning properties), green energy (e.g. novel materials for enabling
energy production); and bioengineering and biostructures (e.g. biodegradable and biocompatible materials

TECHNOLOGY SCAN
More than 450 people from the research and industrial community were engaged in the technology scan exercise. Resource
teams included representatives from the RIs, universities, and government agencies. Technical advisors from industry and
other visionaries were also consulted, and validated the findings.
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Fig. 3 Identifying new focus areas.

Fig. 4 Science & engineering sectors: 2006 - 2010.

for minimal surgical intervention). Figure 4 shows
major areas of R&D investment in the immediate future.
3.1 Electronics & Precision Engineering Sector
This sector requires new and advanced materials
capabilities to meet future industry needs, such as
mobile, wireless broadband and consumer/medical electronics applications, small-form-factor hard disks, box
storage, non-volatile memories and advanced flexible
displays.
3.2 Infocommunications and Media Sector
Innovation in this sector is driven by the convergence
of information science and communications technology,
seen in applications such as mobile entertainment.
Infocommunications and media (ICM) capabilities are
enablers for other industries, such as electronics (wireless communication for handsets, audio/video compression for consumer electronics), chemicals and materials
(embedded systems for chemical plant monitoring and
Materials Science Outlook 2006

diagnostics), engineering services (RFID for logistics
and supply chain management), materials, and biotechnology (knowledge extraction for drug discovery).
3.3 Chemicals Sector
Chemical R&D will support platform capabilities in
the synthesis, catalysis, polymer and process sciences
directed at the oil & gas, petrochemical and specialties
industry. Capability development efforts will also be
focused on cleaner and alternative fuels, quicker process
routes to downstream products and green chemistry
cost-efficient synthesis methodologies.
3.4 Engineering Sector
This sector encompasses transport engineering
(including aerospace, automotive, electronics, marine &
offshore engineering), logistics, environmental engineering, etc. The availability of multi-disciplinary
research capabilities, including materials research, will
provide a sound base for supporting the diverse technol29

ogy needs of industry players in the fields of aerospace,
automotive, marine & offshore engineering, logistics,
machinery & systems, and precision modules and components.
Other materials-related integrative themes also have
the potential to impact industry development. These
include nanotechnology, chemical synthesis, sustainable
development, integrated manufacturing, imaging technology and sensor technology, amongst others.

4. Nanotechnology for the Physical Sciences
Nanotechnology for the physical sciences is a key
technology offering both near-term improvements in
current products and processes, as well as the longerterm potential for disruptive technologies. In the mid-tolong term, Singapore will focus on industries that
include the following:
4.1 Electronics and Computing
Potential opportunities
include the creation of
highly dense hard drives,
smaller and faster chips,
and better performance
optical equipment. A thousand-fold increase in memory and data storage capacnovel polymeric
ity is made possible using Self-assembled
monolayer.
highly ordered nanorods
and nanodisks. With Singapore’s strong presence in the
data storage industry, there has been and continues to be
significant investment in research in, for example, patterned media and the self-assembly of chemically synthesized magnetic nanoparticles.
4.2 Chemicals and Materials
Nanotechnology holds
the promise of creating and
fabricating new materials
with superior properties
and performance over conventional
materials.
Nanostructured solar cells
(using nanorods and
nanolayers) and plastic
solar cells are two exam- Flexible solar cell panels.
ples of ongoing global research efforts that rely on nanotechnology to address the efficiency and manufacturing cost issues associated with solar cells.
4.3 Medical and Healthcare:
Nanotechnology will provide numerous new applications and enormous opportunities in medicine and
biotechnology. Efforts at A*STAR are directed at
research areas that are scientifically exciting and full of
potential to improve health and quality of life. These
3

30

include nanobiotechnology,
delivery of drugs, proteins
and genes, tissue engineering, artificial organs and
implants, medical devices,
and biological and biomedical imaging.
Composition-tunable quantum
4.4 Defense and Security
dots.
Prevalent applications in
this field include sensors,
surveillance, detection, and
communications. The
unique emission signatures
of quantum dots (lightemitting semiconductor
nanocrystals) are suited for
security applications, like Nanotechnology to combat counprotecting personal docu- terfeiting and fraud through tiny
ments from counterfeiting. nano-magnetic tags.
The Institute of Materials Research & Engineering’s
development of the Singular IDTM 3, based on nanomagnetic “fingerprinting” technology, is an example of
enforcing brand protection, security and lifetime tracking.

4.5 SERC Nanofabrication and Characterization Facility
(SNFC)
The prevalent technology trends of (i) increasing
system miniaturization in
the physical sciences and
(ii) increasing the fundamental understanding of
complex systems have
pushed for the need for
capabilities in advanced X-Ray photoelectron spectroscopy.
materials characterization
at the atomic level (including the ability to manipulate matter at the atomic or
molecular scale).
An advanced materials
characterization facility
that will support leading
edge technology develop- JEOL 2000V UHV TEM.
ment for a wide range of
present and potential
industries is necessary.
A*STAR has built on the
expertise nurtured and
equipment already installed
in research institutes and
universities to form a network for nanofabrication
Atomic layer epitaxy.
and characterization.
The network now supports nanotechnology work across all areas of physical

http://www.singular-id.com/
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THE SERC NANOFABRICATION & CHARACTERIZATION (SNFC) FACILITY
The SNFC is a network of nanofabrication and materials characterization tools that supports research activities in research
institutes and universities. It has dedicated staff with the expertise to provide training as well as material characterization
services to industry

science and engineering, both at universities and
research institutes.

5. Chemical Synthesis
The growth rate4 of the Singapore chemical and pharmaceutical industry reflects the multitude of opportunities in petrochemicals, specialty materials, drug discovery and manufacture. Research expertise in synthesis
contributes significantly to technological advancement,
product innovation and breakthroughs in industrial
processes. A major effort to build research competencies
in chemical synthesis has been initiated, and the
Institute of Chemical and Engineering Sciences (ICES)
leads the efforts on this front.
Areas of research include alternative chemistries for
manufacturing materials; synthesis methodologies for
cost-efficient, manifold-function materials; mimicry of
biological and engineering phenomena; and development of novel, benign, solvent-free pathways to manufacture commodity materials; chiral chemistry to
increase specificity and yield in materials; and development of software for engineering novel materials and
polymer process technologies. In the S&T2010 Plan,
capability development efforts will also be focused on
cleaner and alternative fuels, quicker process routes to
downstream products, green chemistry and cost-efficient synthesis methodologies.

6. Sustainable Development
Singapore is an environmental technology (ET) hub
of Asia. Together with local companies and major global
firms that provide innovative ET solutions, Singapore
has become an extensive user of environmental technologies in specialized applications, including water
resources and land development. The goals of sustainable development were defined in the recent Singapore
2012 Green Plan5, which is both the catalyst and driver
for focused research and development efforts in sustainable development and environmental technologies.
With Singapore’s proven track record in water and
environmental management, Singapore has a head start
in growing a vibrant environment & water (E&W)
industry that can tap into the vast opportunities in Asia

and beyond.
The EWT Steering Committee and Executive
Committee were recently formed to provide leadership,
and coordinate the efforts of the various ministries and
agencies in this sector. Both committees will oversee the
EWT Strategic Program, which aims to develop
Singapore into a global hydro-hub by 2015, through a
holistic approach involving industry and technology
development, with R&D as the key driver.

7. Research Initiatives
The
Institute
for
Materials Research and
Engineering (IMRE) is the
major publicly funded
materials research institute.
IMRE has a staff of 250
who develop core competencies and interdiscipli- Cheaper, faster 3D nanonary teams in critical tech- imprinting methods for building
nanostructures.
nology areas.
IMRE has four main research thrusts in (i) opto- &
electronics systems; (ii) molecular & performance materials; (iii) materials for sensor and actuator devices, and
(iv) materials science & characterization. Figure 5 illustrates the research directions of IMRE.
In the next few years, IMRE will also augment its
existing programs with new programs within the integrated themes. These include:
■ Polymer electronics - design and synthesis of novel
OTFTs and integrated devices
■ Nanoscale devices - atomic scale manipulation &
miniature scanning probe type devices
■ Next generation lithography - nano-imprinting techniques
■ Sensing devices based on nanowire arrays
■ Multiscale modeling for materials
■ Interfacial studies

8. Conclusion
For the next five years, new focus areas for materialsrelated research in Singapore include nanotechnology;
new and functional materials for applications, such as

4

2005 saw a 20.5% growth in Manufacturing Fixed Asset Investments (SGD million), with specialties leading the diversification of Singapore’s
downstream chemicals and pharmaceutical activities. Fifteen companies launched projects, including twelve greenfield developments, resulting
in a 19% increase in the number of companies on Jurong Island.
5
http://www.mewr.gov.sg
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Fig. 5 Research directions of the Institute for Materials Research & Engineering.

R&D FACILITIES AT THE UNIVERSITIES
Apart from the RIs, the universities also have undergraduate and postgraduate programs in Materials Science &
Engineering.
The universities are well equipped with a wide range of research facilities and equipment, used mainly for teaching and
basic research. For instance, the National University of Singapore (NUS) hosts the Singapore Synchrotron Light Source
(SSLS), the Centre for Remote Imaging, Sensing and Processing (CRISP), and the Centre for Ion Beam Applications (CIBA).
Nanyang Technological University (NTU) hosts specialised infrastructure, such as the Microfabrication Facility and the
Facility for Advanced Characterization, Testing and Simulation.

sensors and sensor arrays used for environmental monitoring and analysis; sustainable manufacturing; hydrogen fuel cells; and alternative energy resources and
technologies.
To remain competitive in a global knowledge economy and sustain long-term innovation-driven growth,
Singapore will continue to develop core competencies
that strengthen and expand the electronics, infocomm,
chemicals and the engineering sectors, and leverage its
tradition in excellence in technology. This will grow a
strong base of scientists, researchers and technologists
who will provide the leadership in the next phase of
knowledge- and innovation-driven growth.

http://www.mewr.gov.sg
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Section 5. Taiwan
Paul J. Horng and Jonq-Min Liu
Industrial Technology Research Institute, Hsinchu, Taiwan, R. O. C.
Kwang-Lung Lin
National Cheng Kung University Tainan, Taiwan, R. O. C.
1. The Materials Research Structure
Taiwan’s materials technology development policy
was established by the Science and Technology
Advisory Group of Executive Yuan. Since the 1970s,
the Taiwanese government has listed materials technology development as one of the key strategic technologies
to be developed. From 1970 to 1980, the government of
Taiwan focused on materials education and academic
research and fostered many qualified materials scientists. During this time, Taiwan’s industry grew rapidly
and local manufacturers needed research manpower,
especially in materials science and technology. The government of Taiwan thus invested significant sums of
money to promote materials research. This funding not
only generated Intellectual Properties (IPs) and technologies for industrial needs, but also trained high-level
materials scientists.

2. Materials Research Institutes
The main investors of academic research are the
National Science Council, which sponsors academic and
fundamental research, and the Ministry of Economic
Affairs (MOEA), which sponsors applied research. The
majority of the applied research targeted industry-specific materials and technologies. The Materials Research
Laboratory, which merged recently with the Union
Chemical Laboratory to become the Materials and
Chemical Research Laboratory (MCL) of the Industrial
Technology Research Institute (ITRI), was established
in 1982, and is one of the largest industrial materials
research organizations sponsored by MOEA. MCL’s
mission is to assist traditional as well as high-tech
industries in materials technology development, and
become a leader in materials innovation and applications.
In order to upgrade the technology level for traditional industry, MCL helped the metallic materials, composite materials, textile, and petrochemical industries to
develop newly functional and value-added products
with advanced materials technology. For the high-tech
industries, MCL assisted Taiwan’s predominant industries, which includes the electronics, optoelectronics and
Materials Science Outlook 2006

communication industries, to establish core technologies
in materials and components development that will support energy storage/generation, and the communication/wireless and display industries. With the development of newly established industries, MCL endeavored
to develop nanotechnologies that would integrate with
advanced materials technologies to establish innovative,
IP-based advanced materials and components industries.
The total budget for MCL from the government in 2006
was over NTD1,264 million.
During the 1980s and 1990s, MCL focused its efforts
on supporting the needs of industry/manufacturing (Fig.
1), and the materials/components development and
design-in technology had created tremendous addedvalue for industry. The key to success in facing competition in the economy lies in the ability to integrate and
innovate; therefore, in addition to applied research,
MCL will cooperate with local and foreign academia in
order to strengthen core technologies. The integration of
domain knowledge, materials measurement/analysis and
simulation/modeling technology will enable innovative
materials/product development.
The Metal Industry Research and Development
Center is the second largest materials research institute
in Taiwan. Its main focus is on metal manufacturing or
fabricating technology. There are certain materials
research projects associated with the defense research
organization, the Chung Shan Institute of Science and
Technology (CSIST), which is mainly funded by the
Ministry of Defense.

3. The Academic Materials Research Activities
Academic research activities have grown in number
among materials related university departments. There
are currently thirty-five materials departments in universities and colleges. Materials research activities are also
conducted in departments other than the materials
department, including the departments of chemical engineering, chemistry, physics, electrical or electronic engineering, and mechanical engineering. Most of these university departments carry undergraduate to Ph.D. programs.
The National Science Council (NSC) is the major
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Fig. 1 The role of materials development in the development of industry.

sponsor of academic research in Taiwan. The NSC is
responsible for government policy and strategic planning in science and technology. NCS consists of five
academic departments, in addition to the administrative
departments. The materials research projects may be
sponsored by the Department of Engineering and
Applied Science and the Department of Natural Science.
The Metal and Ceramics Program (MCP), the Polymer
Program (PP) and the Microelectronics Programs (MP)
are mainly responsible for sponsoring materials research
projects. Materials related research is also embedded in
other programs of the two departments. This report will
focus on the projects of the MCP and PP.
The 2005 project budget approved by the MCP was
NTD 230 million (USD:NTD currency is around 32:1 as
of April 2006). This amount funded 279 research projects, as shown in Fig. 2. The figure indicates the distribution of the individual interests and backgrounds of
researchers in the materials community in Taiwan. The
average budget for each project is around NTD 855,000,
which may not be a large sum, but is still reasonable in
view of overheads and low sponsorship funding for
postgraduates. Additionally, the research project does
not need to sponsor tuition or other personnel expenditure. The field of nano-related research has grown
quickly over recent years. Figure 2 shows that the MCP
program sponsored seventy-seven projects related to
nanomaterials in 2005.
The academic achievements of these projects are documented in academic publications. The statistics of the
publications generated by fifteen individual materials
departments (not including or related to other categories, such as chemical engineering) show the SCI
publications for 2001 – 2004. Figure 3 shows that the
fifteen materials departments published a total of 783
SCI papers in 2004, growing from 467 since 2001.
Among these, the most productive department produced
6 SCI papers per capita in 2004. The average number of
publications per capita for the top five departments from
2001 – 2004 are, respectively, 5.5, 4.2, 3.8, 3.4, and 2.6.
The average impact factor (IF) per publication for the
five top departments in 2004 ranges from 1.7 - 2.1.
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Fig. 2 Distribution of MCP projects in 2005 (in number of projects).

Fig. 3 Total number of publications contributed by fifteen materials departments.

In 2005, the Polymer Program provided NTD 160
million. Figure 4 shows the breakdown of the budget.
The chart indicates that Electronics, Information &
Communication and Higher Performance Polymer count
for the highest percentages in research funding, which
reflects the industry need in Taiwan. However, the deviation among the other seven sub-areas is not very large,
which again indicates the typical characteristic of bottom up research activity.
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Fig. 4 Budget breakdown for polymer program (percentage of
budget).

Summary
Civil materials research activities in Taiwan are
mainly carried out in two research institutes, which
emphasize industrial needs. Some universities also carry
out this research, but are more liberal in terms of
research interest and subject selection.
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Section 6. Kingdom of Thailand
Nongluck Pankurddee
Thailand Institute of Scientific and Technological Research (TISTR),
Kingdom of Thailand
1. Introduction
The Thai Government has been using the National
Economic and Social Development Plan as the National
Policy Plan to develop Thailand’s economy and society .
The National Economic and Social Development Plan,
which comes under the responsibility of the National
Economic and Social Development Board (NSTDB), is
revised every five years. Science and technology (S&T)
development was included in the fifth plan (1982-1986)
as a key factor for economic development. The ninth
and tenth plans that cover the periods 2002-2007 and
2007-2010, respectively, emphasized a knowledgebased economy, focusing on science, technology,
research, and innovation that creates products of value
and enhances Thailand’s competitiveness.
In line with the national plan, the National Science
and Technology Policy Committee have formulated the
science and technology strategic plan for 2004-2013.
The main thrust of the plan is to strengthen the four core
technologies: information and communication technology, biotechnology, materials technology, and nanotechnology. As shown in Fig. 1, core technology has been
identified by the government as one of the four pillars of
a knowledge-based economy. The other three pillars are
national innovation systems, human resources, and
enabling environment. In support of the government’s
policy, the committee also plays an important role in
promoting the utilization of science and technology for
economic development through clustering, which identifies clear areas to develop.
The Science and Technology Strategic Plan has been
communicated to the public and business sectors via the
annual National Congress on Science and Technology
for Development, which was first held in 2001. In the
third National Congress held in 2004, the main objective was to define the direction of science and technology research for twelve clusters, including food, automobiles, software, microchips and electronics, fashion,
tourism, healthcare, energy, advanced technology, and
nanotechnology. For the fourth National Congress held
in 2005, the themes were promoting collaboration
between the government and business sectors in the
development of S&T, and focusing on the innovation of
rice, automobile parts, and radio frequency identification (RFID) and its applications. The outcomes of
36

Fig.1 KBS - Knowledge Base Society.

Congress will be used to formulate the specific direction
of the research and development plan for the core technologies.
Materials technology is considered as one of the core
technologies. To improve the competitiveness of Thai
products and to create higher product value, research on
materials technology has to be related to and in support
of the identified clusters. Consequently, research will be
directed towards the fields of metal, advanced ceramics,
rubber, natural and biodegradable polymers, and bioplastics. The output of this research is expected to focus
on the synthesis process of materials and innovative
products, such as prototypes of machine or equipment,
automobile parts, medical materials and instruments,
etc.

2. Materials Research Institutes
There are about forty organizations in Thailand that
are experienced and competent in the research and
development of materials science. These organizations
can be classified into two groups: the research institutes,
most of them under the Ministry of Science and
Technology (MOST); and the academy institutes under
the Ministry of Education. MOST plays a major role in
promoting the development and application of science
Materials Science Outlook 2006

and technology in Thailand, and among the active institutes are the Thailand Institute of Scientific and
Technological Research (TISTR), National Metal and
Materials Technology Center (MTEC), Nanotechnology
Center, Chulalongkorn University, Chiengmai
University, Mahidol University, King Mongkut’s
Institute of Technology Thonburi, etc. To derive maximum benefit from the research efforts of various
research institutes, the government has been encouraging
networking among the national research institutes and
universities. The promotion has resulted in active collaboration between the research and educational institutes.
For example, MOST has established a countrywide network of twenty-seven institutes under the Technology
Clinic project with the objective of supporting and solving SME and community business problems. TISTR has
been networking with twenty-six universities to collaborate on research and development in various fields.
MTEC has a TGIS program to work with universities in
many fields, including materials science research.

reach about 0.4% of GDP or about 1.5% of Thailand’s
total budget. In line with the aim to create a knowledgebased economy, the government has allocated a total of
about THB177,906 million or about 13.1% of the total
budget to adjust the economic structure. From the
adjusted economic structure budget, over THB 16,356.2
million was allocated to increase Thailand’s competitiveness by utilizing knowledge based in science and
technology and innovation.
In terms of manpower, the number of S&T
researchers has also been increasing steadily. In 2003,
there was an average of 2.87 researchers per 10,000
people. The number of researchers in materials science,
including the areas of metals, rubber, ceramics, and
polymers has also increased; at present, there are about
3,000 materials researchers. One of the reasons for this
increase is the rise in university degrees in materials science offered by a number of universities at both undergraduate and post-graduate levels.

5. Achievements
3. Materials Research Projects
Information technology and communication, biotechnology, materials technology, and nanotechnology have
been selected as the core technologies to drive the
knowledge-based economy. To get the guidelines for
implementation and coordination, the master plan of the
four core technologies needs to be established to identify the framework and activities. The master plan for
biotechnology and nanotechnology was recently
announced, while it is expected that the master plan for
materials science and technology will be finished by
2006.
There are several national research programs and
projects based on materials technology, such as the
development of: solar cells; RFID; automobile parts;
ultra-hard materials for mold and die; advanced ceramic
materials and nanomaterials for medical materials;
tools; instruments and sensors; and rubber synthesis to
create added value for rubber. More attention has
recently been paid to environmental protection materials, especially plastic, and the emphasis is on biopolymers and biodegradable polymers, and membranes from
natural raw materials. In addition, materials technology
also plays an important role in alternative energy development.

4. Research Budgets and Manpower
In 2003, the expenses for R&D in S&T were about
THB 15.499 million or 0.26% GDP. In terms of the total
government budget, the expenses for R&D in engineering and technology, including materials technology
development, were about 5,824 million or 38% of the
total expense for R&D in S&T in Thailand. It is also
observed that the R&D budget has been increasing. In
2006, the budget share for R&D in S&T is expected to
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Thailand’s success in research and development in
the materials science program is reflected in several
projects. For example, the RFID project tracks the one
million cows the government distributed to the farmers.
The development of medical materials has resulted in
the use of local materials to replace imported materials
and instruments. The development of these medical
instruments not only helps to reduce the need to import
instruments, but also increases their availability to community hospitals. In addition, introducing the rapid prototyping technique is used to assist in diagnosing bone
problems.
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1. Materials Research Policies in Asia

Section 7. Socialist Republic of Vietnam
Takaho Tanaka
International Affairs Office of NIMS
Nguyen Xuan Phuc
MRS-Vietnam , Materials Science of VAST, Socialist Republic of Vietnam
1. Introduction
After Vietnam was reunited in 1976, it experienced
little economic growth. The country was once classified
as one of the Least Developed Countries due to the after
effects of the US presence in the Vietnam War and conservative policies, such as over-emphasis on heavy
industries and rigidities of a centrally planned economy.
However, since the introduction of Vietnam’s “DOI
MOI” renovation policy in 1986, Vietnamese authorities
have committed to increased economic liberalization
and enacted the structural reforms needed to modernize
the economy by improving the foreign investment environment and producing more internationally competitive, export-driven industries. Vietnam is now a country
of 84 million people and with an average GDP annual
increase of 7.5% over the past 10 years.
Parallel with education, a strategy of the ruling party
has been to appoint science and technology (S&T) in
playing a key role in the modernization and industrialization of the country. To assist the government in making S&T policies, a State Council for S&T policy was
established. Materials science and engineering is among
the four priority domains (besides information technology, biotechnology and automatization) chosen by the
Vietnamese government for development.

2. Public Research Institutes and Education Centers
Public research institutes are basically under the control of the Vietnamese Academy of Science and
Technology (VAST).1) The prominent research institute
for materials research is the Institute of Materials
Science (IMS). 2) Other institutions also undertaking
materials research are the Hanoi University of
Technology (Faculty of Materials Science and
Technology),3) the International Training Institute for
Materials Science (ITIMS) and the Center for Materials
Science (CMS) of the Hanoi University of Science.4)
Vietnam occupies the eastern and southern part of the
Indochinese peninsula - a stretch of land on a northsouth axis. The research institutes in the cities of Hanoi,
Nha Trang and Ho Chi Minh, which are described
below, are shown in the map of Vietnam (Fig. 1).
38

Fig. 1 Vietnam - each research institute as described at Hanoi,
Nha Trang and Ho Chi Minh City.

2.1 Institute of Materials Science2)
The Institute of Materials Science (IMS), Vietnamese
Academy of Science and Technology was established in
1993 for the investigation of scientific and technological
problems in the field of materials science. One third of
the total 270 staff members are PhD qualified
researchers and the remaining (MSc and bachelor graduates) are research assistants. Forty technicians support
the researchers. The Nha Trang campus of the Institute
of Materials Science has a total of 40 staff. The former
Ho Chi Minh City (HCMC) campus of the Institute of
Materials Science, with a total of 50 staff, has recently
been restructured to become the Institute of Applied
Materials Science (IAMS).
IMS is responsible for:
♦ investigating scientific and technological problems
in the field of materials science
♦ collaborating with research institutions and production units in order to develop and apply
research to production and daily life; and to transfer advanced technologies in materials science
from abroad to Vietnam
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♦ participating in post-graduate education and training in materials science
♦ establishing international relations in the field of
materials science
Activity areas of Hanoi IMS:
♦ electronic, magnetic and optical materials and
devices
♦ nanomaterials and miniaturization of devices
♦ rare elements and rare earth materials
♦ metals, alloys and corrosion prevention
♦ polymers and composites
♦ mineral processing, environmental technologies,
energy materials
♦ materials from marine resources and inorganic
materials
Main research equipment at Hanoi IMS:
X-ray diffractometer D-5000 SIEMENS, Scanning
Electron Microscopes FE-SEM S4800, EM125; microRaman spectrometer; SPM; high resolution spectrometer; optical time domain reflectometer; semiconductor
parameter analyzer; fast digitizing oscilloscopes; equipment for characterization of thermal, electrical and magnetic properties (PPMS); vacuum systems for sputtering; electron beam deposition; thermal evaporation and
pulse laser ablation; MW-CVD; ‘Supermill’ disintegrator; arc-melting and RF-induction heating furnaces; vacuum furnaces; hot press machine; and equipment for
preparation of ceramic samples.
A National Key Laboratory on “Electronic Materials
and Devices” funded the equipment.
2.2 Faculty of Materials Science and Technology, Hanoi
University of Technology3)
The faculty has a total of 100 staff members, including 24 professors and 38 PhDs. Their research activity
focuses on metals and alloys, the main themes of which
are:
♦ production technology of high quality steels and
metal refining
♦ surface treatment technology, corrosion and protection of metals
♦ powder materials and metal matrix composites
♦ near-net shape forming and foundry
♦ modeling and numerical simulation of metallurgical and metal forming processes
2.3 Center for Materials Science, Hanoi University of
Science4)
The center was established in 1999. The modern
equipment was funded by investment capital from
OPEC. The center focuses on fundamental research
involving the application of advanced magnetic materials, semiconductors, superconducting materials and new
materials.
The center is organized into the following sections:
♦ modeling of condensed matters
♦ technologies of ceramics, thin films including multilayer thin film and sensors, and intermetallic
compounds and alloys
♦ structural characterization
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♦ electrical and optical properties of materials
♦ magnetic materials
♦ nano-structured materials
2.4 Ho Chi Minh City Centers
Although Ho Chi Minh City (the former Saigon) is
the biggest and most industrial city in Vietnam, research
activities there are less developed than in Hanoi.
Research on materials science and engineering are conducted mainly at a few institutes and/or campuses
belonging to VAST, such as the Institute of Chemical
Engineering and the Institute of Applied Materials
Science. The main activity areas of these institutes
involve:
♦ synthesis of essence, essential oil, high-valueadded derivatives of oils and fats
♦ extraction of pharmaceutical active materials from
natural resources using bioactivity
♦ additives for squeezing and transporting oil
♦ catalysts for petrochemistry, catalysts for treating
drinking water, drainage and exhaust gases
♦ salt water processing membranes, environmental
processing technologies
♦ new materials from organic compounds
Currently, two new research/education centers for
materials have been established at the National
University of HCMC,
- Laboratory for Nanomaterials and Nanotechnology,
by OPEC budget, at the Faculty of Materials
Science of HCMC University of Science
- National Key Laboratory on “Polymers and
Composites” at the HCMC University of
Technology
These new laboratories are hoped to enhance materials research activities in Ho Chi Minh City and southern
Vietnam.

3. Research Project and Fund
The first (preparatory) National Research Program on
New Materials was implemented in 1987-1990. Since
then, the program has continued to support research on
materials science and engineering for every five-year
period, i.e. for 1991-1995, 5) 1996-2000 6) and 20012005.7)
Basic research on new materials has also been supported by the National Program for Fundamental
Research; particularly research related to nanomaterials,
which has recently been organized into a Priority
Subprogram on Nanotechnology.8) The research themes
involved in the National Programs are rather broad,
ranging from very new materials like high Tc superconductivity5) to mineral industry problems, such as kaolin
processing.7) There are approximately 25-30 research
projects within each five-year period. The budget for the
New Materials Program constitutes about 10% of the
total national research budget, which is run by the
Ministry of Science and Technology (MOST). In addition to this, since 1995, the Ministry of Industry has
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launched a budget for the implementation of materials
technology research results into Vietnam’s industry.

4. Education and Training
The terminology, “materials science”, was introduced
to the Vietnamese scientific community during the First
International Workshop on this interdisciplinary domain,
held in Hanoi in 1990, i.e. five years after the introduction of the “DOI MOI” policy. Various education and/or
research centers have been established since then: the
International Training Institute for Materials Science,
founded in November 1992; the Institute of Materials
Science, founded in May 1993; the Center for Materials
Science founded in 1997, etc. Undergraduate education
on Materials Science and Engineering in Vietnam is currently conducted at the Hanoi University of Technology,
Hanoi University of Natural Science, HCMC University
of Natural Science and HCMC University of
Technology. Since 1993, masters of materials science
have been educated at ITIMS, but recently they have
attended the College of Technology of Hanoi National
University (in collaboration with IMS). Since 1995, IMS
has provided PhD level education in materials science,
which resulted in about thirty scientists being given the
masters honor. The Institute of Materials Science and the
College of Technology is now running a joint program
with Osaka University in educating both MSc and PhD
levels of Materials Science and Nanotechnology.
After thirteen years of research and education in this
emerging scientific domain for Vietnam, Vietnamese
materials scientists met together in November 2003 to
found their own society: the Materials Research Society
of Vietnam.

University of Technology,
http://www.hut.edu.vn//en/index.php?id=37,37,0,0,1,0
4) Center for Materials Science, Hanoi University of Science,
http://www.hus.edu.vn/tienganh_ver/institues_centres/materials_science/materials_science.htm
5) Ministry of Science, Technology and Environment, List and
Abstracts of S&T projects of National Programs for the
1991-1995 period, Science and Technique Publishing House,
Hanoi 2001. [in Vietnamese]
6) Ministry of Science, Technology and Environment, List and
Abstracts of projects of the National Programs on New
Materials for the 1996-2000 period. [in Vietnamese]
7) Ministry of Science and Technology, Final Reports of S&T
projects of National Program on Materials Research for the
2001-2005 period. [in Vietnamese]
8) Ministry of Science and Technology, Final reports of projects
of National Program on Fundamental Research for the 20012005 period, Science and Technique Publishing House, Hanoi
6/2006. [in Vietnamese]

5. Conclusion
The Institute of Materials Science has undertaken a
variety of materials research closely related to local life
at the Hanoi, Nha Trang and Ho Chi Minh campuses, as
well as research on advanced materials. The materials
science related departments of Hanoi University and Ho
Chi Minh University focus more on advanced materials
research than IMS.
Vietnamese have high education standards and work
ethic, which recently encouraged Japanese enterprises to
establish offices in Vietnam. Substantial progress in the
field of materials research is expected with the country’s
economic growth.
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Chapter 2. Outline of Major Public Research
Institutes and Universities for
Materials Research in Asia
Section 1. People’s Republic of China
Tomoaki Hyodo
Planning and Research Office, NIMS
Saori Kajiyama
International Affairs Office, NIMS
1. Materials Research Policies in the People’s
Republic of China
The State Council of the People’s Republic of China
announced in February 2006 the “Outline of the
National Medium- to Long-Term Science and
Technology Development Plan,” a 15-year scheme that
starts in 2006 and extends to 2020.1, 2) This outline sets
the following goals to be achieved by 2020: Raising the
share of R&D investment of society as a whole in
China’s gross domestic product (GDP) to 2.5% or higher and the contribution ratio of Science and technology
(S&T) advancements to 60% or higher, while lowering
dependence on external technology to 30% or less. The
outline further aims, by the same target year, to ensure
that the number of yearly patents acquired by Chinese
citizens and the number of international citations of scientific papers written by Chinese citizens are ranked
within the top five internationally. Moreover, the outline establishes the following as overall targets for S&T
development to be achieved by 2020: i) Marked
improvement in autonomic development capacity and
ability to promote economic and social development
and national security through S&T, and establishment of
these points as a strong platform for building “a society
in which people lead a fairly comfortable life”; and ii)
significant improvement in comprehensive capabilities
in basic science and cutting-edge technical research,
production of multiple research results that have a major
international impact, inclusion of China among the
world’s most innovative countries, and infrastructure
reinforcement that allows China to rank among the
world’s top S&T counties in the latter half of the 21st
Century.
Looking at materials-related programs, new materials
received priority assistance under the “National
Guidelines for Key Fields in High-Tech
Industrialization,” which was officially announced and
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implemented by the central government in 1999. 3)
Moreover, the development of new materials was established as an important pillar of the national economy in
the “State Planning Commission Announcement on
Implementation of Special Projects for High-Tech
Industrialization of New Materials,” which was implemented in 2000. Meanwhile, in July 2005, China’s
“Policy for Development of the Iron and Steel Industry”
was drafted by the National Development and Reform
Commission and approved by the State Council. This
policy is garnering attention as a document that will
have a significant impact on the development of China’s
iron and steel industry over the next five to ten years.
Preparation of the policy was commenced in 2002, and
about 30 revisions were made before it finally attained
its completed form. It was formulated in accordance
with related laws as well as international and domestic
circumstances facing the iron and steel industry, and it
aims for the sound development of the iron and steel
industry. At the same time, the Standing Committee of
the State Council was convened by the State Council in
September 2005 to discuss “Special Plans for
Development of the Aluminum Industry” and the
“Policy for Developing the Aluminum Industry.” This
discussion resulted in the laying out of clear directions
for export controls on electrolytic aluminum and passage, in principle, of moves to limit production and
export of high-energy consuming products as a major
objective. As a result, China supports the development
of recycled aluminum alloy and high-grade processed
goods that meet requirements for energy savings, high
added value, and environment protection, and is aiming
to personify future growth of its aluminum industry with
high-grade processed products (recycled aluminum,
alloyed aluminum, processed aluminum materials, etc.).
China is known for its characteristic national plans
that go by such names as “Plan 863” or “Plan 973.”
Plan 863 is a national plan that strives to develop high41

tech fields. Commenced in March of 1986, it focuses
on 20 issues in eight fields, including organisms, space,
information, laser, automation, energy, new materials,
and oceans. The manned space flight program involving Shenzhou 5 and Shenzhou 6 was included in Plan
863. Plan 973 was commenced in 1998. It encourages
scientists involved in cutting-edge technologies and fundamental research in such fields as agriculture, energy,
information, resources and environment, population and
health, and materials.
Fundamental research in the People’s Republic of
China falls under the jurisdiction of four bodies: The
Ministry of Science and Technology (MOST), the
National Natural Science Foundation of China (NSFC),
the Chinese Academy of Sciences (CAS), and the
Ministry of Education. MOST allocates 14% of its
national basic research program budget to materials science, while NSFC contributes approximately 10%.
Nano-related research has been expanding over recent
years, and this trend is especially significant in chemical-related materials research. Priority projects supported by MOST include those focusing on biomaterials,
metals and alloys, nonmetals, environmental and energy-related materials as well as testing, characterization,
and measurement. In recent years, CAS has been tackling technical integration and promotion of unique ideas
as immediate themes. This is in line with its mission to
place priority on both achievement of national goals and
pursuit of cutting-edge scientific research. CAS—
which has jurisdiction over many public research institutes that are involved in materials research—primarily
invests research funds into basic research rather than
applied research, and promotes strategic and future-oriented research.

2. Public Research Institutes Involved in Materials
Research in the People’s Republic of China
In the People’s Republic of China, there are many
public research institutes promoting materials research,
and thus it is difficult to cover them all. Consequently,
this section will focus on 22 selected public research
institutes that have been cited over the past 10 years in
the Materials Science section of Thomson Scientific’s
citation index database Web of Science.
The locations of the public research institutes surveyed in this section are shown in Figure 1, and the
characteristics of each are shown in Table 1.
The Institute of Metal Research, CAS, was founded in
1953. In 1999, it merged with the Institute of Corrosion
and Protection of Metals, CAS.4) And in 2000, it established the Shenyang National Laboratory for Materials
Science as China’s first national laboratory founded on
three laboratories: a rapid solidification non-equilibrium
alloy laboratory, material fatigue and fracture laboratory,
and solid atomic imaging open laboratory.
The predecessors to the Institute of Physics, CAS,
were the National Research Institute of Physics,
Academia Sinica, which was founded in 1928, and the
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Fig. 1 Locations of major public research institutes involved in
materials research.

Institute of Physics, National Academy of Peiping,
which was founded in 1929. These two institutes were
joined in 1950 to form the Institute of Applied Physics,
CAS, whose name was later changed to the Institute of
Physics, CAS in 1958.5)
The Shanghai Institute of Applied Physics, CAS, was
established as the Shanghai Institute of Physics in 1959.
It took its current name in 2003. The institute collaborates with Japan’s SPring-8 project, Italy’s ELETTRA
project, and South Korea’s PLS project, and has entered
into partnerships with Japan’s High Energy Accelerator
Research Organization as well as universities.6) It is
engaged in exchanges with France’s ESRF, Germany’s
BESSY-II, among others; is a member of the RICHSTAR international cooperation project; and has a collaborative relationship with the Institute of High Energy
Physics, CAS.
The forerunner of the Shanghai Institute of Ceramics,
CAS, was the Engineering Institute of Academia Sinica,
which was founded in 1928. Over the course of several
reorganizations, the institute gained independence as the
Shanghai Institute of Ceramic Chemistry and
Engineering, CAS, in 1959. The name was changed to
the Shanghai Institute of Ceramics, CAS, in 1984.7)
With two post-doctoral courses, three doctoral courses, and four master’s degree courses, the Institute of
Semiconductors, CAS, is an important base for training
personnel with doctoral degrees.8)
The predecessor of the Chengdu Organic Chemicals
Company, Ltd., CAS, was established in 1958. After
several name changes, the institute became affiliated
with CAS as the Sichuan Institute of Chemistry in 1978.
It took its current name in 2001.9) It serves as a base for
industrial application of the results of the National HiTech R&D Plan, which was approved by MOST. It is
the home of the National Engineering Research Center
of Chiral Drugs, Key Laboratory for Asymmetric
Synthesis and Chirotechnology of Sichuan Province,
Center of Leather Chemical Engineering and
Technology of CAS, and other platforms for technical
R&D at the national, provincial, and ministerial levels.
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The Institute of Electrical Engineering, CAS, is a
central research laboratory for electrical engineering science that is a major player in China’s high-tech research
and development. It is a national scientific institute for
research on new technologies in electrical engineering
and electric power.10)
The Changchun Institute of Optical Precision
Machinery and Physics, CAS, is a research institute that
was formed in 1999 through the merger of the
Changchun Institute of Optics and Fine Mechanics,
11)
CAS, and the Changchun Institute of Physics, CAS.
The Dalian Institute of Chemical Physics, CAS, was
originally established in 1949 as the Scientific Research
Institute of Dalian University. It attained its present
name—Dalian Institute of Chemical Physics, CAS—in
1962 after undergoing subsequent renaming and reorganization.12)
In 2004, three major research platforms were established within the Fijian Institute of Research on the
Structure of Matter, CAS: a state key laboratory for
experimentation in structural chemistry, a research center for photoelectric material and engineering technology, and a key laboratory for experimentation on nanomaterials. These facilities were organized to include
seven specialized laboratories (a laboratory for basic
research on structural chemistry, nanomaterials laboratory, theoretical computation and chemistry laboratory,
crystalline materials laboratory, material physics and
chemistry laboratory, laser engineering laboratory, and
applied chemistry laboratory).13)
The Institute of Solid State Physics, CAS, was established in 1982. It was designated a Pilot Project of
CAS’s Knowledge Innovation Program in 2001.14)
The Lanzhou Institute of Chemical Physics, CAS, has
made significant contributions particularly to China’s
petroleum processing and nuclear weapons, hydrogen
weapons, and satellite (liangdan yixing) programs since
its foundation in 1958.15) It has established three major
departmental fields: Resource sciences, new materials,
and science and biology that are based on catalysts, separation analysis, and structural and synthetic chemistry.
The Technical Institute of Physics and Chemistry,
CAS, was formed in 1999 through partial amalgamation
of the Institute of Photographic Chemistry, the
Experimental Center of Low Temperature Technology,
and the Institute of Chemistry/Institute of Physics. It
established the Key Laboratory of Engineering Plastics
in the same year, and became affiliated with CAS in
2000.16)
The strengths of the Changchun Institute of Applied
Chemistry, CAS, are in high polymer chemistry and
physics, alkali metal chemistry and physics, and electrochemical analysis. It implements comprehensive scientific research projects, and is home to two state key laboratories (a state key laboratory for polymer physics and
chemistry, and a state key laboratory for electrochemical
analysis) and a CAS open laboratory (open laboratory
for alkali metal chemistry and physics).17) The institute
conducts research in six fields: functional organic and
polymer materials, functional organic nano-hybrid
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materials, thin-film and surface physics, microfabrication, device physics, and device engineering.
The Key Laboratory of Engineering Plastics and
Laboratory of Organic Solids were established in the
Institute of Chemistry, CAS, in 1991, and the Open
Laboratory of Organic Solids was established in the
institute in 1994. In 1999, these laboratories were incorporated into the Beijing physical science base for the
Pilot Project of CAS’s Knowledge Innovation Program,
and in 2001 they became the CAS Key Laboratory of
Organic Solids.18) A biotech materials laboratory was
established in 2001. And the Key Laboratory of
Molecular Nanostructure and Nanotechnology, which
was originally the STM laboratory that was established
in 1987, became the CAS Youth Laboratory of
Nanoscience and Nanotechnology in 1994. The institute
is currently the home of the State Key Laboratory of
Molecular Reaction Dynamics (established jointly with
Dalian University), the State Key Laboratory for
Structural Chemistry of Stable and Unstable Species
(established jointly with the Peking University), and the
State Key Laboratory of Polymer Physics and Chemistry
(established jointly with Changchun Institute of Applied
Chemistry).
The Institute of Mechanics, CAS, is home to the State
Key Laboratory of Nonlinear Mechanics, the Key
Laboratory of High Temperature Gas Dynamics, and the
National Microgravity Laboratory. It also has a
Division of Engineering Sciences and a Division of
Technology Development.19)
The Institute of Coal Chemistry, CAS, was established as the Laboratory of Coal Chemistry, CAS, in
Dalian in 1954. It took its current name in 1978.20)
The predecessor of the Multi-Phase Reaction
Laboratory in the Institute of Process Engineering,
CAS, was the Fluidized-Bed Laboratory, which was
established in 1986 with assistance from a United
Nations project. It was designated by the CAS as a Pilot
Project Facility of the National Knowledge Innovation
Program in 1999.21)
National Center for Nanoscience and Technology of
China was launched by the Nano Science and
Technology Center, CAS; Peking University; and
Tsinghua University in December 2003. It was jointly
established by CAS and the Ministry of Education.22)
The center receives huge amounts of financial assistance from the central government. Of the center’s
RMB 250 million (US$ 32.3 million when converted at
a rate of 1 RMB = 0.129 US$) expenditure at the time
of its founding, the central government contributes
RMB 180 million (US$ 23.2 million). This amount is
divided evenly between construction and facilities.
The Shanghai Nuclear Engineering Research and
Design Institute is a research design enterprise that is
placed under the jurisdiction of the China National
Nuclear Corporation. Its operations focus mainly on
research on and design of nuclear power generation
technology.23) China’s first nuclear power plant, the
Qinshan Nuclear Power Plant, was designed by the
institute. And the Chashma Nuclear Power Plant Unit-1
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in Pakistan, for which the institute undertook design
work, marked the first time that China had provided
nuclear power technology to another country.
The Central Iron & Steel Research Institute was
established in 1952 as an enterprise affiliated with the
former Ministry of Metallurgical Industry. Becoming
an independent enterprise in July 1999, it is the largest
comprehensive R&D institute in China’s metallurgy
industry.24) As a base for R&D in the metallurgy and
new materials fields in China, it is contributing to major
national projects by, among other activities, developing
new materials for the Liangdan Yixing, Changzheng,
and Shenzhou programs. There are nine facilities currently established within the institute, including a

national engineering research center for advanced iron
and steel material technologies, a state key laboratory
for advanced iron and steel engineering materials, a
state engineering research center for continuous casting
technology, a national engineering and technical
research center for amorphous crystallite alloys, a
national measurement center for iron and steel materials, and a national testing center for iron-and-steel product quality control.
The National Engineering Research Center for
Biomaterials is China’s first open national-level institute
for biomedical materials research and development. Its
foundation was approved by MOST in 1999. The center’s work focuses primarily on research on and applica-

Table 1 Major public research institutes involved in materials research in the People’s Republic of China.4-25)
Name of institute, city,
year of establishment,
ministry or agency

Researchers,
budget

Major materials research areas

Institute of Metal
Research, CAS
Shenyang
1953
CAS

http://www.imr.ac.cn/IMRWeb/
Shenyang National Laboratory for Materials Science (50 researchers and engineers)
- Materials production facilities science: Nanomaterials, amorphous metal
materials, composite materials, manufacturing and fabrication of new metallic thin-film materials, etc.
- Material structural analysis: Electron microscope, X-ray diffraction, heat
analysis, etc.
- Establishment of material design models and evaluation of material performance: Performance evaluation of material dynamics, heat, physics, chemistry,
etc.; evaluation of materials at time of use
Public Service Research Environmental Corrosion Center (1 academician, 60
researchers)
- Research on corrosion processes and principles of various materials in the
soil, atmosphere, ocean water, natural environment,, and work environment
Also home to State Key Laboratory of Corrosion and Protection

Institute of Physics,
CAS
Beijing
1950
CAS

http://www.iphy.ac.cn/
National Laboratory for Superconductivity (1 academician, 10 researchers)
- Growth and physical properties of micro and nanometer oxide superconductors and multilayer composite structures; identification and related mechanisms of new superconductor materials; physics and application of superconductor thin-film materials and devices; etc.
State Key Laboratory of Magnetism (1 academician, 17 researchers)
- Research on neutron scattering, spinelectronics materials, physical devices,
structures of alkali metal/transition metal compounds, research on magnetic
and transporting properties, superhyperfine interaction in magnetic substances, etc.
State Key Laboratory for Surface Physics (1 academician, 6 researchers)
- Formation mechanisms and transport qualities of atomic-scale surface
nanometer structures, III-V compound semiconducting materials and their
low-dimensional quantum structures
- Identification of new devices; new energy, electronic materials thin-film
growth, properties, devices; growth control and quantum effects of lowdimensional nanostructures; etc.
Laboratory for Advanced Materials & Electron Microscopy
Electron microscopy of low-dimensional materials and complex crystalline
structures, crystalline structures and phase transition of advanced materials,
nanometer materials, electron microscopy and electron-crystal image processing of functional materials, etc.
Nanoscale Physics and Devices Laboratory (3 academicians, 7 researchers)
- Nanometer organic/inorganic functional materials, devices, and physics;
nanometer ion science; wafer and nano-micron photoelectric material and
properties; nano-micro electronic devices and physics; etc.
The institute is also home to the Laboratory of Soft Matter Physics and the Key
Laboratory of Extreme Conditions Physics among other facilities

Researchers:
More than 350
(of these, CAS
academicians 8)
Budget is not
released to the
public

No. of
employees: 422
(of these,
researchers:
308)
Budget is not
released to the
public

CAS: Chinese Academy of Sciences
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Shanghai Institute of
Applied Physics,
CAS
Shanghai
1959
CAS

http://www.sinap.ac.cn/
Dept. of Nuclear Physics (5 researchers)
- Radionuclide beam physics, medium and high energy relativistic heavy ion
collision reaction, carbon nanotubes and composition mechanisms, molecular
dynamics and application, physical qualities of DNA, methods for calculating
biofluids and fluids, research on and application of beams using a synchrotron radiation accelerator, etc.
Nanobiomedicine Laboratory (7 researchers)
Single-molecule testing, application of nanometer optics technology in the pharmaceutical field, ultra high-speed processes of photochemistry and photobiology,
etc.

Shanghai Institute of
Ceramics, CAS
Shanghai
1959
CAS

http://www.sic.ac.cn/
State Key Laboratory of High Performance Ceramics and Superfine
Microstructures (1 academician)
- Scientific research on inorganic nanometer materials, design and performance
evaluation of multilayer structures of advanced ceramics materials, preparatory science and new technologies for inorganic materials, pursuit of new inorganic materials and computational materials science, etc.
Biological Materials and Textures Engineering Research Center (2 researchers)
- Bioglass, bioceramics, organic/inorganic compound biomaterials of cells and
drug carriers (including biopolymer materials, bioglass, and bioceramics),
natural polymer medical materials, etc.
The institute is also the home of the Structural Ceramics Engineering Research
Center, Artificial Crystal Research Center, and Inorganic Coating Materials
Research Center among other facilities

Institute of
Semiconductors,
CAS
Beijing
1960
CAS

http://www.semi.ac.cn/
Key Laboratory on Semiconductor Materials (1 academician, 9 researchers)
- Semiconductor nanocluster and new high-molecular polymer compound optical function; optical display materials; research on generation, properties, and
terrestrial analog qualities of spatial semiconducting materials; growth and
research of GaAs/A1GaAs-regulated superlattice/quantum-well-structure
materials and HFETs-structure materials; magnetic semiconducting materials;
etc.
Materials Sciences Center (2 academicians, 12 researchers)
- Quantum microstructure materials for III-V compound semiconductors, germanium-silicon materials for high-speed circuits, gallium nitride and carborundum for high-temperature power microelectronic devices, new heteroepitaxy SOI materials, etc.
The institute is also home of the State Key Laboratory for Surface Physics and
other facilities.

Chengdu Organic
Chemicals Co., Ltd.,
CAS
Chengdu
1958
CAS

http://www.cioc.ac.cn/
Base for New Catalytic Materials and Technologies (8 researchers)
- Natural gas catalysts, natural gas plasma technology, absorption and preservation of gasses, synthesis of oxonium compound, synthesis of fine-chemical
intermediates and preparation of inorganic nanometer materials, development
of energy storage and materials, etc.
Center of Analysis and Testing, Chengdu Branch of the Chinese Academy of
Sciences (5 researchers)
- Analysis of organic constituents and structures, structural analysis of crystals,
analysis of inorganic constituents and structures, observation of ultrafine
structures and figurations of organic tissue, etc.
Chengdu Organic Chemicals is also the home of the Base for Functional Polymer
Materials

Institute of Electrical
Engineering, CAS
Beijing
1963
CAS

http://www.iee.ac.cn/
Research Team of Nano-Fabrication and Nano-Measurement (30 researchers)
- Nano-electron beam exposure devices, micro electromechanical systems,
design of steppers, DNA bioscience devices,
The institute also has a Research Department of Biomedical Engineering,
Research Department of Applied Super-Conducting Technology, Research
Department of Modern Electrical Drives, R&D Center of Renewable Energy
Resources Power Generating Technology, R&D Center of New Power
Technology among other facilities.

No. of
employees: 689
(of these, technicians: 478)
Budget is not
released to the
public

No. of employees:
734
(of these,
technicians:
498)
RMB 4 million
(US$ 4,968,000
(2004)

No. of
employees: 600
Budget is not
released to the
public

No. of
employees: 400
Budget is not
released to the
public

No. of employees: 381 (of
these, CAS academician: 1;
CAE academician: 1)
Budget is not
released to the
public

CAS: Chinese Academy of Sciences
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Changchun Institute
of Optics Fine
Mechanics and
Physics, CAS
Changchun
1999
CAS

http://www.ciom.ac.cn:8111/index.jsp
State Key Laboratory of Applied Optics (1 academician, 35 researchers)
- Precise space optics sensors, short-wave optical technology, micro mechatronic systems, optical information fusion and information security, basic
optics, etc.
Key Laboratory of Excited State Processes (25 researchers)
- Low-dimension semiconductor light-emitting physics, light-emitting physics
of rare earth in solids, new light-emitting/flat display devices
The institute also has a spatial optics department, a photoelectric resistance
department, and a CAD technology application department among other facilities.

Dalian Institute of
Chemical Physics,
CAS
Dalian
1949
CAS

http://www.dicp.ac.cn/
Laboratory of Aerospace Catalysis and New Materials (number of researchers
unknown)
- Research on new hydrazine degradation catalysts and application to emergency power systems in the aerospace field; research on hydrogen peroxide,
nitric acid-hydroxylamine, and kerosene/hydrogen peroxide catalyst degradation technology; special absorbing agents; high stored-energy phase transition
materials; heat-shield coating materials; etc.
State key laboratory of Molecular Reaction Dynamics (22 researchers)
- Dynamics of molecular collision reaction (including atoms, ions, and free
radicals); laser-guided reaction dynamics; chemical reactions and theoretic
models of chemical lasers, combustion, catalysts, and materials science
State Key Laboratory of Catalysis (2 academicians, 16 researchers)
- New catalytic materials; catalytic activity; low carbonic acid paraffin; basic
research on environment-friendly catalysts, fine chemical catalytic synthesis,
etc.
The institute also has an environmental engineering division, a laboratory of
biotechnology, and a laboratory of chemical lasers (national key lab.) among
other facilities.

Fujian Institute of
Research On the
Structure of Matter
CAS
Fuzhou
1973
CAS

http://www.fjirsm.ac.cn/web/index.asp
State Key Laboratory of Structural Chemistry(8 researchers)
- New methods for researching structural chemistry, structural chemistry of
nanomaterials, inorganic-organic hybrid materials and supermolecular chemistry, basic research on structurally photosensitive materials and structural
chemistry of organisms, etc.
Key Laboratory of Nano Materials (approx. 40 researchers)
- Synthesis of nanomolecule materials and structural adjustment, photoelectron
nanoceramic materials and devices, low-dimensional inorganic nanomaterials, nano hydrogen adsorption and storage materials, structural chemistry of
nanomaterials, compound-function nanomaterials and their application, etc.
Research Center of Laser integration and its Application (2 researchers)
- Laser crystals associated with opto devices, pursuit of nonlinear photonic
crystal materials and research on growth technologies
Material physics and chemistry laboratory (4 researchers)
- Nanomaterials and devices, organic-inorganic hybrid functional devices,
functional complexes, integrated photoelectron materials and devices, synthesis of biomedical materials and research on structure and performance, design
of functional materials, etc.
The institute is also home to a division of theoretical and computational chemistry and a State Research Center of Photoelectric Crystal Material Engineering.

No. of employees:
1,985
RMB 178.9 billion
(US$ 22.2 billion)

No. of employees: 820 (of
these, technicians: 632;
researchers: 67)
RMB 300 million
(US$ 37.3 million)

No. of
employees: 304
(of these, CAS
academicians: 2;
researchers: 29)
Budget is not
released to the
public

CAS: Chinese Academy of Sciences
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Institute of Solid
State Physics, CAS
Hefei
1982
CAS

http://www.issp.ac.cn/
Key Laboratory of Materials Physics (42 researchers)
- Functional materials, damping materials, nanomaterials and nano structure,
semiconducting materials
Nanomaterials and Nanostructures Laboratory (9 researchers)
- Content of research is not disclosed
Laboratory of Internal Friction and Defects in Solids,Institute of Solid State
Physics (19 researchers)
- Functional oxide material (flash conductors, magnetoelectric resistance materials, ion conductors, thermoelectric material, etc.), processing and properties
of special materials (wide-gap semiconducting material, bubble metal material), methods for testing for internal friction, etc.
Research Laboratory for Computional Materials Science (8 researchers)
- Electron structure of new materials; research on magnetic structure and properties; nano granules; nano structure; theoretical research on nanoarrays;
structure, functions, and characteristics of biopolymers, etc.
Application and Development Center of Nanomaterials (10 researchers)
- Creation and application of nanomaterials, technology for applying nanomaterials (existing materials: rubber, plastic, paint, spinning work, ceramics etc.;
environmental protection field: photocatalytic technologies, clean antibacterial properties, wastewater management; energy field: new colloid batteries,
etc.), etc.

Lanzhou Institute of
Chemical Physics,
CAS
Lanzhou
1958
CAS

http://www.licp.ac.cn/
State Key Laboratory of Solid Lubrication (1 CAE academician, 1 CAS academician, 28 researchers)
- Space lubricating materials and technologies, material abrasion and surface
technologies, molecular tribology, compound lubricating materials, high performance lubricants and protective materials, etc.
Key Laboratory for Natural Medicine of Gansu Province (1 academician, 24
researchers)
- Basic research on the chemistry of interaction between drug molecules and
targeted molecules in an organism, etc.
The institute also has an R&D Center of Lubricating & Protecting Materials and a
National Engineering Research Center of Fine Petrochemical Intermediates
among other facilities.

Technical Institute of
Physics and
Chemistry, CAS
Beijing
1999
CAS

http://www.ipc.ac.cn/
Research and Development Center for Special Photographic Materials (9
researchers)
- High-definition photosensitive materials, photosensitive materials for detecting injuries, photosensitive material testing
National Engineering Research Center for Engineering Plastics (approx. 20 academicians on R&D team)
- Plastics, eco-friendly materials, polymer materials for medical use

Changchun Institute
of Applied
Chemistry, CAS
Changchun
1948
CAS

http://www.ciac.jl.cn/
Research Center for Advanced Organic Optoelectrics (6 researchers)
- Organic and polymer materials, thin-film physics, micro fabrication, etc.
The institute is also home to a state key laboratory of polymer physics and chemistry, a state key laboratory of electroanalytical chemistry, and a polymer engineering laboratory among other facilities.

No. of employees: 127 (of
these,
researchers: 20)
Budget is not
released to the
public

No. of employees: 406 (of
these, CAS academician: 1;
CAE academician: 1)
Budget is not
released to the
public

Number of specialized staff
members: 237
(of which, academicians: 4;
researchers: 59)
Budget is not
released to the
public
No. of employees: 1010 (of
these, CAS academicians: 5;
Third World
Academy of
Sciences academicians: 2)
Budget is not
released to the
public

CAS: Chinese Academy of Sciences
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Institute of
Chemistry, CAS
Beijing
1956
CAS

Institute of
Mechanics, CAS
Beijing
1956
CAS

http://www.icas.ac.cn/
Key Laboratory of Engineering Plastics (15 specialists)
- Catalytic polymerization and control, polymer composite materials, increased
high performance of all-purpose polymer materials, biodegradable and environment-friendly polymer materials, etc.
Key Laboratory of Organic Solids (1 academician, 12 researchers)
- Basic research on molecular materials and research on the processes of physical and chemical phenomena, research on nano-scale effects of molecular
materials, research on molecular devices, etc.
Key Laboratory of Molecular Nanostructure and Nanotechnology (1 academician, 4 researchers)
- Molecular nanostructure, surface and interface microstructures and qualities,
basic research on functional molecular nanostructures and characteristics,
electrochemistry nanotechnology, analysis of single molecules in organisms,
etc.
Laboratory of Advanced Polymer Materials
- Highly heat-resistant benzene-ring polymers, high-performance organic silicon materials, high-temperature resins, high-performance resins, high-performance plastics, etc.
http://www.imech.ac.cn/
State Key Laboratory of Nonlinear Mechanics (26 researchers)
- Nonlinear dynamic analysis of solid deformation, deterioration, or destruction; nonlinear phenomena of liquids; basic nonlinear research and methods
research in the materials field and environmental field, etc.
Research group on the technical capabilities of plasma and materials, Division of
Engineering Sciences (2 academicians, 15 researchers)
- Manufacturing of thermionic generators, research on application technologies, etc.
Laboratory for Laser Intelligent Manufacturing, Division of Technology
Development (36 full-time researcher)
- Research on the dynamics of interaction between lasers and materials; special
transformation of high-speed, high-strength laser beams; etc.

Institute of Coal
Chemistry, CAS
Taiyuan
1954
CAS

http://www.sxicc.ac.cn/
State Key Laboratory of Coal Conversion
- Basic research on clean coal energy and processes for conversion to fabricated items, basic research on processes for indirect reduction of CO gas from
coal, environmental engineering pertaining to coal conversion, etc.
Key Laboratory of Carbon Materials
- Synthesis of carbon precursors, transformations of microstructures and organization in the heat treatment processes of carbon precursors, manufacturing
research toward higher performance and multi-functionality of carbon materials, applied engineering of new carbon materials, etc.

Institute of Process
Engineering, CAS
Beijing
1958
CAS

http://www.ipe.ac.cn/ipe2005/index.php
Key Laboratory of Multiphase Reactions (2 CAS academicians)
- Nano-scale physics and chemistry, manufacturing and surface treatment of
ultrafine granule materials, molecular conversion of coal/carbon, etc.
The institute is also home to the National Key Laboratory of Biochemical
Engineering, the National Engineering Research Center for Biotechnology, the
Laboratory of Green Process Engineering, etc.

National Center for
Nanoscience and
Technology, China
(NCNST)
Beijing
2003
CAS, Ministry of
Education

http://www.nanoctr.cn/
Nano-Processing and Nano-Devices Laboratory (2 academicians, 22 researchers)
- Research on advanced nanomaterials and nanostructures
- Research on nanomaterials and nanostructures having specific functions
The center is also home to a Nano-Materials and Nano-Structures Laboratory and
a Nano-Structure Characterization and Test Laboratory among other facilities.

No. of employees: 442 (of
these, specialized technicians:
370; CAS academicians: 8;
CAE academician: 1;
researchers: 89)
Budget is not
released to the
public

No. of employees: 350 (of
these, CAS academicians and
CAE academicians: 8;
researchers: 50)
Budget is not
released to the
public

No. of employees: 621 (of
these, CAS academician: 1;
researchers: 40)
Budget is not
released to the
public
No. of employees: 793 (of
these, CAS academicians: 3;
researchers: 30)
Budget is not
released to the
public
No. of
researchers: 155
(of these, CAS
academicians:
22)
Total of RMB
31.34 million
(US$ 3.892 million)
The budget is
the total for
2004 and 2005

CAS: Chinese Academy of Sciences
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Shanghai Nuclear
Engineering
Research and Design
Institute
Shanghai
1970
MOST

http://www.snerdi.com.cn/
The institute’s organization includes a reactor core design laboratory and an
architectural design laboratory.

Central Iron & Steel
Research Institute
Beijing
1952
Ministry of
Railroads, Ministry
of Construction

http://www.cisri.com/
National Engineering and Research Center for Advanced Steel Technology
- Micro alloying technology, high-purity iron and steel metallurgy technology,
technology and production of homogenous crystallization casting, thermal
processing of ultrafine iron and steel composition, technology for prediction
iron and steel material composition, etc.
National Analysis Center of Iron & Steel
- Chemical analysis; physical measurement and testing; dynamic testing; nondestructive measurement; measurement and testing; general evaluation of
material quality; research on standard substances; technical training on analysis, measurement, and testing; development of analytical devices, etc.
The institute is also home to the National Engineering Research Center of
Continuous Casting Technology, the State Amorphous & Microcrystal Alloy
Technology Center, and other facilities.

National Engineering
Research Center for
Biomaterials
Chengdu
2000
Chengdu City
Government

http://www.biomater.com/
Sichuan Province Engineering and Research Center for Alkali Metal Materials
and Application
- Alkali metal alloys, alkali metal magnetic materials, nickel hydride batteries
and alkali batteries, etc.
Sichuan Province Engineering and Research Center for Nanopowder Materal
- Research manufacturing, development, and industrialization of nanopowder
materials; physicochemical testing and measurement of nanomaterials, etc.
The center also has a nanomaterials process research center among other facilities.

No. of specialized staff member: approx. 700
(of these, CAS
academician: 1)
Sales: RMB 120
million (US$
14.9 million)

No. of employees: 3,452 (of
these, specialized technicians:
2,505; No. of
CAS and CAE
academicians: 6)
Budget of RMB
2.5 billion (US$
311 million)

Number of
employees:
Unknown (No.
of CAS academician: 1; No.
of professors:
20)
Budget is not
released to the
public

tion of biomedical materials, materials for medical
transplants, and tissue regeneration engineering and
manufacturing technologies.25)

3. Universities Involved in Materials Research in the
People’s Republic of China
In the People’s Republic of China, there are many
universities involved in materials research. Thus, the
authors will focus on selected universities that have
been cited over the past 10 years in the Materials
Science section of Thomson Scientific’s citation index
database Web of Science.
The locations of the universities surveyed in this section are shown in Figure 2, and survey results are shown
in Table 2.
Tsing Hua University was founded in 1911 (with the
university section being established in 1925). It is
China’s largest university in terms of scientific research
expenditure.26) In 1996, the university established a
“unified faculty-graduate school education system” for
engineering specialties, and a “four-year undergraduate
and two-year graduate school” education system in
courses for degrees in science, economics, management,
humanities and social studies, law, etc.
Materials Science Outlook 2006

Fig. 2 Locations of major universities involved in materials
research.

The predecessor of the Nanyang Institute of
Technology was Nanyang University, which was founded in 1987. The State Education Commission gave the
institute its current name in 1993.27)
The University of Science and Technology of China
was founded by CAS in 1958. It moved to Hefei, Anhui
Province, in 1970. In 2003, the university established
49

five exchange-course research centers for medical IT
research, research on engineering technology for clinical application of biomaterials and biomechanics,
research on biotherapy of human diseases, research
toward development and modernization of new drugs
and traditional Chinese medicines, and research on birth
defects.28)
Jilin University was formed in 2000 through the
merger of the previous Jilin University, Jilin University
of Technology, Norman Bethune University of Medical
Sciences, Changchun University of Science and
Technology, and Changchun Institute of Post and
Telecommunications. In 2004, the Munitions
University of the PLA was added to Jilin University.29)
The university is currently home to five state key laboratories: The Integrated Optoelectronics Laboratory,
Theoretical and Computational Chemistry Laboratory,
Superhard Materials Laboratory, Automobile Dynamic
Simulation Laboratory, and Inorganic Synthesis and
Preparative Chemistry Laboratory.
With its roots extending back to 1897, the current
Zhejiang University was formed in 1998 through the
merger of the former Zhejiang University, Hangzhou
University, Zhejiang Agricultural University, and
Zhejiang Medical University.30) Although the university’s College of Materials and Chemical Sciences was
established in 1999, its Department of Polymer Science
and Engineering was established in 1992 and its
Department of Materials Science and Engineering was
established in 1978. The predecessor of its Department
of Chemical and Biochemical Engineering (the
Department of Chemical Engineering of Zhejiang
University) was established in 1927.
Following the founding of its predecessor in 1902,
Nanjing University underwent numerous changes—
becoming, in sequence, Sanjiang Normal School,
Liangjiang Normal School, Nanjing Higher Normal
School, National Southeast University, the Fourth
Zhongshan University, and National Central
University—before being named Nanjing University in
1950.31) In 1952, when a nationwide readjustment of
universities took place, some schools, such as the
School of Engineering and the School of Agriculture,
were separated from the University; meanwhile, the
University merged with the School of Liberal Arts and
the School of Sciences of the University of Nanking,
which was founded in 1888. The regulations of a newly
formulated Nanjing University project toward upgrading of graduate students resulted in an increase in financial assistance to young researchers from RMB 740,000
under Phase 1 of Project 985 in 2000 and RMB 800,000
under the 2004 national reform plan to RMB 20 million
under Phase 2 of Project 985. The range of this assistance is being expanded to extend from establishment of
three reform sectors (physics, chemistry, and geology)
under the national reform plan to implementation of
projects that include reform of scientific research conducted by graduate students, international academic
exchange, development of doctoral theses, individual
training of specialized human resources, and establish50

ment of core courses.
Harbin Institute of Technology was founded in 1920.
Although the institute took its current form in 2000
through the merger of the former Harbin Institute of
Technology and the Harbin Architecture University, its
School of Material Science and Engineering was established in 1993.32)
Peking University was established in 1898 as
Imperial Capital University. It became Peking
University in 1912. The university is home to 11 state
key laboratories, including those for micro nanotechnology and application of alkali-metal material chemistry.33)
Moreover, the university has 17 state basic research and
educational facilities, and is thus pouring its efforts into
human resources development.
The predecessor of Shanghai Jiao Tong University,
Nanyang Public University, was established in 1896.
The university established a research school in
Singapore in October of 2002, and merged with
Shanghai Second Medical Institute in 2005.34)
Xi’an Jiaotong University is a descendent of
Nanyang Public University in Shanghai, which was
founded in 1896. In 1921 it was renamed Jiaotong
University, in 1956 its facilities were moved to Xi’an,
and in 1959 it was once again renamed as Xi’an
Jiaotong University.35) In April of 2000, Xi’an Medical
University, Shannxi Institute of Finance and Economics
and Xi’an Jiaotong University were merged to form the
new Xi’an Jiaotong University with the approval of the
State Council.
The University of Science and Technology, Beijing,
was established in 1952 from the departments of five
prominent universities in China, including Peiyang
University. 36) In the years following, its name was
changed to the Beijing Institute of Iron and Steel in
1960, and to the University of Science and Technology,
Beijing (USTB), in 1988. During the same year, the
USTB Guanzhuang Campus was established through a
merger between USTB and the Beijing Metallurgical
Manager’s Institute. In 2005, USTB and Guangdong
Zhujiang Investment Co., Ltd. joined hands to establish
the USTB Tianjin Institute in the Baodi District of
Tianjin. During a reorganization in March 2001, the
Institute of Materials Science and Engineering established four departments, two laboratories and two
research centers. The departments include courses of
materials, material processing and control engineering,
material physics and chemistry, and non-organic nonmetallic materials. A powder metallurgy laboratory, a
functional materials laboratory, a corrosion and protection center, and a testing center make up the laboratories
and centers. The university is home to two state testing
laboratories, a state engineering research center, and
four ministry/committee-level open laboratories.
Fudan University was originally established as Fudan
Public School in 1905. Its name was changed to Fudan
Public University in 1917, and it was reorganized as a
national university in 1941.37) The university moved to
Shanghai Jiangwan in 1946. A new Fudan University
was founded in April 2000 following a merger with
Materials Science Outlook 2006

Shanghai Medical University. The university is promoting a recruitment system that, among other activities,
expands the autonomous recruiting rights of PhD advisors and gathers top-quality students through integrated
recruitment for its master’s and doctoral programs.
Moreover, the university is establishing a graduate
degree course system by reinforcing its curricula and
preparing teaching materials. It is also improving the
quality of graduate students by having them display
their latent potential for innovation and issue reports on
their academic dissertations through strict education on
scientific research capacity, and by implementing midterm examinations and doctoral qualification tests. In
addition, the university’s national university S&T park
set up an administrative body in southern Wales, UK, in
2004.
Shandong University was established in 1901. It was
merged with Shandong Medical University and
Shandong University of Technology to be re-launched
as Shandong University in 2000.38)
Wuhan University of Technology is a state key university that was established in 2000 through the merger
of Wuhan University of Technology, Wuhan
Transportation University, and Wuhan Automotive
Polytechnic University.39) Its materials science course
has importance at the national level, and its facilities
include a state key laboratory, a ministry-level testing
center, and three provincial testing centers. It also has a
post-doctoral station for materials science and engineering.
The predecessor of Dalian University of Technology
was the Institute of Technology of Dalian University,
which was founded in 1949. In 1950, it gained independence as the Dalian Institute of Technology when
Dalian University was abolished. 40) In 1960, it was
selected as a national key university affiliated with the
Ministry of Education. A graduate school was established within the insitute in 1986, and its name was
changed to Dalian University of Technology in 1988.
The university is home to four state key laboratories:
The State Key Laboratory of Coastal and Offshore
Engineering; the State Key Laboratory of Material
Surface Modification by Laser, Ion and Electronic
Beams; the State Key Laboratory of Fine Chemical
Engineering; and the State Key Laboratory of Structural
Analyses for Industrial Equipment. It is also the host of
the National Engineering Research Center for Ship
Manufacture, which is a National Engineering Research
Center.
The predecessor of Sichuan University was the
Sichuan Chinese-Western School, which was established in 1896. It was established as Sichuan University
over the course of two reorganizations—one in 1994
and the other in 2000—that involved three key universities: The former Sichuan University, the former
Chengdu University of Science and Technology, and the
former West China University of Medical Science.41)
The university’s research organization is currently made
up of 15 national key disciplines and 66 key disciplines
at the ministry/provisional level. It is pursuing developMaterials Science Outlook 2006

ments that are having an impact on information-technology, biotechnology, nanotechnology and new materials
technology, new energy and eco-friendly technology,
and other areas that are 21st-Century S&T trends.
Huazhong University of Science & Technology
(HUST) is a university that was established in 2000
through the merger of the former Huazhong University
of Science & Technology, former Tongji Medical
University, former Wuhan Urban Construction Institute,
and Wuhan Science & Technology Vocational College.
However, its School of Materials Science and
Engineering is an institute that developed from the former HUST’s Department of Materials Science and
Engineering, which was formed based on the
Department of Mechanical Engineering 2 that was
established at the time of the university’s construction in
42)
1953.
The Shanghai Second Medical Institute was established as the Shanghai Second Medical College through
the merger of St. John’s Medical College, Aurora
Medical College, and Tong-De Medical College during
the national reorganization of higher educational institutes in 1952. It stands on the former site of Aurora
University.43) It was named Shanghai Second Medical
University in 1985, and in 2005 it formally merged with
Shanghai Jiao Tong University. Following this merger,
the new Shanghai Jiao Tong University became affiliated with the Ministry of Education, and the Shanghai
Jiao Tong University School of Medicine was established based on the original Shanghai Second Medical
University and the original Shanghai Jiao Tong
University School of Medicine.
East China University of Science and Technology has
as its predecessors Nanyang Public University and
Aurora College, which were established some about one
hundred years ago. It came to resemble its present form
through the integration of the science and engineering
departments of numerous universities in 1952. It took
its current name in 1993.44)
City University of Hong Kong was established as
City Polytechnic of Hong Kong in 1984, and it was
approved as a university in 1994.45) City University of
Hong Kong engages in R&D in a total of 19 primary
sectors, of which three are specific strategic sectors.
The majority of its operating expenses is covered by
financial assistance provided by the Hong Kong government (HK$ 1.642 billion in 2005).
The Hong Kong Polytechnic University was opened
in 1972 as Hong Kong’s third higher education institution, following the University of Hong Kong and the
Chinese University of Hong Kong.46) Since its opening,
the university has offered a wide range of courses that
extend from science and engineering to social sciences
and the humanities. With a current student body of
22,200 people and a full-time faculty of over 1,000, it is
the largest of Hong Kong’s six city-run universities.
The Hong Kong Polytechnic University places emphasis
on education pertaining to practical technologies, and its
R&D themes are selected based on their applicability
and possibilities for immediate effect. Typical examples
51

of such R&D include development of materials for
high-performance sensors (smart sensors) and development of fiber optics-compatible systems.
The Hong Kong University of Science and
Technology is a Hong Kong government-run university
that is modeled after San Francisco State University.47)
Since its beginning, the university has had a School of

Science, School of Engineering, School of Business
Management, and School of Humanities and Social
Science; however, the School of Humanities and Social
Science is rather small. The university established a
nanotechnology and nanomaterials laboratory in 2003
that focuses on R&D in these fields, and research in the
field of biotechnology has also become an aspect of the

Table 2 Major universities involved in materials research in the People’s Republic of China.26-48)
Name of university, city, year of foundation, ministry or agency,
major materials research departments
Tsing Hua Technology
Beijing, 1911, Ministry of Education
- Department of Materials Science and Engineering (41 professors, 22 assistant professors)
- Institute of Microelectronics
http://www.tsinghua.edu.cn
Nanyang Institute of Technology
Nanyang, 1993, Ministry of Education
- Civil Engineering (2 professors, 16 assistant professors)
http://202.102.240.88/index.php
University Science and Technology of China
Hefei, 1958, Ministry of Education
- Department of Materials Science and Engineering (16 professors, 7 assistant professors)
- Department of Polymer Sciences and Engineering
- Institute of Microelectronics and Solid State Electronics, Department of
Physics, School of Science
http://www.ustc.edu.cn/
Jilin University
Changchun, 2000, Ministry of Education
- Department of Materials Science and Engineering (49 professors, 40 assistant professors)
http://www.jlu.edu.cn/newjlu/
Zhejiang University
Hangzhou, 1998, Ministry of Education
- College of Materials Science and Chemical Engineering (89 professors and
researchers, of whom 3 are CAS academicians)
- Department of Polymer Sciences and Engineering
http://www.zju.edu.cn/
Nanjing University
Nanjing, 1950, Ministry of Education
- Department of Materials Science and Engineering (1 professor, 8 assistant
professors)
- Department of Macromolecular Materials Science and Engineering
- National Laboratory of Solid State Microstructures
http://www.nju.edu.cn/
Harbin Institute of Technology
Harbin, 1920, Ministry of Education
- School of Materials Science and Engineering (4 academicians, 61 professors)
http://www.hit.edu.cn/
Peking University
Beijing, 1912, Ministry of Education
- College of Chemistry and Molecular Engineering (9 CAS academicians, 52
professors, 62 assistant professors)
- National Key Laboratory of Nano/Micro Fabrication Technology
http://www.pku.edu.cn/
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Researchers, budget
No. of employees: 7,869
(of these, faculty members: 2,020)
Approx. RMB 1.2 billion or more (US$ 149
million)

No. of faculty members: 800
Budget is not released to the public

No. of employees: 3,400
(of these, faculty professors: 443)
Budget is not released to the public

No. of employees: 6,059
(of these, professors: 1,128)
Budget is not released to the public

No. of employees: 8,400
Budget is not released to the public

No. of full-time instructors: 2,000
(of these, professors: 654; CAS academicians: 27; No. of CAE academicians: 3)
Approx. US$ 6 million (2004)

Full-time instructors: 2,957
of these, professors: 737; CAE academicians and CAS academicians: 19)
RMB 957 million (US$ 119 million) (2004)
Professors: 1,118; assistant professors:
1,503 (of these, CAS academicians: 49;
CAE academicians: 8)
RMB 440 million (US$ 55 million) (2003)
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Shanghai Jiao Tong University
Shanghai, 1896, Ministry of Education
- School of Materials Science and Engineering (38 professors, 46 assistant
professors)
- Research Institute of Micro / Nano Science and Technology
- Key Laboratory of thin film and microfabrication technology, Ministry of
Education
http://www.sjtu.edu.cn/
Xi’an Jiaotong University
Xi’an, 1959, Ministry of Education
- School of Materials Science and Engineering (53 professors, assistant professors, and senior engineers)
Materials science, materials fabrication, materials physics and chemistry
- School of Science
Materials Physics
http://www.xjtu.edu.cn/

No. of faculty members: more than 2,800
(of these, CAS academicians: 15; CAE academicians: 20; professors: 635)
RMB 846 million (US$ 105 million) (2003)

No. of faculty members: 5,600 (of these,
CAS academicians: 5; CAE academicians:
8; professors and assistant professors:
1,200)
Budget is not released to the public

University of Science and Technology, Beijing
Beijing, 1952, Ministry of Education
- School of Materials Science and Engineering (68 professors, 52 assistant
professors)
http://202.204.49.252/ustbcn/index.asp

No. of employees: 2,631 (of these, CAS
academicians: 7; CAE academicians: 3;
professors: 293)

Fudan University
Shanghai, 1905, Ministry of Education
- Department of Materials Sciences, School of Technical Sciences and
Engineering (17 professors)
http://www.fudan.edu.cn/

No. of faculty members: 2,300 (of these,
professors and assistant professors: 1,350;
CAS and CAE academicians: 28)

Shandong University
Shandong, 1901, Ministry of Education
- School of Materials Science and Engineering (1 CAS academicians, 65
professors)
http://www.sdu.edu.cn/
Wuhan University of Technology
Wuhan, 2000, Ministry of Education
- School of Materials Science and Engineering (28 professors and 105 assistant professors)
Materials fabrication and engineering, materials science, metallic materials
engineering, inorganic nonmetallic materials engineering, polymer materials engineering, composite materials engineering, material formation and
control engineering
http://www.whut.edu.cn/index.html
Dalian University of Technology
Dalian, 1949, Ministry of Education
- School of Materials Science and Engineering (24 professors, 27 assistant
professors)
Material fabrication, materials, material physics and chemistry, material
surface fabrication, material joining technology, etc.
- State Key Laboratory of Materials Modification by Laser, Ion and Electron
Beams
http://www.dlut.edu.cn/
Sichuan University
Sichuan, 1896, Ministry of Education
- College of Material Science and Engineering (20 professors, 34 assistant
professors)
- College of Polymer Science and Engineering
- School of Manufacturing Science and Engineering
http://www.scu.edu.cn
Huazhong University of Science & Technology
Hubei, 2000, Ministry of Education
- College of Materials Science and Engineering (1 CAE academician, 40
professors, 33 assistant professors)
http://www.hust.edu.cn/
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Budget is not released to the public

Budget is not released to the public
No. of full-time instructors: 3,631 (of these,
CAS academicians: 5; professors: 922)
Budget is not released to the public.
Scientific research project expenditure:
RMB 166 million (US$ 21 million)

No. of faculty members: 5,975 (of these,
CAS academicians: 5; professors: 499)
Budget is not released to the public

No. of PhD-level instructors: 265
CAS and CAE academicians: 9
RMB 150 million (US$ 18.6 million)
(2000)

Professors: 1,047
Assistant professors: 2,170
CAS and CAE academicians: 8
Budget is not released to the public.
Scientific research project expenditure:
RMB 550 million (US$ 68 million) (2004)
No. of employees: 31,544 (of these, professors: 897)
Scientific research project expenditure:
RMB 427 million (US$ 50 million) (2003)
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Medical School of Shanghai Jiaotong University (Shanghai Second Medical
University)
Shanghai, 1952, Ministry of Education
- School of Basic Medicine (112 professors and assistant professors)
Medical mathematics education laboratory, biomedicine engineering education laboratory, etc.
http://www.shsmu.edu.cn/
East China University of Science and Technology
Shanghai, 1952, Ministry of Education
- School of Materials Science and Engineering (29 professors, 53 assistant
professors, 51 other staff members)
Inorganic material science, polymer material science
- Material science and engineering, Department of Excellent Students of
Science and Technology (29 professors, 53 assistant professors)
Polymer materials and engineering, inorganic nonmetallic materials engineering, materials physics, composite materials and engineering
http://www.ecust.edu.cn/
City University of Hong Kong
Hong Kong, 1994, City University of Hong Kong Committee, Hong Kong
- Department of Physics and Materials Science
- Electronics, Department of Physics and Materials Science
- Center of Super-Diamond and Advanced Films (18 researchers)
Nanomaterials and nanoscience, organic light-emitting diodes, nanodiamond manufacturing technology, superhard thin film manufacturing technology, etc.
- Optoelectronics Research Center (8 researchers)
Long period optical fiber gratings, polymer optical fibers, etc.
http://www.cityu.edu.hk/
The Hong Kong Polytechnic University
Hong Kong, 1972, University Grants Commission, Education and
Manpower Bureau, Hong Kong Special Administrative Region; Innovation
and Technology Commission, Commerce, Industry and Technology Bureau,
Hong Kong Special Administrative Region
- Department of Applied Physics (7 professors, 8 assistant professors)
Ferroelectric substances, thin films, coatings, composite materials, etc.
- Department of Electrical Engineering (3 professors, 1 assistant professor)
Optical devices, optical fiber sensors, etc.
- Department of Electronic and Information Engineering (4 professors, 1
assistant professor)
Optoelectronic materials and devices, thin-film devices, etc.
- Materials Research Center
Development of high-performance sensor materials (ultrasonic motors, positive thermistors, IR image measurement, ultrasound for medical use), etc.
http://www.polyu.edu.hk/
The Hong Kong University of Science and Technology
Hong Kong, 1991, University Grants Commission, Education and
Manpower Bureau, Hong Kong Special Administrative Region; Innovation
and Technology Commission, Commerce, Industry and Technology Bureau,
Hong Kong Special Administrative Region
- Institute of Nano Science and Technology (27 professors)
- Department of Chemistry, School of Science
Advanced polymer materials, polymer materials for optical electronics,
nano-scale cluster materials, etc.
- Department of Physics, School of Science
Nanomaterials, semiconductor properties, surface engineering, acoustooptical/nonlinear optical materials
http://www.ust.hk/en/index.html
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Specialist engineers: 10,168
PhD-level instructors: 206 (of these, CAS
academician: 1; CAE academicians: 6)
Budget is not released to the public

No. of employees: 3,900 (of these, CAS and
CAE academicians: 4)
Budget is not released to the public.
Scientific research expenditure: RMB 251
million (US$ 30 million) (2005)

Professors and assistant professors: 175
HK$ 2.827 billion (US$ 364 million)
(2005)

Professors, assistant professors, researchers
(academic class): 886
(2005)
HK$ 3.307 billion (US$ 426 million)

No. of faculty members:
School of Physics: 117; School of
Engineering: 150
HK$ 270 million (US$ 34.71 million)
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The University of Hong Kong
Hong Kong, 1911, University Grants Commission, Education and
Manpower Bureau, Hong Kong Special Administrative Region; Innovation
and Technology Commission, Commerce, Industry and Technology Bureau,
Hong Kong Special Administrative Region
- Department of Chemistry, Faculty of Science (7 professors, 12 assistant
professors)
Advanced polymer materials, polymer materials for optical electronics
- Department of Physics, Faculty of Science (5 professors, 12 assistant professors)
Development of SiC plate devices, ZnO single crystal optical devices,
organic light-emitting diodes, optical properties of nanostructures, high Tc
laminating Josephson devices, perovskite oxide thin films, high-performance thin-film materials, etc.
- Department of Electrical and Electronic Engineering, Faculty of
Engineering (2 professors, 3 assistant professors)
GaInP/GaAs high-speed bipolar transistors coil materials for high-temperature superconducting (for MRIs), microcavity organic light-emitting
diodes, organic-material solar cells, organic/inorganic composite materials
for optical devices, etc.
- Department of Mechanical Engineering, Faculty of Engineering (3 professors)
Rolling deformation micro-structure in low carbon and interstitial free (IF)
steel, Al-Mg alloy system and thermomechanical processing route for
improved drawability, formation of secondary recrystallization texture in
Fe-3% Si, etc.
http://www.hku.hk/

university’s program.
Established in 1911, the University of Hong Kong
was the first university to be established in Hong Kong.
It is currently engaged in exchanges with some 500 universities and academic institutions in 42 countries
around the world.48)

4. Conclusion
1) The People’s Republic of China announced the
Outline of the National Medium- to Long-Term
Science and Technology Development Plan, a 15year scheme that starts in 2006 and extends to 2020.
This plan aims to increase R&D investment in
China’s gross domestic product (GDP), to raise the
contribution ratio of S&T advancements, to lower
dependence on external technology, and to ensure
that the number of yearly patents acquired by Chinese
citizens and the number of international citations of
scientific papers written by Chinese citizens are
ranked within the top five internationally.
2) The new materials sector in China is receiving central
government assistance through the “National
Guidelines for Key Fields in High-Tech
Industrialization” which was officially announced in
1999, and the “State Planning Commission
Announcement on Implementation of Special
Projects for High-Tech Industrialization of New
Materials,” which was implemented in 2000.
Moreover, China is moving forward with policies to
encourage the development of its iron and steel
industry and aluminum industry through, among
other approaches, “Policy for Development of the
Materials Science Outlook 2006

Professors: 70
HK$ 5.146 billion (US$ 663 million)

Iron and Steel Industry” in 2005 and “Special Plans
for Development of the Aluminum Industry”.
3) Basic research on materials in the People’s Republic
of China is under the jurisdiction of MOST, the
National Natural Science Foundation of China, the
Chinese Academy of Sciences, and the Ministry of
Education. Many public research institutes are affiliated with the Chinese Academy of Sciences, and universities in the People’s Republic of China (excluding
those in Hong Kong) are affiliated with the Ministry
of Education. These bodies are conducting research
on nanotechnology and materials in a variety of
areas.
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2. Outline of Major Public Research Institutes and Universities for Materials
Research in Asia

Section 2. India
Takaho Tanaka
International Affairs Office, NIMS
1. Introduction
2
India’s total land area of 3.29 million km is about
nine times larger than that of Japan, and its population
of 1.1 billion is the second largest in the world following China. India faces fundamental social problems,
such as a high and growing population, environmental
degradation, extensive poverty, and ethnic and religious
strife. To improve the lives of rural poor, cope with antiemployment measures and develop basic infrastructure,
the present administration has launched platforms for
(1) progress in social reconciliation, (2) economic
growth and job creation, (3) an increase in the welfare
and well-being of farmers and unorganized employees,
(4) the empowerment of women, (5) preferential job and
educational opportunities for Scheduled Castes and
Tribes, and (6) support for entrepreneurs and engineers.
Government controls regarding foreign trade and investment have been reduced in some areas, and in 2005, the
government liberalized investments in some sectors
while the privatization of government owned industries
essentially came to a halt. The economy has posted an
average growth rate of more than 7% in the decade
since 1994, reducing poverty by about 10%. India
achieved 7.6% GDP growth in 2005, significantly
expanding its economy. The GDP in 2005 was estimated
to be USD 720 billion, which places it third in Asia after
Japan and China. India is capitalizing on its IT industries and large numbers of well-educated people skilled
in English, to become a major exporter of software services and software workers.

2. Public Research Institutes in India
Public research institutes in India are controlled by
either the Ministry of Defence, Ministry of Science and
Technology, Ministry of Human Resource Development
(University Institutes) or the Department of Atomic
Energy. Figure 1 shows the locations of India’s major
research institutes.
The Defence Research and Development
Organisation1) organizes the research institutes affiliated
to the Ministry of Defence. The homepages of research
institutes affiliated with the Ministry of Defence are not
public, so there is little information about individual
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Fig. 1 Map of India.

institutes. Some research achievements are unveiled on
the homepage of the Defence Research and
Development Organisation. Materials research related
institutes are the Defence Laboratory (DLJ, Jodhpur),
Defence Metallurgical Research Laboratory (DMRL,
Hyderabad), and the Defence Materials and Stores
Research and Development Establishment (DMSRDE,
Kanpur).
The Council of Scientific and Industrial Research
3)
(CSIR) organizes research institutes affiliated with the
Ministry of Science and Technology. The organizational
structure of CSIR is shown in Fig. 2.4)
Research Institutes of CSIR related to materials
research are:
♦ National Chemical Laboratory (NCL, Pune)
♦ Indian Institute of Chemical Technology (IICT,
Hyderabad)
♦ National Metallurgy Laboratory (NML, Jamshedpur)
♦ Central Glass & Ceramics Research Institute
(CGCRI, Kolkata)
♦ National Physical Laboratory (NPL, New Delhi)
♦ National Aerospace Laboratories (NAL, Bangalore)
♦ Central Electrochemical Research Institute (CECRI,
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Fig. 2 The organizational structure of the Council of Scientific
and Industrial Research (Courtesy of CSIR).3)

Karaikudi)
♦ Regional Research Laboratory, Jorhat
♦ Regional Research Laboratory, Bhopal
♦ Regional Research Laboratory, Thiruvananthapuram.
The National Chemical Laboratory (NCL) 6) was
established in 1950 and is located in Pune. The visions
of NCL are (1) to be a globally recognized and respected R&D organization in the area of chemical sciences
and engineering, (2) to become an organization that will
contribute significantly in assisting Indian chemical and
related industries in transforming themselves into globally competitive organizations, and (3) to become an
organization that will generate opportunities for wealth
creation for the nation and, thereby, enhance the quality
of life for its people. One of the recent research highlights accomplished by NCL is synthesis of a new
supramolecular assembly: 3,5-dinitro-4-methylbenzoic
acid and Pr(III) (shown in Fig. 3), synthesized by
hydrothermal methods, forms a host structure, which is
stable up to 300 °C, through C–HO hydrogen bonds and
accommodates different types of guest species varying
from simple molecules like water to larger molecules
like trans-1,2-bis(4-pyridyl)ethene.8)
The Central Glass and Ceramic Research Institute
(CGCRI)9) is one of the first four laboratories decided to
be set up under CSIR, the other three being NCL,
National Physical Laboratory (NPL), and Central Fuel
Research Institute (CFRI). CGCRI has carried out
research on glass, ceramics and related areas, keeping in
mind the needs of Indian industries. The Center for
Public Hygiene Engineering Research Institute
(CPHERI) was established in 1958, and renamed as the
National Environmental Engineering Research Institute
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Fig. 3 (a) A coordination assembly of 3,5-dinitro-4-methylbenzoic acid and Pr(III), synthesized by hydrothermal methods,
forms a host structure, which is stable up to 300°C.
(b) Through C-H•••O hydrogen bonds, different types of guest
species varying from simple molecules like H2O to larger molecules like trans-1,2-bis(4-pyridyl)ethane8) are accommodated.
(Reproduced by permission of The Royal Society of Chemistry.)

(NEERI)10) in 1974. NEERI’s mission is to provide leadership in environmental science and engineering for sustainable development.
The Indira Gandhi Center for Atomic Energy
(IGCAR), 11) the second largest establishment of the
Department of Atomic Energy, was inaugurated in 1971
at Kalpakkam, 80 kms south of Chennai, as the research
center for developing sodium cooled Fast Breeder
Reactor (FBR) technologies. The organizational structure of IGCAR is shown in Fig. 4.
IGCAR focuses on FBR related materials research,
such as fuel materials for FBR and anti-corrosive stainless steel for liquid Na. The Bhabha Atomic Research
Center (BARC)17) is another research institute of the
Department of Atomic Energy. It was inaugurated in
1957 as the Atomic Energy Establishment, Trombay and
was renamed Bahba Atomic Research Center in 1967.
BARC is a large institute and covers the entire spectrum
of nuclear science and engineering research development, and related areas, which can be clearly seen from
its development history summarized in Table 1.
Materials related research is performed in the Materials
Group, Chemistry Group, Physics Group and Materials
Science Division18); however, none of these sectors have
their own websites so research details are unknown.
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Fig. 4 Organizational structure of IGCAR.

Table 1 Public Research Institutes for Materials Research in the Republic of India.
Name of Institute
Location/Established
Affiliation
Defence Research and
Development
1)
Organization
Ministry of
Defence

Number of
Researchers/
Budget

Main Divisions of Materials Research
The Defence Laboratory (DLJ, Jodhpur), Defence Metallurgical Research
Laboratory (DMRL, Hyderabad), Defence Materials and Stores Research and
Development Establishment (DMSRDE, Kanpur) are organized at DRDO.
The homepages of research institutes affiliated with the Ministry of Defence
are not public.
Major focus areas of materials research: ♦ ferrous, and non-ferrous metallurgy ♦ powder metallurgy ♦ titanium sponges ♦ aerospace alloys, magnesium
materials ♦biotechnology ♦ polymers, composites ♦ corrosion research ♦
high purity materials

Not publicized

2)

The Confederation of Indian Industry mediates technology transfer from
DMRL to private companies.
Technologies listed: ♦ coloring of titanium by anodic oxidation treatment ♦
electroslag hollow casting technique ♦ structural metal-based composites ♦
electroslag melting of high-value-added scrap ♦ high-Tc superconductors ♦
laser surface treatment ♦ laser welding ♦ SiC and Sn whiskers ♦ sintered
ceramics ♦ Ti-Al alloy (Ti3Al)
Council of Scientific
and Industrial
3)
Research
Ministry of Science
and Technology

CSIR organizes the following research institutes:
♦ National Chemical Laboratory (NCL, Pune)
♦ Indian Institute of Chemical Technology (IICT, Hyderabad)
♦ National Metallurgy Laboratory (NML, Jamshedpur)
♦ Central Glass & Ceramics Research Institute (CGCRI, Kolkata)
♦ National Physical Laboratory (NPL, New Delhi)
♦ National Aerospace Laboratories (NAL, Bangalore)
♦ Central Electrochemical Research Institute (CECRI, Karaikudi)
♦ Regional Research Laboratory, Jorhat
♦ Regional Research Laboratory, Bhopal
♦ Regional Research Laboratory, Thiruvananthapuram
CSIR major achievements: “Advanced materials have well-defined functionality and can be applied in fields as diverse as information technology, opto5)
electronics and nonlinear optics for drug-delivery”.
Recent developments: ♦ nanomaterials ♦ composites ♦ polymers ♦ conducting polymers ♦ intelligent materials ♦ magnetic materials ♦ sensors ♦ structural ceramics ♦ bulk amorphous alloys ♦ glassy alloys and biomaterials
Development of processes: ♦ wet chemical processes ♦ self-propagating high
temperature synthesis ♦ bio-mimetic synthesis ♦ plasma, ion, laser synthesis
♦ special melting and infiltration techniques ♦ rapid solidification
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♦Total staff
18,225
*Total S&T staff
13,545
*Scientists (G. IV)
4,651
*Technical (G. III)
2,959
*Technical (G. II+I)
5,935
*Total administrative & non-technical
4,680
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National Chemical
6)
Laboratory
Pune
1950
CSIR

Research fields 7): ♦ Catalysis ♦ Polymer Science and Engineering ♦
Biochemical Sciences ♦ Physical and Materials Chemistry ♦ Organic
Chemistry ♦ Chemical Engineering Science.

Central Glass and
Ceramic Research
9)
Institute
Kolkata
1950
CSIR

R&D areas on advanced materials: ♦ glass technology ♦ glass fiber for optical communication ♦ sol-gel process for glass and ceramics ♦ refractory
materials ♦ ceramics membrane ♦ non-oxide ceramics ♦ bioceramics, ♦
electro-ceramics ♦ composites.

National
Environmental
Engineering Research
10)
Institute
Nagpur
Established 1958
Renamed NEERI
1974
CSIR

The Environmental Materials Unit mostly related to materials research is
mandated to undertake research to develop advanced functional materials for
energy, environment and resource conservation.
Research themes on materials synthesis and characterization:
♦ molecular sieves & zeolites ♦ surface functionalized zeolites, ♦ perovskite
based catalytic materials, ♦ multifunctional metals/metal oxide materials ♦
photocatalytic materials ♦ carbon materials.

Indira Gandhi Center
11)
for Atomic Energy
Kalpakham
1971
Ministry of Atomic
Energy

Metallurgy and Materials Group12)
Materials Science Division14) : FBR (Fast Breeder Reactor) related materials research
15)
Advanced Materials Section : Materials research under high tempera16)
ture/high pressure
Chemistry Group13)
Solid State Chemistry Section : Thermophysical properties of nuclear
materials, thermal expansion behavior of fuel materials using XRD and characterization of various phases in irradiated fuel materials.
Liquid Metals Chemistry Section : Chemical behaviors of liquid sodium or
liquid alkali metals.

Total R&D staff:
more than 1,000.
Total research
budget in 2005:
USD 15,130,000

Bhabha Atomic
Research Center
17)
(BARC)
Mumbai
Established 1957
Renamed BARC
1967
Ministry of Atomic
Energy

Development history:
1967: Renamed Bhabha Atomic Research Center
233
1970: U was separated from irradiated thorium
1971: Plutonium fuel for research reactor was fabricated at Trombay
1972: Research reactor attains criticality
1979: Plutonium-uranium mixed oxide fuel was fabricated at Trombay
1998: The 500 KeV industrial electron accelerator was developed by
BARC.
Materials related research groups: Materials Group, Chemistry Group, Physics
18)
Group and Materials Science Division. None of these sectors have their own
websites so research details are unknown.

Total employees
(Oct. 2005): 4,300

3. University Related Research Institutes
In India, universities are affiliated to the Ministry of
Human Resource Development.19) Not all of the eighteen
central universities 20) perform materials research.
Prominent university related research institutes are listed here and their characteristics are summarized in
Table 2.
To date, seven Indian Institutes of Technology have
been established around India. In 1946, a governmental
committee recommended the establishment of Higher
Technical Institutions in different areas around India,
60

Total personnel:
1679
Research fellows:
412
Scientific staff with
PhDs:
approximately
200
CSIR grant:
USD 8.8 million
Project mode
funding:
USD 2.42 million

Total expenditure
(2005 – 2006):
USD 250 million

possibly in the vein of MIT, USA. With this recommendation, the first Indian Institute of Technology21) was
born in 1950 at Kharagpur, in east India. Planning for
the Indian Institute of Technology, Mumbai23) began in
1957 and the first small sized group of students was
admitted in 1958. The “Institute of Technology Act,
1961”, declared the institute as one of four IITs, an institution of national importance and was accorded university status. The Indian Institute of Technology, Madras29)
was established in 1959 at Chennai (Madras) as the
third IIT with the technical assistance of West Germany,
based on the first Indo-German agreement. The Indian
Materials Science Outlook 2006

Institute of Technology, Kanpur33) was established in
1959 as the fourth IIT. The Indian Institute of
40)
Technology, Delhi was established in 1961 as the fifth
44)
IIT. The Indian Institute of Technology, Guwahati was
established as the sixth IIT in 1994. The Indian Institute
of Technology, Roorkee 48) has the oldest history. In
1847, it was inaugurated as the first Engineering
College in the British Empire, then reorganized into the
first Engineering University of Independent India in
1949. The Department of Physics and Department of
Metallurgy were established in 1960 and 1963, respectively. The institute was declared as the newest seventh
IIT in 2001, changing its name from the University of
Roorkee to the Indian Institute of Technology, Roorkee.
The Indian Institute of Science (IISc)51) was established in 1909 at Bangalore through the pioneering
vision of J.N. Tata and advice given by the Royal
Society of London. Since then, it has grown into a premier institution of research and advanced instruction,
with more than 2000 active researchers working across
almost all the frontier areas of science and technology.
The famous Nobel Laureate, C. V. Raman, was a chancellor of IISc from 1933 to 1937. A wide range of materials research is undertaken at IISc. A research highlight
recently accomplished by IISc is the concept of
‘Biological water’. The term ‘Biological Water’ was
introduced in order to describe the dynamics of water in
the hydration layer that surrounds proteins, DNA and
self-organized assemblies. A model that envisages a
dynamic equilibrium between the “bound” and “free”
water molecules was developed to explain the experimentally observed bimodal dynamics with time constants in the 10 ps and 40-50 ps ranges. This model was
used to explain dielectric relaxation, NMR data. It was
also found that the dynamic equilibrium between the
‘bound’ and ‘free’ water molecules could explain many
aspects of biomolecular hydration.60)
Anna University61) was established in 1978 at Madras
(Chennai) as a unitary type university in order to offer
higher education in engineering, technology and allied
sciences relevant to the current and projected needs of
society. Since December 2001, it has become the largest
university in India, having brought into its fold about
225 self-financing engineering colleges, six government
colleges and three government-aided engineering colleges. Anna University is striving to be recognized as a
world-class center for learning in engineering, technology and applied sciences. It was difficult to obtain
detailed information of each college or faculty. This
paper does not refer to their URLs because those are
often ineffective.
The Jawaharlal Nehru Centre for Advanced Scientific
Research,63) located on the outskirts of Bangalore, was
established in 1989 by the Department of Science and
Technology of the Government of India to mark the
birth centenary of Pandit Jawaharlal Nehru. It was
admitted as a University in 2002. The centre is small,
with only twenty-six faculty members spread over several disciplines.
A recent research accomplishment of the center’s
Materials Science Outlook 2006

Fig. 5 (a) SEM image of ZnO nanorods-1 with the inset showing
a TEM image of the nanorods.
(b) SEM image of ZnO nanorods-2 with the inset showing a TEM
image.
(c) SEM image of ZnO nanowires.
(d) SEM image of ZnO nanotubes. (Reprinted from Chem. Phys.
Lett. 418 (2006) 586, with permission from Elsevier).

Fig. 6 Concentration dependence of the sensitivity for sensing H2
for: (a) ZnO nanorods-1 at 200 °C and (b) ZnO nanowires at 150
°C. (Reprinted from Chem. Phys. Lett. 418 (2006) 586, with permission from Elsevier).

Carbon Lab. is the synthesis of ZnO nanorods and
nanowires with potential use as a hydrogen and ethanol
sensor. 69) SEM and TEM images of ZnO nanorods,
nanowires and nanotubes are shown in Fig. 5. Figure 6
shows the concentration dependence of the sensitivity of
ZnO nanorods and nanowires for sensing H 2. These
results indicate that the sensors based on the ZnO
61

Table 2 University Related Research Institutes for Materials Research in the Republic of India.
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University name/Location/Established
/Affiliation

Main Division of Materials Research/Research topics/Research
achievements

Indian Institute of Technology (IIT)
19)
Ministry of Human Resource Development

To date, seven Indian Institutes of Technology have been established
around India.

Indian Institute of Technology,
21)
Kharagpur
1950

Materials Science Center22) : established in 1971 to undertake research
activities in the areas of glass, ceramics, polymers, semiconductors and
composites.
Achievements: ♦ ferromagnetic insulator cermets for telecom equipment
♦ alumina composites ♦ ceramic components by gel casting ♦ synthesis
of nano-sized non-oxide ceramic powder ♦ drag resistant polymers for
sprinkler irrigation systems

Indian Institute of Technology,
23)
Mumbai
1958

Materials research sections: Department of Metallurgical Engineering and
24)
25)
Materials Science, Department of Aerospace Engineering, Chemical
26)
27)
28)
Engineering, Mechanical Engineering and Physics.
Major research topics of Department of Metallurgical Engineering and
Materials Science: ♦ kinetics of metal extraction and refining processes
♦ special refining processes for iron and steel ♦ phase transformations,
mechanical workings, fracture mechanics, powder metallurgy, corrosion
and protection ♦ surface modification using plasma spray, CVD and
PVD ♦ thermal barrier coating and wear resistant coatings through plasma spray ♦ MOCVD of silicon, silicon carbide and II-VI compounds ♦
ionically conducting and dielectric ceramics, ferroelectric ceramics, polymer/ceramic composites, metal/ceramic composites ♦ structural ceramics, bio-ceramics and ceramics for magnetic, superconducting and
microwave applications

Indian Institute of Technology,
29)
Madras
1959

Materials research sections: Department of Metallurgical and Materials
30)
31)
32)
Engineering, Department of Chemistry and Department of Physics.
Materials research areas: ♦ nano-ceramics and nano-composite; superplastic deformation ♦ MEMS ♦ nano-carbon structures for fuel cells ♦
dendrimers ♦ semiconductor thin films ♦ protection of H-15 and H020
aluminum alloys from corrosion ♦ dielectric materials ♦ oxide superconductor ♦ hydrogen absorption in intermetallic compounds ♦ conducting
polymers

Indian Institute of Technology,
33)
Kanpur
1959

Materials research sections: Department of Chemical Engineering,34)
Department of Electrical Engineering,35) Materials and Metallurgical
36)
37)
Engineering, Department of Mechanical Engineering, Department of
38)
39)
Physics, and Samtel Centre for Display Technologies.
Materials research areas: ♦ nano-particles ♦ nano-tubes ♦ MEMS ♦
organic EL ♦ TFT ♦ semiconductor production facilities ♦ nano-ceramics composites ♦ intermetallic compounds and refractory materials ♦
electroceramics, ♦ shape-memory alloys ♦ amorphous semiconductors ♦
polymer LEDs

Indian Institute of Technology,
40)
Delhi
1961

Materials research sections: Biochemical Engineering and Biotechnology
41)
42)
43)
Department, Chemistry Department, Physics Department.
Materials research areas: ♦ biosystems and processes ♦ polymers and
functional polymer materials ♦ metals, semiconductors and ceramics ♦
applied optics

Indian Institute of Technology,
44)
Guwahati
1994

Materials research sections: Department of Physics,45) Department of
46)
47)
Chemistry, and Centre for Nanotechnology.
Materials research areas: ♦ giant magnetoresistance effect materials ♦
metals and alloys ♦ nanomaterials ♦ shape memory alloys ♦ solar cell
materials ♦ superconducting materials ♦ organometallics ♦ structure and
properties of new polymers

Indian Institute of Technology,
48)
Roorkee
2001

Materials research sections: Department of Physics,49) Department of
50)
Metallurgical and Materials Engineering.
Materials research areas: ♦ superconductor ♦ conducting polymer ♦
functional electroceramics ♦ wear resistive and anti-corrosion materials
♦ refractory materials ♦ ultra fine powders
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Indian Institute of Science51)
Bangalore
1909
Ministry of Human Resource Development

Materials research sections/ Materials research areas:
52)
Division of Chemical Science
53)
[Materials Research Center]
♦ photoelectric transducer ♦ functional thin films ♦ theory of condensed
matter ♦ crystal growth ♦ thin films for devices sensors, and energy storage ♦ surface science ♦ thin films of metal/ceramics composites
54)
[Solid State and Structural Chemistry Unit]
♦ synthesis, structure and electrical/magnetic properties of extended inorganic solids ♦ synthesis and structure of nonlinear optical materials ♦
structural investigation of functional materials, such as high-Tc superconductors, fullerenes and nanotubes, nanomaterials and clusters, amorphous
metals, organic optical materials and ferromagnetic materials
55)
[NMR Research Center]
♦ The NMR Research Center has five NMR spectrometers from 300
MHz to 700 MHz. Their missions are to analyze samples received from
scientists and institutions, investigate the theoretical and experimental
aspects of NMR spectroscopy, develop techniques and applications for
liquids, solids and mesophases, etc. The development of pulsed nuclear
quadrupole resonance spectroscopy, and the analysis of bio-related peptides and proteins are also undertaken.
56)
Division of Mechanical Sciences
[Department of Metallurgy]
♦ metals for bioprocess ♦ extractive metallurgy ♦ sensors of SOx based
on α-Al2O3 and Nasicon ♦ nanophase metallic and composite materials ♦
nano dispersed Ti2Ni particles in TiNi matrix by rapid solidification techniques ♦ production and scaling of 8090 Al-Li alloy ingots and rolling
into plates and sheets ♦ beryllium or rare earth metal additions to
improve ductility and fracture toughness.
57)
[Department of Chemical Engineering]
♦ formation of nanoparticles by colloidal route ♦ rheology of liquid
crystalline materials ♦ recyclable polymers ♦ functional nanoscale architectures ♦ guided self-assembly to form 2D and 3D superlattices
58)
Division of Physical and Mathematical Sciences
59)
[Department of Physics]
♦ theoretical analysis of condensed matter ♦ structure analysis of
oligopeptide ♦ structure analysis of condensed matter by pulsed NMR ♦
p- and n-type transformation of chalcogenide glass ♦ IR-optical sensor
based on Si ♦ electrical properties of carbon films

Anna University61)
Madras (Chennai)
1978
Ministry of Human Resource Development

Materials Research Related Faculties and Departments:
Mechanical Engineering
♦ Manufacturing Technology/Ceramic Process Engineering ♦ Metal
Forming ♦ Composite Materials & Structures ♦ Finite Element Methods,
Experimental Mechanics Metallurgy ♦ Advanced Materials &
Manufacturing
Electrical Engineering
♦ Medical Electronics ♦ Bio-Medical Engineering
Technology
♦ Biotechnology ♦ Immunology
Science & Humanities
♦ X-ray Crystallography ♦ High Pressure Physics ♦ Semiconducting
Thin Films ♦ Environmental Chemistry

Jawaharlal Nehru Centre for Advanced Scientific
63)
Research
Bangalore
Established 1989 and admitted 2002

Materials research sections/ Materials research areas:
64)
Chemistry and Physics of Materials Unit
65)
♦ carbon, oxides ♦ framework solids ♦ molecular electronics conducting polymers, organic devices, bioelectronics ♦ molecular dynamics ♦
nanometals, crystal growth ♦ Raman & Brillouin scattering ♦ superconductivity and magnetism ♦ surface science, clusters, molecular solids
66)
Theoretical Sciences Unit
♦ ab initio modeling of solids, ab initio density functional calculations on
solids ♦ calculations on surface structures and vibrational modes ♦ slow
dynamics and glass transition in supercooled liquids ♦ novel phase transitions and anomalous behavior in network forming liquids ♦ physical
and chemical properties of nano-structures and biomolecules
67)
Condensed Matter Theory Unit
♦ local-approximation theories for correlated electronic systems ♦ ab initio band structure calculations ♦ microscopic theory of vortex dynamics
in type-II superconductors and statistical mechanics of vortex lines in
high -Tc superconductors ♦ kinetics of phase ordering with mixed order
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parameter fields and modeling of the growth of thin films under chemical
vapor deposition and molecular beam epitaxy
68)
Equipment at the Chemistry and Physics of Materials Unit
♦ 300 KV-HRTEM (JEOL3010) ♦ SEM with EDX (Cambridge)
-1
♦ Single crystal XRD with CCD (Siemens) ♦ FTIR in the 350-7500 cm
range (Bruker) ♦ floating zone image furnace ♦ STM and AFM ♦
Brillouin scattering spectrometer ♦ TOF mass spectrometer ♦ Mössbauer
spectrometer ♦ gas chromatography ♦ thermal characterization up to
1250K with a Mettler instrument ♦ quadrupole mass spectrometer ♦
UV/VIS/NIR spectrometer ♦ high temperature (1900 K) furnaces ♦ I-V
measurements, LED and photovoltaic cell and photodiode characteristics
♦ luminescence spectrometer (Perkin Elemer LS55)

nanostructures could be potentially useful for practical
applications.
Carbon Lab. carried out excellent work regarding the
syntheses of nanostructure materials. Rao et al. published a review article entitled “Chemical Routes to
Nanocrystals, Nanowires and Nanotubes” in Int. J.
Nanosci., 2005.70)

4. Conclusion
India’s materials research activities are too expansive
to introduce and summarize in this paper. Many
research institutes undertake advanced science and technology materials research, although the author often
encountered difficulties accessing their websites (due to
so-called server issues) and could not acquire their
information. India is growing rapidly and will soon
overcome these kinds of difficulties to become one of
the leaders in materials research.
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2. Outline of Major Public Research Institutes and Universities for Materials
Research in Asia

Section 3. Japan
Takayasu Ikegami and Tomoaki Hyodo
Planning and Research Office, NIMS
1. Introduction
The authors reviewed the typical public research
institutes in Japan for the materials Science in the
Materials Science Outlook 2005.1). In this section, to
provide a detailed investigation regarding materials science studies in Japan, an academic paper database Thomson Scientific’s “Web of Science” - was used to
search for organizations positively conducting materials
science research. Ten public research institutes and forty
universities were found in the search, and the authors
investigated the outlines of their organizations and,
specifically, materials science research .
To avoid repetition, only new data are presented for
the National Institute of Advanced Industrial Science
and Technology, AIST, and RIKEN, the outlines of
which were reviewed in Materials Research Outlook
2005. The universities, their characteristics, number of
the staffs, research subjects, and research institutes are
introduced in this paper.

2. The Third Science and Technology Basic Plan
(FY2006-FY2010) and Study on Nanotechnology
and Materials Science/technology
After the first and the second Science and Technology
Basic Plans, the third2) was determined by the Japanese
Cabinet. Part 1 of this book explains the third basic plan
in detail. This plan enhances the direction proposed for
science and technology in the second plan by placing
the principal objectives on policies to “nurture creativity”, “utilize resources”, and “produce the maximum
results.” To effectively use resources under the severe
financial constraints of this country, “life science”,
“information and telecommunications”, environmental
science” and “nanotechnology/materials,” have been
selected as four priority research fields, to which funds
will be preferentially allocated.
The third plan proposes two concepts to develop the
“true Nano”:
(1) not on a conventional extension line, that discontinuous development is expected
(2) huge industrial applications can be expected
Proposals for research projects will be evaluated
based on these concepts. Public research institutes and
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universities should submit research proposals consistent
with the concepts.
According to the Japan White Paper on Science and
Technology 2005,3) the Ministry of Education, Culture,
Sports, Science and Technology, MEXT,4) promotes not
only the “super steel” and “new super conductive materials” projects (NIMS), the Basic Research Program
(Japan Science and Technology Agency), and the
Frontier Research System (RIKEN), but also fundamental research in universities with Grants-in-Aid for
Scientific Research. The Ministry of Agriculture,
Forestry and Fisheries of Japan, MAFF, carries out
research projects to extend creature materials, such as
the “greatest research in the 21st century on insect nanotechnology by utilizing undeveloped resources,” 5)
which aims to develop coating materials for wounds and
contact lenses not exhibiting allergy, cellulose of unused
wood into resources, etc.
The Ministry of Economy, Trade and Industry, METI,
is promoting the “Program to create innovative components”.6) In 2005, the following projects were carried
out: “Development of the fabrication process of high
performance titanium alloys”,7) “Development of the
fabrication system on microanalysis” and “Precise evaluation of next-generation nano-semiconductors”.
According to the Japan White Paper on Science and
Technology 2005,3) the Ministry of Internal Affairs and
Communications, MIAC, carries out R&D on quantum
information telecommunication technology, optical
functional devices, and information memory devices.
Furthermore, in 2004, MIAC started the research
project8) “R&D of ultra high performance network technology applied nanotechnology”. The National Institute
of Information and Communications Technology promotes “R&D on new functions and ultra technology”,
which is basic research on ultra small, super high speed
and extremely low powered information and telecommunications devices.
MEXT promotes research projects such as “R&D on
artificial organs aided by nanotechnology”, and “application R&D on nano-measurement and processing technology.” MEXT also conducts the Nanotechnology
Research Network of Japan9) - a cross-sectional support
system open across all research fields. The Japan
Science and Technology Agency conducts middle- and
long-term R&D on “Virtual laboratories respective of
Materials Science Outlook 2006

nanotechnology areas”.10) NIMS and RIKEN also conduct “R&D of nanomaterials such as new nanodevices”,
and “R&D on next generation nanoscience technology”,
respectively. Universities carry out general nanotechnology R&D. MAFF promotes R&D to both create materials with new functions, and construct new microbioreactors by controlling their nano-structures with the aid of
creature functions information. In collaboration with
producers and users, METI carried out R&D on the
application of nanotechnology-advanced materials for
information household appliances, fuel cells, etc. with the
aid of innovative nanotechnology. The Ministry of
Environment carries out R&D on environmental technologies, where nanotechnology is effectively applied to
achieve miniaturization and high functionality.

3. Typical Japanese Research Institutes in Materials
Science
3.1 Public Research Institutes
Figure 1 shows the locations of public research institutes that are actively carrying out materials science
research.
The National Institute for Materials Science, NIMS,
11)
(MEXT jurisdiction, http://www.nims.go.jp/jpn/) is a
unique, independent administrative agency for materials
science. The first mid-term program of NIMS finished
by FY2005 and the second mid-term started from
FY2006. To achieve a continuous society, NIMS chose
four priority research fields for the second mid-term
program.
1. A research field to develop and research device applications supporting the establishment of next-generation
information technologies, and the design and development of nanomaterials, which may lead to the development of innovative technologies for the next generation
e.g., the development of new nanodevice materials, the
development of new superconductors, etc.
2. A research field to conduct research on environmental

Fig. 1 The locations of the headquarters of the public research
institutes carrying out materials research.
Black: Independent Administrative Agencies
Blue: A Municipal Research Institute
Brown: A Non-profit Organization
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and energy materials that contribute to the creation of
a recycling-based society, energy savings and CO2
emission reductions. Research projects in this field
focus on the development of recycled steel, new-generation high temperature materials, etc.
3. A research field to conduct material technologies
R&D to create a safer, healthier, and more pleasant
social environment, exemplified by research in biomaterials and the Ultra-Steel Project.
4. To improve research conditions in the aforesaid
research fields, the fourth priority research field carries research projects such as “Use of Synchrotron
Radiation at SPring-8 (Super Photon ring-8 GeV),”
“preparation of material data sheets,” etc.
To achieve these goals, the new organization for
research groups (shown in Table 1) was completely
changed from that for the first mid-term program. As
shown in the table, six key areas, such as Key
Nanotechnologies, conduct research of the four research
fields mentioned above. Exploratory Research
Laboratories are the laboratories for basic research on
nanomaterials and related materials. The Department of
Materials Infrastructure has the High Voltage Electron
Microscopy Station, Materials Analysis Station, etc, and
is open to all NIMS researchers.
NIMS has about 1,500 staffs including 402 permanent researchers (tenured researchers), 48 engineering
staff, and 104 administrative staff. Figure 2A shows the
budget of NIMS for FY2006.
AIST has headquarters in both Tokyo and Tsukubacity in Ibaraki, and nine Research Bases across Japan.12)
AIST employs 2,505 researchers (tenured researchers:
2,027; fixed-term researchers: 478) and 704 administrative staff. Figure 2B shows the expenditure of AIST for
FY2006.
RIKEN (http://www.riken.jp/index_j.html)13) has several Research Bases, including Wako Institute, Tsukuba
Institute, Harima Institute, Yokohama Institute, Kobe
Institute, etc. There are 684 tenured researchers and
2,383 fixed-term researchers. Figure 2C also shows the
expenditure for FY2006.
Table 2 shows outlines of the Japan Atomic Energy
Agency, Japan Fine Ceramics Center and Osaka
Municipal Technical Research Institute. These institutes
are actively conducting materials research, but were not
presented in Materials Research Outlook 2005.
3.2 Universities
Figure 3 shows the locations of universities actively
conducting materials research, and Table 3 shows their
outlines of the universities. Research and education are
the most important missions for any university that
focuses on fundamental research. High expectations for
the future due to both global competition and a decrease
in examinees mean that many universities will face the
challenge to develop new research fields. Typical examples are some universities changing the current names of
faculties and divisions, such as the Faculty of
Engineering or School of Science to modern names like
the Faculty of Regional Studies, Department of
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Table 1 Organization at a Glance.11)
Organization

Mission of Research

Research Center

Key
Nanotechnologies

To develop and establish a series of fundamental nanotechnologies and utilize them practically. They can be classified
into three categories: nano fabrication, nano characterization
and theoretical modeling.

1) Nano System Functionality
Center
2) Advanced Nano Characterization
Center
3) Computational Materials Science
Center
4) Quantum Dot Research Center
5) Quantum Beam Center

Nanoscale Materials

New nano-materials, such as nanoparticles, nanotubes,
nanosheets, nano-organic-modules, etc. will be systematically
and comprehensively explored in this program. Furthermore,
new processes will be developed to assemble those nano-units
into highly structured materials that are expected to contribute
to next-generation electronic, environmental, and energy-related technologies.

1) Nanoscale Materials Center
2) Organic Nanomaterials Center
3) Nano Ceramic Center

Nanotech-driven
Materials Research
for Information
Technology

To lay the foundation of new materials for the next generation LSI, intelligent light sources in the wide range of wavelength and magnetic materials for ultra-high density storage,
which are required for future generations.

1) Advanced Electronic Materials
Center
2) Optronic Materials Center
3) Magnetic Materials Center

Nanotech-driven
Materials Research
for Biotechnology

To develop a scientific framework and explore new ideas
for bio-nanotechnology that will be useful for medical practices, and to establish medical engineering for the clinical
application of developed bioengineering technology and biomaterials to regenerative medicine and DDS.

1) Biomaterials Center

Materials Research
for Environment and
Energy

To target next-generation high-temperature super alloys,
highly efficient fuel cell materials that function at low- and
medium-temperatures, high-performance superconducting
materials for practical use, suppression of global warming and
sustainability of stable energy supply, novel photocatalysts
that operate efficiently under visible light, high-performance
structural materials.

1) High Temperature Materials
Center
2) Fuel Cell Materials Center
3) Superconducting Materials
Center
4) Photocatalysis Materials Center
5) Structural Metals Center

Materials Research
for Reliability and
Safety

To contribute to the safety and security of society through:
i) damage and life prediction of time-dependent properties,
such as creep, fatigue and corrosion, and application of the
procedures for design and failure analysis of important structural members; ii) design, processing and evaluation of a new
class of “Fail-safe” lightweight polymer composites, high
temperature ceramic, composites, etc.; iii) development of
high performance materials and intelligent sensors.

1) Materials Reliability Center
2) Composites and Coating Center
3) Sensor Materials Center

Exploratory Research
Laboratories.

There are two laboratories:
i) The Advanced Nanomaterials Laboratory, which has 5 teams: the Materials Exploration Team,
Special Subjects Team, Boride Team, High Pressure Team, and Interconnect Design Team.
ii) The Innovative Materials Engineering Laboratory, which has 8 teams: the Basic Research Team,
Intense Research Team, Eco-energy Team, Crystals Science and Technology Team, LatticeAtomistic Research Team, Platinum Group Metals Team, 1D Nanomaterials Team, and
Progressive Materials Research Team.

Department of
Materials
Infrastructure

The department consists of 8 stations: the High Voltage Electron Microscopy Station, High
Magnetic Field Station, Beam Line Station, Materials Data Sheet Station, Materials Database Station,
Nano Foundry Station, Materials Manufacturing and Engineering Station, and Materials Analysis
Station.

Bioscience and Biotechnology, Frontier Science,
Department of Molecular Biotechnology, etc. Whole
national universities changed into national university
cooperations between FY2002 and FY2004, the fact
which is omitted from the history in Table 3.
The system of graduate courses changes from one
university to another, so it is difficult to compare the
features of universities with the graduate courses; how68

ever, the system of undergraduate courses is relatively
simple irrespective of the university, and the number of
faculties/schools is a useful factor in defining a university’s features. Thus, the numbers of faculties/schools are
placed in the column for data, but those with graduate
courses are omitted.
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Fig. 2 Comparison of the expenditures and the budget for FY2006 between NIMS,11) AIST12) and RIKEN.13) (Unit: Billion Yen)

Table 2 Public Institutes Active in Materials Research.
Japan Atomic Energy Agency
(JAEA)

Japan Fine Ceramic Center
(JFCC)

Osaka Municipal Technical
Research Institute (OMTRI)

History

Japan Atomic Energy Research
Institute was established in Jun. 1956.
Power Reactor and Nuclear Fuel
Development Corporation (PRNFD)
was established in Oct. 1967. PRNFD
was reorganized as the Japan Nuclear
Cycle-Development Institute in Oct.
1998. JAEA was established by integrating with JAERI and JNCDI in
2005.

JFCC was established in May
1985. Building and facility were
completed and business started in
April 1987.

The predecessor of OMTRI was
founded in 1916, with the principal
objective of promoting and advancing Osaka’s manufacturing industries. From FY 2004, the organization changed from the current system, which is based on science, to
the new research system consisting
of five research labs, based on crosssectional research activities.

Location

Tokai-mura

Nagoya

Osaka

Institute
URL

http://www.jaea.go.jp/index.shtml

http://www.jfcc.or.jp/

http://www.omtri.city.osaka.jp/

Purpose of
establishment

According to the principle policy prescribed in Article 2 of the Atomic
Energy Basic Law, the following are
carried out systematically and efficiently: fundamental and application
studies; the development of fast
breeder reactors, nuclear fuels and
reprocessing of used nuclear fuels;
disposal of high-level atomic waste to
achieve basic engineering for the
recycling of nuclear fuels. Collected
data are arranged and disseminated to
contribute to people’s welfare.

JFCC was established to improve
the quality of products through the
establishment of a technical base.
It mainly integrated testing and
evaluation systems regarding fine
ceramics and research and development, thereby contributing to
the future.

This institute was founded with the
principal objective of promoting and
advancing Osaka’s manufacturing
industries.

Business
Activities

The work scopes of the new organization are: i) basic research organization, ii) application research of
nuclear energy, iii) technical establishment of nuclear fuel, iv) promotion of application of R&D results of
above areas, v) utilization sharing of
facility and equipment, vi) human
resource development of nuclear
field, vii) collection, arrangement and
dissemination of nuclear information,
etc.

JFCC is dealing with five business
activities regarding ceramics:
“research and development”,
“development of technological
infrastructure”, “projects for
small- and medium-sized enterprises”, “public relations and promotional activities”, and “international cooperation.”

i) technical consultation, ii) test and
analysis on request, iii) trust
research, iv) commissioned research,
v) GLP, vi) technical training, vii)
international technical interaction,
and viii) publications.

Staff and
organization
regarding
research.

Researchers 1,881 (including fixedterm researchers).

Administration Department 12,
Researchers 68, Testing and
Evaluation Department 20, Sales
Department 4, Industry Promoting
Department 3.

Organic Chemistry Department,
Plastics Department, Biochemistry
Department, Inorganic, Mechanical
Engineering Department. About 90
research staffs.
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Fig. 3 The locations of the headquarters of universities conducting materials research.
Black: Public universities
Brown: Private universities

Table 3 Japanese Universities (in alphabetical order).
Aichi Institute of Technology
http://www.aitech.ac.jp/index.html

Toyota

Providing an “education for a socially viable work force”

History

1912 - The Nagoya Training School of Electricity was founded.
1959 - The Nagoya Institute of Electricity was founded.

Data

There are 8 departments, including Electrical Engineering, Applied Chemistry, etc. Student Enrollment:
Undergraduate 6132, Graduate 168.

Materials
Science
Research

Materials science research is mainly carried out in the School of Applied Chemistry (Prof. 9, Assoc. Prof. 6). This
school offers engineering education for new proposition of the times, and materials science engineering research,
such as energy chemistry, ceramics chemistry, chemistry, environmental and analytical chemistry, organic reactive chemistry, polymer chemistry, etc.

Aoyama Gakuin University
http://www.aoyama.ac.jp/

Tokyo

To serve God and persons, contributing to society as the
Salt of the Earth and Light of the World

History

1949 - Aoyama Gakuin University was established.
1965 - College of Science and Engineering opened.

Data

Four colleges, two schools, and one division. Academic staff: 1,595. Student Enrollment: Undergraduate 18,774,
Masters and PhD programs 1,361.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Physics and Mathematics, the Department of
Chemistry and Biological in the College of Science and Engineering, and the Center for Advanced Technology in
the College of Science. Research fields are new super conductors, synthesis of magnetic materials, thin film-surface physics, solid electronics, synthesis and analysis of thin films for electronics, synthesis of high performance
thin films, physics for mesoscopic systems, etc.

1) The 21st Century COE Program “New Functional Materials for Highly Efficient Energy Systems.”
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The University of Electro-Communications
http://www.uec.ac.jp/

Chofu

Education and research on information, telecommunications and technology-related sciences

History

1949 - University of Electro-Communications was established.

Data

Seven departments. Teaching staff: 360.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Applied Physics and Chemistry (Prof. 13,
Assoc. Prof. 20, Assist. Prof. 1, Research Assoc. 10). Research fields are theoretical atomic physics based on
quantum mechanics, laser physics, nonlinear optics, quantum optics, optics measurement, optical magnetics, electron state of magnetics and superconductors, photoacoustic effect in semiconductors, solid thin film, transformation, structure and properties of surfaces and interfaces, crystal chemistry, sonoluminescence organic photochemistry, new bioluminescence systems, etc.

* Institute for Laser Science: Established FY1999. A unique institute in Japan for the scientific study of lasers and atom optics.
(Prof. 4, Assoc. Prof. 4, Research Assoc. 3).
st
** The 21 Century COE Program “Innovation in Coherent Optical Science.”
Fukuoka University
http://www.fukuoka-u.ac.jp/

Fukuoka

Holistic education; cultivation of the body, mind and spirit.

History

April, 1933 - Fukuoka Higher Commercial School was established. After many changes, the school was renamed
as Fukuoka University in 1956.

Data

Ten faculties, including Engineering and the School of Medicine. Teaching staff 934. Student Enrollment:
Undergraduate 21,886, Graduate 663.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Applied Physics and Chemistry.

Gifu University
http://www.gifu-u.ac.jp/

Gifu

Education and research university, which is a leader in the
community through its research contributions.

History

1949 - Gifu University started with two faculties.

Data

Five faculties: Education, Regional Studies, School of Medicine, Engineering, Applied Biological Science.
Teaching staff: Prof. 294, Assoc. Prof. 212, Assist. Prof. 61, Research Assoc. 188. Student Enrollment:
Undergraduate 5,960, Graduate 1571.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Chemistry (Prof. 9, Assoc. Prof. 8, Research
Assoc. 6), and Department of Materials Science and Technology (Prof. 10, Assoc. Prof. 8, Research Assoc. 6) in
the Faculty of Engineering. Research fields of the former department are molecular design, material conversion,
functions of materials, etc., and those of the latter department are inorganic and organic syntheses, functionalized
polymer science, inorganic metal electrons, composite materials, etc.

University of Hyogo (Himeji Institute of
Technology) http://www.u-hyogo.ac.jp/
(http://www.himeji-tech.ac.jp/)

Kobe

Pursuing humanity-filled educational outcome. Leading
unique and cutting-edge research. Opened globally and
developing with the community

History

Established as Himeji Institute of Technology. April, 2004 - University of Hyogo was inaugurated by integrating
three prefectural universities, including Himeji Institute of Technology.

Data

Six faculties, including the School of Engineering and School of Economics.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Applied Materials Science in the School of
Engineering, and the Department of Materials Science and Chemistry (Prof. 19, Assoc. Prof. 15, Research Assoc.
12) in the Graduate School of Engineering. Three courses are offered: Synthesis of Biomaterials, Material and
Energy, and Solid State Physics.

Hiroshima University
http://www.hiroshima-u.ac.jp/index-j.html

Higashihiroshima

A university that promotes freedom and peace

History

1949 - Hiroshima University was established as a university with a new system by integrating six schools.

Data

Ten Faculties. Teaching staff: Prof. 589, Assoc. Prof. 461, Assist. Prof. 110, Research Assoc. 464, Total 1624.
Student Enrollment: Undergraduate 11,018, Graduate 4,241.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Quantum Matter, Department of Molecular
Biotechnology, and the Department of Semiconductor Electronics & Integration Science of the Graduate School
of Advanced Sciences of Matter (Prof. 21, Assoc. Prof. 15, Research Assoc. 21).

(1) The Research Center for Nanodevices and Systems (Prof. 7, Assoc. Prof. 3) is a standard research center for silicon devices.
(2) The 21st Century COE Program “Nano-electronics for Terabit Information Programming.”
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Hokkaido University
http://www.hokudai.ac.jp/

Sapporo

“Frontier Spirit”, “Global Perspectives”, “All-round
Education” and “Practical Learning.”

History

June 1918 - Hokkaido Imperial University was established. October 1947 - renamed as Hokkaido University

Data

Twelve faculties. Teaching staff: Prof. 746, Assoc. Prof. 623, Assist. Prof. 118, Research Assoc. 626, total 2,113.
Student Enrollment: Undergraduate 11,153, Graduate 6,250.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Applied Science and Engineering (Prof. 41,
Assoc. Prof. 39, Research Assoc. 38) in the Faculty of Engineering, the Division of Chemical Processing
Engineering, the Division of Materials Chemistry, the Division of Materials Science and Engineering in the
Graduate School of Engineering, and the Department of Applied Chemistry (Prof. 15, Assoc. Prof. 13, Research
Assoc. 17), the Department of Functional Polymers (Prof. 10, Assoc. Prof. 12, Research Assoc. 6), the
(1)
Department of Chemistry in the Faculty of Science, Research Institute for Electronic Science and the Catalysis
(2)
Research Center .

(1) Research Institute for Electronic Science - 1943 Research Institute of Ultrashort Waves, via Research Institute of Applied
Electricity. 1992 - Research Institute for Electronic Science.
Purpose: i) basic and applied research for behaviors of photons and electrons in artificial super lattice and biomoleculars,
ii) development of nanoscience, and iii) taking part in the Nanotechnology Network.
Organization: Four divisions: Electronic Materials, Intelligent Materials and Devices, Scientific Instrumentation and Control,
Informatics and Processing. Prof.18, Assoc. Prof. 16, Assist. Prof. 1, Research Assoc. 19.
(2) Catalysis Research Center: May, 1988. Established as a unique joint research facility for catalytic chemistry.
Purpose: Syntheses of catalysts with new structures, development of processing aided by new concepts, R&D of catalysts for
hydrogen energy, basic applied studies on catalytic oxidation over metal oxides, etc.
Organization: The research division consists of four centers: Catalytic Surface Chemistry, Catalyst Function Design,
Molecular Catalysis and Catalyst Evaluation, and the Technical Division. Prof. 8, Assoc. Prof. 6, Research Assoc. 8.
(3) The 21st Century COE Program “Meme-Media Technology Approach to the R&D of Next-Generation Information
Technologies.”
Japan Advanced Institute of Science and
Technology
http://www.jaist.ac.jp/index-j2.shtml

Making significant contributions to the development of
modern society, creating an education and research environment for future leaders.

History

October 1990 - Founded as the first independent national university to carry out graduate research and education
in science and technology.

Data

Teaching staff: Prof.51, Assoc. Prof. 40, Research Assoc. 60, Total 151.
Student Enrollment: Masters 347, PhDs 106.

Materials
Science
Research

Materials science research is mainly carried out in the School of Materials Science, which fuses Physics,
Chemistry and Biological Science in Nanofields (Prof. 19, Assoc. Prof. 15, Research Assoc. 20).

Ibaraki University
http://www.ibaraki.ac.jp/index.shtml

Mito

A wide range of learning opportunities across various disciplines in order to buildup professional skills.

History

May 31, 1949 - Ibaraki University was established by integrating three pre-war institutes.

Data

Teaching staff: Prof. 265, Assoc. Prof. 207, Assist. Prof. 76, Research Assoc. 28, Total 576. Student Enrollment:
Undergraduate 7,561, Graduate 1,132.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science & Engineering in the
College of Engineering. The research fields of this department are nanotechnology, ecomaterials, simulation, etc.

Kanazawa Institute of Technology
http://www.kanazawa-it.ac.jp

72

Nomi

Ishikawa-gun

Building character, innovation, industry-university cooperation.

History

1965 - Kanazawa Institute of Technology was established as a private technical college.

Data

There are three colleges: Engineering, Environmental Engineering Architecture, and Informatics and Human
Communication. Teaching staff: Prof. 177, Assoc. Prof. 64, Assist. Prof. 61, Research Assoc. 6. Student
Enrollment: Undergraduate 6,851, Graduate Schools 444.

Materials
Science
Research

Materials science research is mainly carried out in the School of Materials Design Engineering (Prof.18).
Research fields: high quality materials design, fabrication of high performance materials, development of technology controlling properties of materials, etc.
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Keio University
http://www.keio.ac.jp/index-jp.html

Tokyo

To provide leadership for society as a whole in a wide
variety of fields.

History

1858 - A school for Dutch studies was established, and then changed to English studies.1890 - Keio University
was established as the first private university in Japan.

Data

Ten faculties

Materials
Science
Research

Materials science research is mainly carried out in the Department of Applied Chemistry, the Department of
Chemistry, the Department of Electronic and Electrical Engineering, the Department of Physics, the Department
of Applied Physics & Physico-informatics in the Faculty of Science and Engineering.

(1) The 21st Century COE Program: “Functional Creation Oriented Life Conjugated Chemistry for Material Conversion.”

Kumamoto University
http://www.kumamoto-u.ac.jp/

Kumamoto

In conformity with the spirit of fundamental laws and the
school and the education law, to cultivate competent professionals and leaders who will revitalize the greater community.

History

1949 - Kumamoto University incorporated previously established institutes.

Data

Seven faculties. Teaching staff: Prof. 342, Assoc. Prof. 286, Assist. Prof. 88, Research Assoc. 241, total 947
Student Enrollment: Undergraduate 7,957, Graduate 2,083.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science and Technology (Prof. 10,
Assoc. Prof. 8, Assist. Prof. 9), and the Department of Applied Chemistry & Biochemistry (Prof. 9, Assoc. Prof.
8, Assist. Prof. 9) in the Faculty of Engineering. Research fields of the former department are magnesium alloys,
shape memory alloys, superconductive materials, carbon nanotubes, etc., and the latter department was established to solve important issues about resources, environment and energy, which have become more important
recently.

(1) The 21st Century COE Program “Pulsed Power Science and Its Applications.”

Kyoto University
http://www.kyoto-u.ac.jp/top.htm

Kyoto

To sustain and develop its historical commitment to academic freedom and to pursue harmonious co-existence for
human and ecological communities on this planet.

History

June, 1897 - Kyoto Imperial University was founded, and renamed as Kyoto University in May1949.

Data

Ten faculties, including Engineering. Teaching staff: Prof. 985, Assoc. Prof.795, Assist. Prof. 156, Research
Assoc. 971, Total 2907. Student Enrollment: Undergraduate 13,254, Graduate 9,198.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science and Engineering in the
Faculty of Engineering (Prof.139, Assoc. Prof. 121, Assist. Prof. 23, Research Assoc.153), the Department of
Material Chemistry, and the Department of Energy and Hydrocarbon Chemistry in the Graduate School of
Engineering; the Department of Polymer Chemistry; and the Institute for Chemical Research. These departments
and institutes are conducting general materials research.

(1) Institute for Chemical Research: 1926. The Institute for Chemical Research was chartered, and reorganized into five
research divisions and three research centers.
Purpose: Exploring a basic study on the principle of specific matters in chemistry and further extending its application.
Organization: Five divisions: Synthetic Chemistry, Materials Chemistry, Biochemistry, Environmental Chemistry,
Multidisciplinary Chemistry, and three Advanced Research Centers - Beam Science, International Research Center for
Elements Science, Bioinformatics Center. (Prof. 30, Assoc. Prof.25, Research Assoc.46).
(2) The 21st Century COE Program: “Chemistry for Materials Conversion”
(3)
〃
: “A United Approach to New Materials Science.”
(4)
〃
: “Center of Excellence for Research and Education of Fundamental Technologies in
Electrical and Electronic Engineering.”

Kyoto Institute of Technology
http://www.kit.ac.jp/

Kyoto

Set in the ancient capital, the birthplace of traditional culture, KIT has established a unique academic culture seeking wisdom, beauty and technology.

History

1949 - Kyoto Institute of Technology was established.

Data

Two faculties: Engineering and Design, and Textile Science and a Graduate School of Science and Technology.
Teaching staff: Prof. 120, Assoc. Prof. 106, Assist. Prof. 10, Research Assoc. 64, Total 300. Student Enrollment:
Undergraduate 3,317, Graduate 1,076.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Chemistry and Materials Technology (Prof.
18, Assoc. Prof. 9, Assist. Prof. 3, Research Assoc. 11) in the Faculty of Engineering and Design, and in the
Department of Polymer Science and Engineering (Prof. 18, Assoc. Prof. 10, Assist. Prof.1, Research Assoc. 7) in
the Faculty of Textile Science. Research fields: high performance organic materials and inorganic materials, synthesis of amorphous, development of technology controlling structures of polymer condensed materials, basic science including various simulations, etc.
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Kyushu University
http://www.kyushu-u.ac.jp/top.php

Fukuoka

Education, research, social and international contribution,
development of new scientific fields, and an active role in
the world, particularly in Asia.

History

Jan, 1911 - Kyushu Imperial University was founded, and renamed to Kyushu University in Apr. 1947.

Data

Eleven undergraduate schools, eighteen graduate schools, sixteen faculties. Teaching staff: Prof. 768, Assoc. Prof.
680, Assist. Prof. 126, Research Assoc. 775, Total 2347. Student Enrollment: Undergraduate 11,762, Graduate
6,437.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science and Engineering (Prof.
20, Assoc. Prof. 17, Research Assoc. 22) in the School of Engineering, the Department of Chemistry in the
School of Science (Prof. 15, Assoc. Prof. 17, Research Assoc. 22), and the Institute for Materials Chemistry and
(1)
Engineering .

(1) Institute for Materials Chemistry and Engineering: A new research institute was established by integrating the Institute of
Advanced Materials Study and the Institute for Fundamental Research of Organic Chemistry.
st
Purpose: Development of materials chemistry, which is essential for advanced 21 century industrial engineering, such as
nanotechnology, information sciences, eco-energy, and bio-life.
Organization: Four Divisions: Fundamental Organic Chemistry, Applied Molecular Chemistry, Integrated Materials, and
Advanced Device Materials, and the Supporting Center for research. Prof. 19, Assoc. Prof. 17, Research Assoc. 15.
st

(2) The 21 Century COE Program “Functional Innovation of Molecular Informatics.”

Kyushu Institute of Technology
http://www.kyutech.ac.jp/top/index.asp

Kitakyushu

Producing skillful, accomplished and competent women
and men with a thorough grasp of technology.

History

1949 - Under the national school establishment law, the Meiji College of Technology was changed to Kyushu
Institute of Technology.

Data

Two faculties: Engineering, and Computer Science and Systems Engineering. Teaching staff: Prof. 146, Assoc.
Prof. 142, Assist. Prof. 19, Research Assoc. 89, Total 396. Student Enrollment: Undergraduate 4,578, Graduate
1,733.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science (Prof. 12, Assoc. Prof. 14,
Research Assoc. 8) in the Faculty of Engineering, which has two Courses - Applied Chemistry, and Materials
Science and Technology. The former course carries out education and research on the synthesis of materials, separation, analysis, industrial fabrication, etc, and the latter does research on characterization and fabrication of metals, ceramics, composite materials, etc.

Nagaoka University of Technology
http://www.nagaokaut.ac.jp/j//index.html
History

Nagaoka

The programs are focused on what is called the VOS
Concept, which stands for Vitality, Originality, and
Services to Society.

October 1971 - Nagaoka University of Technology was officially opened.

Technical college graduates are mainly accepted as juniors and graduates of technical and general high schools
Distinctive
are also accepted as freshmen. International students are accepted in the twinning program as either sophomores
Features
or juniors.
Materials science research is mainly carried out in the Department of Materials Science and Technology (Prof. 11,
Assoc. Prof. 10, Assist. Prof. 11), which carries out basic research and practical application materials science
based on chemistry. This Department consists of four research fields: Physical and Analytical Chemistry,
Inorganic Materials Engineering, Organic Materials Engineering, and Molecular Design Engineering.

Materials
Science
Research
st

(1) The 21 Century COE Program : “Creation of Hybridized Materials with Super-Functions and Formation of International
Research & Education Center.”
(2)
〃
: “Global Renaissance by Green Energy Revolution.”
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Nagasaki University
http://www.nagasaki-u.ac.jp/

Nagasaki

To contribute to the development of a well-balanced society by nurturing awareness in the students and creating science for world peace, which is inherent in the traditional
culture in Nagasaki.

History

1949 - Nagasaki University was established by incorporating previously established organizations, such as the
Nagasaki College of Medicine.

Data

Five faculties and three schools. Teaching staff: Prof. 305, Assoc. Prof. 242, Assist. Prof. 122, Research Assoc.
306, total 975. Student Enrollment: Undergraduate 7,780, Graduate 655.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science and Engineering (Prof. 6,
Assoc. Prof. 5, Res. Assoc. 6), and the Department of Applied Chemistry (Prof. 5, Assoc. Prof. 4, Assist. Prof.
1Res. Assoc. 4) in the Faculty of Engineering. The former department involves the education and research related
to structure control, electronic properties in solids, interfaces, etc., and the latter consists of six laboratories:
Applied Physical Chemistry, Functional Coordination Chemistry, Molecular Organization Chemistry, Organic
and Bioorganic Chemistry, Natural Products Chemistry and Biofunctional Chemistry.

Nagoya University
http://www.nagoya-u.ac.jp/

Nagoya

To contribute to society by cultivating highly talented people and becoming the base for knowledge.

History

1939 - Nagoya Imperial University was founded, renamed to Nagoya University in 1947.

Data

Nine schools. Teaching staff: Prof. 653, Assoc. Prof. 508, Assist. Prof. 128, Research Assoc. 485, Total 1,774.
Student Enrollment: Undergraduate 9,800, Graduate 6,044.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Chemical and Biological Engineering (Prof.
31, Assoc. Prof. 22, Assist. Prof. 8, Res. Assoc. 33) and the Department of Physical Science and Engineering
(Prof. 39, Assoc. Prof. 38, Assist. Prof. 8, Res. Assoc. 35) in the School of Engineering, and the Departments of
Physics and Chemistry in the School of Science. Research fields: organic materials, ceramics, metals, semiconductors, reaction of catalysis, magnetic properties, solidification, surface, machining, structure control, development of measurement technology, etc.

(1) Research Center for Materials Science: Established in 1998. Chemical laboratories played a key role in starting the center.
(Prof. 5, Assoc. Prof. 4, Res. Assoc. 6, Guest Prof. 4)
Purpose: Creating materials, exploring their structure, functional possibilities, and reaction mechanisms with emphasis on
molecular substances.
Research fields: Organic material synthesis, inorganic materials synthesis, functional materials, biomaterials, molecular catalysts.
(2) The 21st Century COE Program: “Elucidation and Creation of Molecular Functions.”
(3)
〃
: “The creation of Nature-Guided Material Processing.”
(4)
〃
: “Information Nano-Devices Based on Advanced Plasma Science.”
(5)
〃
: “Isotopes for the Properties Future.”

Nagoya Institute of Technology
http://www.nitech.ac.jp/

Nagoya

Education, innovation in science and technology, and contribution to a glorious future.

History

1949 - Two colleges merged to become the Nagoya Institute of Technology.

Data

Seven departments. Teaching staff: Prof. 153, Assoc. Prof. 138, Assist. Prof. 9, Research Assoc. 81, Total 381.
Student Enrollment: Undergraduate 4,010 in day courses and 884 in evening course, Graduate 1,405.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science and Engineering in the
Graduate School of Engineering (Prof. 30, Assoc. Prof. 28, Assist. Prof. 3, Research Assoc. 18). This department
conducts research in five fields: chemical processes, life functions, inorganic materials, materials function and
design, and organic materials.

(1) The 21st Century COE Program: “World Ceramics Center for Environmental Harmony.”

Nihon University
http://www.nihon-u.ac.jp/

Tokyo

To respect our country’s history and traditions, and contribute to the advancement of independent creativity and
culture, the welfare of humanity and world peace.

History

1904 - Nihon University started under the Specialized School Ordinate. In 1920, it became a university based on
the University Ordinance, and a university under the new education system in 1949.

Data

The largest university in Japan, with fifteen faculties.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials and Applied Chemistry in the
College of Science and Technology and in the Department of Materials Chemistry and Engineering in the College
of Engineering.
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Osaka University
http://www.osaka-u.ac.jp/

Suita

Live locally, grow globally

History

1931 - Osaka Imperial University was established. It was changed to Osaka University in 1949.

Data

Ten faculties/schools. Teaching staff: 2,485. Student Enrollment: Undergraduate 12,125, Graduate 6,454.

Materials
Science
Research

Materials science research is mainly carried out in the Division of Materials and Manufacturing Science in the
Graduate School of Engineering, and the Department of Materials Science in the Graduate School of Engineering
Science. Research fields: organic materials, inorganic materials, medicine, ceramics, etc, which are basic materials necessary for “Nano”, “Information and Telecommunications,” and Bio.”

(1) The Institute of Scientific and Industrial Research:1939. Founded as part of Osaka University. In 2002, the Nanoscience
and Nanotechnology Center opened.
Purpose: To study science necessary for industry and their applications.
Research divisions: Quantum engineering, advanced materials science and technology, organic molecular science, intelligent
systems science, biological science, quantum beam science and technology, next industry generation, nanoscience and
nanotechnology. (Prof. 30, Assoc. Prof. 37, Research Assoc. 64).
(2) The 21st Century COE Program: “Creation of New Chemistry Towards a Sustainable Society: Integrated EcoChemistry.”
(3)
〃
: “Center in Excellence for Advanced Structural and Functional Materials Design.”
(4)
〃
: “Towards Creating New Industries Based on Inter-Nanoscience.”
(5)
〃
: “Core Research and Advanced Education Center for Materials Science and NanoEngineering.”
(6)
〃
: “Center for Atomistic Fabrication Technology – Development of Surface Creation System
to Realize Nanometer-Level Accuracy.”

Osaka Prefecture University
http://www.osakafu-u.ac.jp/

Sakai

Creation of wisdom, passed on wisdom, use of wisdom,
and propagation of wisdom.

History

1949 - Five national and prefectural technical colleges were integrated to become Naniwa University. In 1955, its
name changed to Osaka Prefecture University. The present university was born by integrating and reorganizing
Osaka Prefecture University, Osaka Women’s University and Osaka Prefecture College of Nursing in April 2005.

Data

The university has seven schools: the School of Engineering, the School of Life and Environmental Science, the
School of Science, the School of Economics, the School of Humanities and Social Sciences, the School of
Nursing, and the School of Comprehensive Rehabilitation.

Materials
Science
Research

Materials science research is mainly carried out in the Division of Mechanical, Materials and Manufacturing
Science in the Department of Materials Science, the Department of Applied Chemistry, and the Department of
Physics and Electronics in the School of Engineering, and the Department of Physical Sciences in the School of
Science. Research fields: functional materials, ceramics, biomaterials, advanced structural materials, inorganicorganic hybrid materials, solid fuel cells, various devices, etc.

Okayama University
http://www.okayama-u.ac.jp/

Okayama

Creation of high intelligence and succession of precise
intellect.

History

1949 - Okayama University was established.

Data

Nine faculties and two schools. Teaching staff: Prof. 464, Assoc. Prof. 368, Assist. Prof. 112, Research Assoc.
398, total 1342. Student Enrollment: Undergraduate 10,763, Graduate 3,273.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Applied Chemistry (Prof. 9, Assoc./ Assist.
Prof. 9, Res. Assoc. 8) and the Department of Electrical and Electronic Engineering in the Faculty of Engineering,
and the Institute for Study of the Earth’s Interior. Research fields: molecule design, synthetic organic chemistry,
catalysis, powders, high-temperature superconducting oxides, electronic devices, interface chemistry, mineral
physics, etc.

(1) Institute for Study of the Earth’s Interior: Reorganized on April 1, 2005 (Prof. 3, Assoc. Prof. 10, Res. Assoc. 2).
Purpose: Conducting research on the origin of evolution and dynamics of the earth.
(2) The 21st Century COE Program: “Establishment of International Research Center for Solid Science.”
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Ritsumeikan University
http://www.ritsumei.ac.jp/

Kusatu

To create a university in which people are free and full of
enterprising character.

History

1900 - Kyoto Hosei School was established. Its name was changed to Kyoto College of Law and Politics in 1904.
1948 - Ritsumeikan University was recognized under the School Education law.

Data

Nine colleges, including the College of Science & Engineering. Teaching staff: Prof. 600, Assoc. Prof. 158,
Assist. Prof. 10, Research Assoc. 105, Visiting Prof. 134. Student Enrollment: Undergraduate 31,372, Graduate
3,051.

Materials
Science
Research

Materials science research is mainly carried out in the course of Materials-Energy Science and Engineering in the
Graduate School of Science & Engineering. Research fields: ultra fine particles, surface physics, molecular function development, materials forming, optoelectronic materials, devices, etc.

(1) SR Center: A facility in which advanced research on synchrotron radiation is conducted using a superconducting synchrotron radiation source. The radiation is used for analysis of fine structures, morphology observations of living creatures/polymers, observation of thin film and surface interface. The facility is open to researchers from private companies to government agencies, and is one of the centers for the Nanotechnology Comprehensive Support Project.
(1) The 21st Century COE Program: “Synchrotron Light Life Project.”
(2)
〃
: “Micro-Nanoscience Integrated Systems.”
Shizuoka University
http://www.shizuoka.ac.jp/index2.html

Shizuoka

Teaching for the future, commitment to research and contribution to the local community.

History

1949 - Shizuoka University was established.

Data

Six faculties. Teaching staff: Prof. 371, Assoc. Prof. 268, Assist. Prof. 17, Research Assoc. 75, Total 731.
Student Enrollment: Undergraduate 9,567, Graduate 821.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science and Chemical
Engineering (Prof. 17, Assoc. Prof. 14, Res. Assoc. 8) in the Department Faculty of Engineering. Research fields
are electronic materials, biomaterials, photonic materials, fuel cells, recyclable plastics, medicines, etc. On April
1, 2006, the Graduate school of Science and Technology has been born by integrating and reorganizing Graduate
school of Science and Engineering, and Graduate school of Electron Science and Technology.

(1) The 21st Century COE Program: “Research and Education center of Nanovision Science.”

Shinshu University
http://www.shinshu-u.ac.jp/

Matsumoto

To place great value on the people, history, culture and
abundant natural resources of Shinshu and to promote
public welfare and stimulate the develop of local industries,

History

May, 1949 - Six schools, such as Matsumoto High School, were integrated to become Shinshu University.

Data

Six faculties and one school. Teaching staff: Prof. 390, Assoc. Prof. 300, Assist. Prof. 83, Research Assoc. 224,
Total 997.

Materials
Science
Research

Materials science research is mainly carried out in the Faculty of Textile Science & Technology (Prof. 42, Assoc.
Prof. 37, Assist. Prof. 4, Res. Assoc. 23), and the Department of Chemistry and Material Engineering (Prof. 8,
Assoc. Prof. 8, Res. Assoc. 3) in the Faculty of Engineering. The research fields of the Faculty of Textile Science
& Technology are: fibers materials, photochemical reaction of organic materials, chemiluminescence of organic
materials, fuel cell electrocatalysts, EL devices, polymers, etc, and those of the Department of Chemistry and
Material Engineering are enzymes, complexes, organic materials, catalysis, ceramics, nanomaterials, etc.

(1) The 21st Century COE Program: “Advanced Fiber Science and Textile Technology.”
Tokyo Metropolitan University
http://www.tmu.ac.jp/

Hachioji

To carry out education and research issues relevant to
Tokyo.

History

1949 - Tokyo Metropolitan university was established. In 2005, the present university was born through the integration and reorganization of Tokyo Metropolitan University and other universities.

Data

Not clear due to the limited time that has passed since integration.

Materials
Science
Research

Not clear due to the limited time that has passed since integration.
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Tohoku University
http://www.tohoku.ac.jp/japanese/

Sendai

First and foremost, excellence is based on the spirit of its
foundation Research First and Open-door policies.

History

June 1907 - Tohoku Imperial University was founded. It changed to Tohoku University in October 1947.

Data

Six faculties and four schools. Teaching staff: Prof. 835, Assoc. Prof. 633, Assist. Prof. 158, Research Assoc.
1,000, Total 2,626. Student Enrollment: Undergraduate 9,574, Graduate 6,494.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science and Engineering (Prof.
20, Assoc. Prof. 19, Research Assoc. 20), the Department of Applied Chemistry, and the Chemical Engineering
and Biomolecular Engineering (Prof. 21, Assoc. Prof. 14, Assist. Prof. 1, Research Assoc. 21) in the Faculty of
Engineering, and the Department of Chemistry in the Faculty of Science. Research fields in the first department
are ceramics, thin films, semi-conductive materials, thermoelectric materials, electromagnetic wave absorbers,
materials for hydrogen energy, intelligent materials, bonding, nano-composite materials, eco-materials, etc. The
second department is conducting research on ecosystems, green chemistry, biomass, syntheses of new materials
under supercritical conditions, genes, proteins, etc. The Department of Chemistry is conducting research on
organic materials, inorganic materials, biofunctional chemistry, super-structured thin films, etc. Furthermore, the
(1)
(2)
Institute for Materials Research , and Institute of Multidisciplinary Research for Advanced Materials are also
conducting research on materials science.

(1) Institute for Materials Research: The oldest among the seven institutes of Tohoku University. Details of this institute have
already been documented on page 42 of Outlook 2005. Prof. 23, Assoc. Prof. 32, Assist. Prof. 3, Research Assoc. 61.
(2) Institute of Multidisciplinary Research for Advanced Materials:
December 1941 - Research Institute for Mineral Dressing and Metallurgy was established.
January 1943 - Research Institute for Scientific Measurement was established.
January 1944 - Chemical Research Institute of Non-aqueous Solutions was established.
The first institute was renamed the Institute for Advanced Materials Processing, and the last one as the Institute for Chemical
Reaction Science. In April 2001, these institutes were integrated as the Institute of Multidisciplinary Research for Advanced
Materials.
Mission: To create new academic fields of multidisciplinary materials science & engineering and its further continuous
development by fabricating lateral and longitudinal strings, e.g. materials and methodology.
Data: Prof. 23, Assoc. Prof. 50, Assist. Prof. 21, Assist. Prof. 6, Research Assoc. 66.
(3) The 21st Century COE Program: “Unexplored Chemistry – Giant Molecules and Complex Systems.”
(4)
〃
: “International Center of Research & Education for Materials.”
(5)
〃
: “Exploring New Science by Bridging Particles – Matter Hierarchy.”

Tokai University
http://www.u-tokai.ac.jp/
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Hiratsuka

Cultivate thyself in the early days; make thy body strong
in the early days; improve thy wisdom in the early days;
chain thy hope to the stars in the early days.

History

1946 - Tokai University was established under the University Decree, and recognized under the School Education
law in 1950.

Data

Thirteen schools and twelve graduate schools. Full-time teaching staff: 1,569. Student Enrollment: Undergraduate
27,529, Graduate 1,363.

Materials
Science
Research

Materials science research is mainly carried out in the programs of Opto-electronics, Industrial Chemistry,
Metallurgical Engineering in the Graduate School of Engineering, and the Program of Material Science and
Technology in High-Technology for Human Welfare. Research fields: metals, opto-electronics, ceramics, super
conductors, organic semi-conductors, proteins, etc.
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The University of Tokyo
http://www.u-tokyo.ac.jp/index_j.html

Tokyo

Based on academic freedom, pursue truth and create
knowledge. Maintain and develop the highest level of education and research in the world.

History

1877 - Tokyo Daigaku 1877 - Tokyo Daigaku (Tokyo University) was established. Its name changed to Teikoku
Daigaku (Imperial University) in 1886, and renamed as the University of Tokyo in 1947 after several name
change.

Data

Nine faculties and one college. Teaching staff: Prof. 1,430, Assoc. Prof. 1,264, Assist. Prof. 134, Research Assoc.
1,321, Total 4,149. Student Enrollment: Undergraduate 14,893, Graduate 13,884.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Engineering (Prof. 11, Assoc.
Prof. 8, Lecturer 5), and the Department of Applied Chemistry (Prof. 8, Assoc. Prof. 6, Lecturer 2) in the Faculty
of Engineering; the Department of Chemistry (Prof. 16, Assoc. Prof. 14, Lecture 1, Res. Assoc. 24) in the Faculty
of Science; the Department of Advanced Materials Science (Prof. 21, Assoc. Prof. 13) in the Graduate School of
(1)
(2)
Frontier Science; the Institute of Industrial Science , and the Institute of Solid State Physics . Research fields:
polymer micelle, photonic devices, organic transistors, oxide-metal composite materials, super conductors, artificial muscles in the Department of Materials Engineering, organic materials, inorganic materials, super conductors,
etc in the Department of Applied Chemistry, and chemical syntheses of organic and organic materials, etc. in the
Department of Chemistry, and applied physics, new materials, interfaces, materials design and processing, etc. in
the Graduate School of Frontier Science.

(1) Institute of Industrial Science: 1949 - Established as the successor for the Tokyo University “Second” School of
Engineering.
Purpose: Basic and applied studies on natural science for industries. Prof. 30, Assoc. Prof. 37, Res. Assoc. 64.
Research: Consists of five departments: Fundamental Engineering, Mechanical and Biofunctional Systems, Informatics and
Electronics, Materials and Environmental Science, and Human and Social Systems, and nine centers, such as the Center
for Development of Instrumentation. Research fields are quantum optics, semiconductors, noncrystalline materials, biomass, etc.
(2) Institute of Solid State Physics: 1957 - Establishment of ISSP. Prof. 23, Assoc. Prof. 22.
Missions: To explore new phenomena in combined environments of various extreme conditions evaluated during the “second
generation”; to study artificially designed materials, such as mesoscopic systems with nanoscale structures; and synthesis
and characterization of new materials with the aid of computational physics.
Research Fields: New materials science, physics in extreme conditions, condensed matter theory, spectroscopy, materials
design and characterization, etc.
(3) The 21st Century COE Program: “Fundamental Chemistry on the Basis of Molecular Dynamics.”
(4)
〃
: “Human-Friendly Materials Based on Chemistry.”
(5)
〃
: “Electrical engineering and Electronics for the Active and Creative World.”
(6)
〃
: “Applied Physics on Strong Correlation.”

Tokyo Medical and Dental University
http://www.tmd.ac.jp/

Tokyo

Education of well cultivated person with wide culture and
plenty sensitivity, self-submission of various issues, of
creative person with self-solving ability, and of medical
person with international mind

History

August 1946 - Tokyo Medical and Dental University of the former system was established. April 1951 - The university was established under the New System.

Data

The uniquely specialized Medical and Dental University. Teaching staff: Prof.149, Assoc. Prof. 135, Assist. Prof.
96, Research Assoc. 289, Total 414. Student Enrollment: Undergraduate 1,178, Graduate 1,335.

Materials
Science
Research

Materials science research is mainly carried out in the Institute of Biomaterials and Bioengineering (Prof. 12,
Assoc. Prof. 8, Research Assoc. 18). Research fields are metallic materials (Ti-Ni alloys, porous Ti, etc.), inorganic materials such as hydroxyapatites, organic materials for artificial cell membranes, etc.

(1) The 21st Century COE Program: “Frontier Research on Molecular Destruction and Reconstruction of Tooth and Bone.”
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Tokyo Institute of Technology
http://www.titech.ac.jp/home-j.html

Tokyo

To be recognized as one of the world’s leading universities
in science and technology

History

April 1929 - Tokyo Institute of Technology was established by the former system, and changed to the new system
in April, 1949.

Data

There are three schools: Science, Engineering, and Bioscience and Biotechnology. Teaching staff: Prof. 377,
Assoc. Prof. 339, Assist. Prof. 27, Research Assoc. 385, Total 1128. Student Enrollment: Undergraduate 5,007,
Graduate 5,054.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Chemistry and Materials Science,
Department of Metallurgy and Ceramics Science, Department of Organic and Polymeric Materials, and the
Department. of Physical Electronics in the School of Engineering; the Department of Innovative and Engineered
Materials, Department of Electronic Chemistry, and the Department of Materials Sciences Engineering in the
School of Interdisciplinary Graduate School of Science and Technology. Research fields in the Department of
CMS are photodynamics, organic materials, bioorganic chemistry, glass, etc.; those in the Department of MCS are
thin films, electronic and magnetic materials, intermetallic compounds, super lattices, etc.; and those in the
Department of OPM are synthetic chemistry of polymers, polymer processing, etc. Furthermore, the Materials and
Structures Laboratory, Precision and Intelligence Laboratory, and Chemical Resources Laboratory are also conducting research on various materials.

(1) Materials and Structures Laboratory:
March, 1934 - Laboratory for Building Materials was established.
January 1943 - Laboratory of Ceramics was established.
March 1958 - Research Laboratory of Engineering Materials was established by integrating the two laboratories, and
renamed as the Materials and Structures Laboratory (Prof., 12, Assoc. Prof., 10, Assist. Prof., 3, Research Assoc).
Purpose : Fundamental and applied research on ceramics.
(2) Precision and Intelligence Laboratory: A interdisciplinary research organization with staff members in mechanical, control,
electronics, information, and materials engineering (Prof. 14, Assoc. Prof. 14, Research Assoc. 20).
History:
December 1939 - Research Laboratory of Precision Machinery was founded.
January 1944 - Research Laboratory of Electronics was founded.
April 1954 - These laboratories were combined to become the Research Laboratory of Precision Machinery and Electronics.
Divisions: Main research divisions: Advanced Information Processing, Advanced Microdevices, Precision Machine Devices,
Advanced Mechanical Systems, Advanced Materials, and Microsystem Research Center.
(3) Chemical Resources Laboratory: 1939 - Establishment of Chemical Resources Laboratory (Prof. 13, Assoc. Prof. 11,
Assist. Prof. 2, Research Assoc. 26).
Mission: Conduct research to improve human life without contaminating the environment through the sophisticated utilization of the earth’s natural resources.
Data : At present, the laboratory has twelve divisions, one associated division, and one research installation
(4) The 21st Century COE Program: “Creation of Molecular Diversity and Development of Functions.”
(5)
〃
: “Nanomaterials Frontier Cultivation for Industrial Collaboration.”
(6)
〃
: “Photonics Nanodevice Integration Engineering.”
(7)
〃
: “Nanometer-Scale Quantum Physics.”

Tokyo University of Agriculture and
Technology
http://www.tuat.ac.jp/

Tokyo

To contribute to the advancement of science and technology that is in harmony with society and the natural environment through education and research on agricultural science and engineering.

History

May 1949 - Inauguration of Tokyo University of Agriculture and Technology.

Data

Two faculties. Teaching staff: Prof. 177, Assoc. Prof. 144, Assist. Prof. 20, Research Assoc. 72, Total 413.
Student Enrollment: Undergraduate 4,188, Graduate 1,938.

Materials
Science
Research

Materials science research is mainly carried out in the Division of Advanced Materials Science and Technology at
the Institute of Symbiotic Science and Technology (Prof. 19, Assoc. Prof. 1). Research fields are electronic and
electric materials, materials for energy, polymers, fibers, etc.

(1) The 21st Century COE Program: “Future Nano-materials.”
Tokyo University of Science
http://www.sut.ac.jp/
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Tokyo

To contribute to Japan’s development through the pursuit
and dissemination of scientific knowledge.

History

1881 - Tokyo Buturi Koshujo (Tokyo Academy of Physics) was established, and its name changed to Tokyo
College of Science in 1883. The Tokyo University of Science was established in 1949.

Data

Seven faculties and one school; twenty-two special graduate schools, two research institutes. Student Enrollment:
Undergraduate 17,180, Graduate Schools 2,975.

Materials
Science
Research

The Department of Materials Science and Technology in the Faculty of Industrial Science and Technology conducts research on semiconductor materials, metals, ceramics, polymer materials, etc. The Division of Colloid and
Interface Science, the Research Center for Advanced Materials, and the Research Center for Nanoscience and
Nanotechnology in the Research Institute for Science and Technology are also conducting materials research.
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The University of Tokushima
http://www.tokushima-u.ac.jp/

Tokushima

To contribute to enhancing the culture and welfare of
mankind by training human resources and promoting academic studies.

History

1949 - Tokushima University was formed through the incorporation of four organizations, such as the National
Medical School.

Data

Five Faculties: Integrated Arts and Science, Engineering, Medicine, Dentistry, and Pharmaceutical Science.
Teaching staff: Prof. 281, Assoc. Prof. 209, Assist. Prof. 110, Research Assoc.291, total 891. Student Enrollment:
Undergraduate 6,031, Graduate 1,717.

Materials
Science
Research

The Department of Chemical Science and Technology (Prof., 9, Assoc. Prof., 6, Assist. Prof. 5, Research
Assoc.3) in the Faculty of Engineering is conducting studies in scientific fields, such as Synthetic and Polymer
Chemistry, Physicochemical and Materials Science, and Chemical Processing Engineering. The Department of
Optical Science and Technology (Prof., 5, Assoc. Prof., 3, Assist. Prof. 2, Research Assoc. 5) in the faculty concerned is conducting studies on crystal growth of optical materials, optical measuring equipment, optical devices,
optical computing, etc.

Toyohashi University of Technology
http://www.tut.ac.jp/

Toyohashi

To foster engineers and researchers who will be creative
and practical leaders of society in the field of technological science

History

October 1, 1976 - Toyohashi University of Technology (TUT) was found.

Characteri
stics of
TUT

Graduates from high schools (academic and technical high schools) and technical college graduates are accepted
into first and third year classes, respectively. TUT has nine departments, such as Materials Science, Mechanical
Engineering, etc. Teaching staff: Prof. 78, Assoc. Prof. 72, Assist. Prof. 13, Research Assoc.49, Total 212.
Student Enrollment: Undergraduate 1,247, Graduate 961.

Materials
Science
Research

The research on materials science is mainly carried out in the School of Materials Science (Prof. 7, Assoc. Prof. 8,
Assist. Prof. 2, Research Assoc.5). Major research fields are biomolecules involving proteins, fracture mechanics,
nuclei acids, vitamins, chemical analysis, polyimide, catalysis, polymer chemistry, etc. TUT has also Electron
Device Research Center, of which the aim is not only to conduct unique research and development projects, but
also to foster graduate students who fully understand the entire field of semiconductors and IT technologies.

University of Tsukuba
http://www.tsukuba.ac.jp/

Tsukuba

To contribute to the world through the creation of
advanced and original intelligence, and education to nurture talented persons.

History

October 1978 - University of Tsukuba was founded as an entirely new concept in university system design.

Data

The undergraduate education system is organized according to clusters of colleges.

Materials
Science
Research

Materials science research is mainly carried out in the College of Engineering Sciences, and the Graduate School
of Pure and Applied Sciences (teaching staff: 22). Research fields are high-Tc super conductors, dynamics of
electrons and atoms, nano-scale structures, quantum wells, surface science, quantum electronics, mesoscopic system, carbon nanotubes, etc.
The Doctoral Program in Materials Science and Engineering of Graduate School of Pure and Applied Science,
University of Tsukuba is operated jointly by NIMS and University of Tsukuba.

(1) The 21st Century COE Program: “Promotion of Creative Interdisciplinary Materials Science for Novel Functions.”
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Waseda University
http://www.waseda.jp/top/index-j.html

Tokyo

To uphold the independence of learning, to promote the
practical utilization of knowledge, and to create good citizenship

History

1902 - Tokyo Senmon Gakko (College) acquired university status and was renamed Waseda University. 1920 Chartered under the newly enacted University Act.

Data

Eleven undergraduate schools; teaching staff: 1,995 (full time) and 3,492 (part time). Student Enrollment:
Undergraduate 45,712, Graduate 8,094.

Materials
Science
Research

Materials science research is mainly carried out in the Department of Materials Science and Engineering (Prof.
13, Assoc. Prof. 2), and the Department the Department of Applied Chemistry (Prof.14, Assoc. Prof. 1, Assist.
Prof. 3) in the School of Science and Engineering; and the Department of Nano-Science and Nano-Engineering
(Prof. 12, Assoc. Prof. 4) in the Graduate School of Science and Engineering. Research fields are ceramics, semiconductors, polymers, bio-resources, composite materials, etc. in the Department of MSE; inorganic materials,
polymers, catalysis, biochemistry, etc. in the Department of Applied Chemistry; and nano-electronics, nano-materials, nano-devices, characterization of nano-materials, etc in the Department of Nano-Science and Nano technol(1)
ogy. Furthermore, the university runs the Kagami Memorial Laboratory for Materials Science and Technology ,
and the Institute for Nanoscience & Nanotechnology for studies of materials science.

(1) Kagami Memorial Laboratory for Materials Science and Technology: A research center devoted to fundamental and applied
research with frontier science materials.
Data : Teaching staff: Prof. 12, Assoc. Prof. 2, Cooperating Res. 12, Research Assoc. 2. Visiting Res. 3, Visiting Scholars 6,
Visiting Res. 11, Res. Assist. 8.
Materials Research: The research divisions in the laboratory are characterized by a combination of two factors - materials
and approach. The factor of materials is divided into three parts - structural materials, functional materials and electronic
materials; and that of the approach is also divided into three parts - process, evaluation, and theory.
(2) The 21st Century COE Program: “Establishment of Molecular Nano-Engineering by Utilizing Nanostructure Arrays and
their development into Microsystems.

Yamagata University
http://www.yamagata-u.ac.jp/index-j.html

Yamagata

History

1949 - Yamagata University incorporated old institutes in Yamagata prefecture.

Data

Six faculties. Teaching staff: Prof. 283, Assoc. Prof. 227, Assist. Prof. 60, Research Assoc. 200, Total 770.
Student Enrollment: Undergraduate 8,323, Graduate 1,291.

Materials
Science
Research

Materials science research is mainly carried out in the Departments of Chemistry and Chemical Engineering
(Prof. 13, Assoc. Prof. 10, Research Assoc.9), and the Departments of Polymer Science and Engineering (Prof.
12, Assoc. Prof. 9, Assist. Prof. 1, Research Assoc.6) in the Faculty of Engineering. Research objects of the former departments are synthesis of organic materials, materials design, enzymes, inorganic materials, organic EL,
fine powder, porous materials, etc, and those of the latter department are functional and intelligent polymers,
structural concepts of materials, rheology of polymers, polymer processing, etc.

Yokohama National University
http://www.ynu.ac.jp/index_top.html

Yokohama

A spirit of practicality, innovation and cosmopolitanism
with an open and enterprising mind.

History

1949 - Yokohama National University was established under the National School Establishment.

Data

Three faculties, one school and four graduate schools. Teaching staff: Prof. 304, Assoc. Prof. 183, Assist. Prof.
28, Research Assoc. 92, Total 607. Student Enrollment: Undergraduate 7,855, Graduate 1,686.

Materials
Science
Research

Materials science research is mainly carried out in the Divisions of Materials Science and Chemical Engineering
(Prof. 20, Assoc. Prof.1 5, Lecturer 3, Assist. 6) in the Graduate School of Engineering. The divisions concerned
conduct research on semiconductors of borides, excited molecules, optical polymers, catalysis, organic materials,
plasma CVD, corrosion, ceramic processing, etc.

4. Summary
Public research institutes are conducting administrative duties of government offices and perform studies
along with each administration’s needs.
On the other hand, the stance of universities for materials science research varies depending on its established purpose, history and location. However, challenges in new fields of science and technology are recognized in many universities.
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Symbiosis of nature and humanity
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2. Outline of Major Public Research Institutes and Universities for Materials
Research in Asia

Section 4. Republic of Korea
Takayasu Ikegami and Tomoaki Hyodo
Planning and Research Office, NIMS
Masahiro Takemura
International Affairs Office, NIMS
1. Introduction
Per capita GDP in Korea has exceeded 10,000 dollars
since fiscal 2000 (Fig. 1). The International Institute for
Management Development (IMD) in Lausanne,
Switzerland, ranked Korea twelfth in science and eighth
in technology, as shown in Table 1. Thus, Korea can
now be considered to be in the group of developed countries.1)
1)
Table 2 shows investment in R&D by various organizations and their totals. Figure 21) shows not only the
entire research investment in Korea, but also the ratio of
the research budget by the Korean government to the
whole. Although the former doubled between 1999 and
2004, the latter decreased slightly from 23.0% for fiscal
1999 to 21.3% for fiscal 2004. Figure 31) shows the
ratio of the budget for basic science to the whole R&D
budget of the Korea government. This ratio was less
than 20%, and varied little between 1999 and 2004.
Figures 4 and 5 show increases in the numbers of
domestic and international patents, the number of published papers, and their citations – tendencies which are
highly consistent with the increased research investment.1)
Korea is implementing VISION 2025 to catch up to
the level of major countries in science and technology.
As the first step, the Korean government reinforced the
competitiveness of Korean industry as a developed
country through concentrated investment of resources,

improvements of the infrastructure and revision of related laws by 2005. As the second step, Korea will
become an R&D power among the developed countries
in the Asia/Pacific region by 2015. As the final step,

Fig. 1 Per capita GDP Trends.

Table 1 Korean Competitiveness Rankings (IMD). 1)
Year

Competitiveness Scientific comof the nation
petitiveness

2000
2001
2002
2003
2004
2005
2006

29
29
29
37
35
29
38

Technical competitiveness

20
14
12
16
19
15
12

21
21
17
27
8
2
8

Table 2 Breakdown of R&D expenditure by the Korean government and various organizations in Korea. 1)
(million won)

1999
2000
2001
2002
2003

Total
expense for Government
R&D
11,921,752 2,739,209
13,848,501 3,121,044
16,110,522 3,452,278
17,325,082 3,845,632
19,068,682 4,087,341

2004

22,185,343

Year

84

4,727,852

National
research
institutes
229,488
194,409
568,439
551,512
461,592
405,423

Nonprofit
Public
Private
research
universities universities
institutes
146,948
83,058
375,667
46,128
90,199
365,070
62,828
103,856
174,133
68,331
82,883
191,599
70,467
43,845
212,981
86,707

56,610

169,460

National
foundations
452,877
506,235
447,767
346,543
80,267

Private
companies

Foreign
investment

7,887,163
9,517,170
11,225,499
12,162,305
14,033,332

7,342
8,245
75,722
76,277
78,858

229,154

16,401,715

108,424
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Fig. 2 Trends 1) for whole R&D investment (WRDI), and the ratio
of the R&D investment of the government to the total (RRDGT).

Fig. 4 Trends in number of patent applications. 1)

Fig. 3 Trend for the ratio of the basic research budget against the
whole R&D budget of the government 1) (BRWRDB).

Fig. 5 Numbers of papers and average citations per paper.

Korea will ensure it scientifically and industrially has
comparable competitive to the G7 countries in selected
fields by 2025.
The Korean Ministry of Science and Technology
(MOST) has two fund distribution organizations under
its auspices – the Korean Science and Engineering
Foundation (KOSEF) 2) and the Korea Institute of
Science & Technology Evaluation and Planning
3)
(KISTEP). KOSEF distributes research funds for both
basic and applied studies to universities, industries and
public research institutes. National research institute
researchers are dispatched to them as program directors
for two years to priority offices, such as nanotechnology
and biotechnology, under KOSEF.
KISTEP develops national R&D programs across
ministries and national agencies, and plays a role in
dividing up R&D budgets between them. Korean
national research institutes are directly controlled by
The Korean Research Council under the prime minister,
and thus are free from the interests of individual ministries and national agencies.

2. Outline of Nanotechnology Policy in the Republic
of Korea
In 2001, the government of the ROK formulated a
10-year program—called the Korea Nanotechnology
Initiative—to promote nanotechnology R&D at the
Materials Science Outlook 2006

1)

Fig. 6 Trends of public funds on Nanotechnology in Korea.

national level. It also formulated its Nanotechnology
Research and Development Promotion Act4) in 2002.
Public investment in nanotechnology in the ROK largely targets three main areas: R&D, human resources cultivation, and infrastructure and facilities. Figure 6 presents funding trends for each. Moreover, Table 3 gives a
list of major national projects, organizations that provide comprehensive support for R&D, and main
research bases. The 10-year program was later revised,
with the latest version launched as a program for 2006
to 2015. This program aims to ensure that the ROK’s
international technical competitiveness is positioned
among the world’s top three countries by 2015. Table 4
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Table 3 Representative Research Projects, Supporting Organizations and Research Institutes for Nanotechnology in Korea.
Nanotechnology Research Centers
Center for Tera-level Nanodevices
http://www.nanotech.re.kr
Center for Nanostructured Materials
http://cnmt.kist.re.kr
Center for Nanoscale Mechatronics &
Manufacturing
http://www/nanomecca.re.kr

Nanotechnology-related
organizations

Nanotechnology-related institutes

Korea Institute of Science and
Technology Information (KISTI)
http://www.nanonet.info

Korea Basic Science Institute (KBSI):
Nano analysis/measurement
http://www.kbsi.re.kr

Korea Nano Technology Research
Society (KoNTRS)
http://www.kontrs.or.kr

Advanced Photonics Research Institute
(APRI): Femto TW-class output laser
utilization science
http://apri.gist.ac.kr

Nano Technology Research
Association (NTRA)
http://www.nannokorea.net

Pohonag Accelerator Laboratory: Beamutilizing basic/applied science
http://pls.postech.ac.kr
Microsystem Research Center, KIST:
MEMS, Compound semiconductor nano
devices
http://www.micro-nano.re.kr
Semiconductor Laboratory, ETRI: Si,
Compound semiconductor device
process
http://www.etri.re.kr
Vacuum Center, KRISS:
Assessment/measurement of vacuum
equipment (6"Si process)
http://www.vacuum.or.kr
Korea Photonics Technology Institute
(KPTI): Compound semiconductors,
photoelectronics devices
http://www.kopti.tr.kr
Nano Practical Application Center
(NPAC): Nano devices, parts, textiles
http://www.npac.or.kr

Table 4 Examples of Accomplishments Korean Nanotechnology program.

provides a list of results obtained through the program
over the course of five years.
Characteristic of nanotechnology policy in the ROK
are moves to promote new construction of shared infrastructure. Table 5 presents a list of such moves. The
MOST-supported National Nano-Fabrication Center
(NNFC) and Korea Advanced Nanofabrication Center
(KANC) are already operating, and three facilities supported by the Ministry of Commerce, Industry, and
Energy are expected to begin operations in the near
future.
Starting operations in March 2005, NNFC is the first
shared facility to be built in the ROK. Its R&D focuses
on a wide range of areas, from semiconductor devices to
NEMS and biotechnology. It has a total expenditure is
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US$250 million. Figure 7 provides a breakdown of revenue and expenses. NNFC’s clean room (5,067 m2) is
divided into a Patterning Lab, Device Lab, Pi Lab, and
measurement and analysis facility. Moreover, NNFC
has satellite labs for more than 10 universities and public agencies.
The main focus of R&D at KANC is on nanodevices
and compound semiconductors. It has a total expenditure of 165.2 billion won. Figure 8 provides a breakdown of revenue and expenses. The clean room (3,500
m2) is divided into three rooms: a nanodevice processes
room (1,980 m2), a facilities development room (330
m2), and a testing and analysis room (990 m2). The nanodevice processing room, which accounts for 70% of
KANC’s services, has a lyso-pattern line (330 m2), a
Materials Science Outlook 2006

Table 5 New construction of shaved infrastructure in Korea.
Organization

NT Fields

Clean room/Facility

Start of
Service

Location

Support
Ministry

National NanoFab Center
(NNFC)
http://www.nnfc.com

Silicon-based

2,370m /8 inch CMOS
package line

Mar. 2005

Daejeon

MOST

Korea Advanced Nano
FabCenter (KANC)
http://kanc.re.kr

Compound electronics
/photonic devices

3,368m2/4-6 inch
electronic device line

May 2006

Suwon

MOST

National Center for
Nanomaterials
Technology (NCNT)
http://nano.or.kr

Semiconductor
/display nanomaterials

2,370m2/8 inch-base
equipment

July 2006
(planned)

Pohang

MOCIE

National Nanotechnology
Integration Center
(NNIC)
http://www.nnic.re.kr

Nano process &
equipment

2,346m /establish module
process-oriented
equipment

Dec. 2007
(planned)

Jeonju

MOCIE

Gwangju
Nanotechnology
Integration Center
(GNIC)
http://gnic.kitech.re.kr

Nano process &
equipment

1,195m2/establish module
process-oriented
equipment

Nov. 2006
(planned)

Gwanju

MOCIE

2

2

(a)

(a)

(b)

(b)

Fig. 7 Income and expenditure of National Nano Fab Center
(NNFC).

Fig. 8 Income and expenditure of Korea Advanced Nano fab
Center (KANC).
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nano R&D support line (1,155 m 2), and nanodevice
2
industrialization support line (465 m ). Over the long
term, KANC will be orientated toward non-silicon
R&D, and its nano R&D support line will handle nanotubes, molecular devices, and spintronics.

3. Typical Korean Research Institutes and Universities Active in Materials Science.
In order to conduct a detailed investigation into study
conditions in Korea with regard to materials science, a
database on academic papers (Web of Science of
Thomson Scientific company) was mainly used to
search for organizations actively conducting research in
materials science. Eleven public research institutes and
eleven universities were selected through this search.
We summarize the establishment dates, locations,
URLs, purposes, histories after establishment of the
field of materials research, budgets of the research institutes (and if declared, the budget of materials research
divisions), and the total number of researchers (and if
declared, the number of researchers in the materials
research divisions).
The names of the ministries and national agencies,
which have jurisdiction over public research institutes
and universities, are expressed in abbreviated form.
Their full English names are as follows:
MOE: Ministry of Education
MOST: Ministry of Science and Technology
MOCIE: Ministry of Commerce, Industry & Energy
MND: Ministry of National Defense
MIC: Ministry of Information & Communication
MOHW: Ministry of Health & Welfare
Figure 9 shows the locations of the headquarters of
the investigated institutes and universities. Most of the
investigated institutes are in Daejeon, but 10 universities
and the Korea Advanced Institute of Science and
Technology are distributed around Seoul, the suburbs of
Seoul, Daegu, Pohang, and Pusan.
3.1 Korean Public Research Institutes
The Research Institute of Industry Science &
Technology was established to strengthen the technical
comprehensiveness of both POSCO and South Korea.
The other research institutes investigated are national
institutes, which were established for the administrative
purposes of the ministries and national agencies office
having jurisdiction over them. The national research
institutes conduct studies for the administrative needs of
the office concerned. Since materials science is an
important research field that the Korean government
strives to support, many public research institutes are
devoted to the development of materials science from
different perspectives. Table 6 shows a summary of
those research institutes.

Fig. 9 Locations of public research institutes and universities
active in materials science in Korea.

100 ranking. Table 7 presents an outline of those universities mainly concerned with materials science.
Many universities have been pursuing research into
next-generation materials such as nano-materials, superconductors, thin films and macromolecules. Active
studies in materials science are undertaken in these universities to ensure both scientific and industrial competitiveness comparable to the G7 countries.

4. Summary
Korea places great emphasis on materials research to
improve its international industrial competitiveness, and
many public research organizations are actively studying high-performance materials. One must note that
KIST is similar to NIMS in research fields. However,
since KIST has future-technology research divisions
such as a life science division, its research scope is considerably wider than that of NIMS. RIST, the Korea’s
largest private comprehensive research organization,
was wholly subsidized by POSCO, and has six research
divisions covering new materials & components, facilities & automation, environment & energy, steel structures, reliability assessments, and welding.
Most of the universities emphasize studies on hightech materials such as nano-materials, superconductors,
and magnetic materials, etc. Korean universities make
much of their world ranking, and it is not uncommon for
universities to publicize themselves if their world ranking is high.

3.2 Universities
Many Korean universities are partaking in Vision
2010, through which they strive to enter the world’s top
88
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Table 6 Public research institutes actively furthering research into materials science and technology.
Gwangju Institute of Science and
Technology (GIST)

Korea Atomic Energy Research
Institute (KAERI)

Korea Basic Science Institute (KBSI)

Established

May 1993 - Registration of GIST March 1959 - Established as an affiliate Aug. 1988 - KBSC established as an
Foundation.
of the Office of Atomic Energy.
affiliate of Korea Science &
Sept. 1995 - Open
Engineering Foundation

Location

Gwangju

Daejon

Daejon

Institute URL

http://www.gist.ac.kr

http://www.kaeri.re.kr

http://www.kbsi.re.kr

Mission

GIST has been established with the To promote the peaceful application of Supporting basic research activities by
objective of commercializing basic nuclear energy.
offering research equipment, and contechnologies developed by the universiducting joint research.
ties in Korea.

History regarding GIST was established as a research
materials science institute to facilitate recognition of
since establishment Korea as an advanced country in terms
of research and technology, supplying
not only systematic education for M.S.
and Ph.D. degree students, but also
developing advanced science and technologies. This institute changed its
name from K-JIST to GIST in 2004.

March 1967 - Newly established within
MOST.
February 1973 - Atomic Energy
Research Institute, and Radical
Research Institute merge into the present KAERI.
December 1996 - Activities related to
nuclear energy engineering, nuclear fuel
design and radioactive waste management were transferred to private companies.

1995 - KBSC renamed as KBSI.
1996 - National Fusion R&D Center is
established.
2001 - KBSI renamed as Korea Basic
Science Institute.
2005 - National Fusion Research
Center, National Institute for
Mathematical Science established as
affiliated organizations.

Research fields in
materials science

Electronic materials, photonic materials,
polymers, optical fibers, optics, laser for
environmental evaluations, femto science engineering, and applied optical
engineering.

Laser optics, cybernetics, robotics, new
materials, radiochemistry, nuclear
fusion, nanomaterials, fabrication of
fine powders, crystal growth of superconductors, NDI, supersonic wave sensor, super refractory, corrosion at high
temperature, waste disposal treatment,
etc.

Developing a variety of advanced apparatus for analyses, and analysis methods
in nanoenviromental research fields.
For example, those of TEM, multipurpose mass spectrometers, superconducting magnets and wires for KSTAR,
plasma diagnosis, and cryogenic temperature technology.

Administration features – Institute
Management Policy

An elite education system consisting of
small groups. There are many fulltime
international professors and visiting
scholars. All classes are provided in
English for a global education.
Admitted students have the privilege of
a full tuition and fees waiver, dormitory
rooms, research funds, meal support etc.

Development of fundamental engineering for science and technology which
are essential to the development of
Korea, proof of SMART, nurturing of
nuclear energy export industries, and
thus formation of the world’s third
major atomic energy platform.

Research support and joint research for
promotion of national basic science.
Promotion for construction of KSTAR.
Support of advanced analyses and
analysis technology. Establishment of
support centers for high-tech devices
and parts materials, and for nanofusion
technologies.

Administration features – Researcher
Evaluations

An additional system of salaries for According to an evaluation system.
research achievements, such as submission of excellent papers. A personnel
system based on ability and achievement.

1993 - Introduction of an evaluation
system, application of evaluation indicator, an annual salary system.

Authorities concerned

MOST (in charge), MOE, MOCIE

OPM, MPB, MOST

Budget for the institute

2004 - Details are unclear. Partial refer- 2005 - 222.4 billion won (US$ 228.712 80.026 (billion won) (US$ 82.297 milence value: Trust research fund 40.4 bil- million).
lion)
lion won (US$ 41.547 million).

Number of
researchers

Fulltime professors 75 (May 2005). In
Materials Science and Engineering divisions: not clear. Environmental Science
and Engineering about 25, Information
and Communication 18, Advanced
Photonics Research Institute: 2 professors, (Researchers about 30).

Cooperation with
domestic and foreign
institutions and companies

Cooperation with companies: A trust Cooperation with companies: Numerous The KBSI support centers throughout
system of research for private compa- companies such as SME.
the whole country join with universities,
nies. There are 16 research rooms for
companies, etc. to aid their research.
this purpose.

MOST

There is no documentation available
about the total number. 65 staff members in the nuclear division (according
to homepage in 2005).

Participation in proj- Domestic: 21C frontier research and develop- Collaborative network with foreign
ects/networks
ment business (Resource Recycling research institutes for nuclear fusion
Technology Development), etc. Research (ITER, I-NERI projects, etc.)
themes of MOST and MOCIE (examples:
earthquake study network, etc.), and cooperation with medium and small-sized companies.
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There is no documentation available
about the total number. (Materials science and technology). Most divisions
are conducting R&D in materials science.

Base construction and practical use of
ITER of KSTAR, PILOT and PLANT
(U.S.A., Japan, etc). Collaboration
research with NIMS, Tsukuba Univ.,
Kyoto Univ., IEA (plasma relations),
Applied Biosystems, Inc., and Florida
Univ. Remote joint experiment with
UHY-TEM etc.
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Korea Institute of Geoscience and
Mineral Resources (KIGAM)

90

Korea Institute of Industrial Technology
(KITECH)

Korea Institute of Machinery and
Materials (KIMM)

Established

1918 - Office of Geological Survey

1989 - Founded

Dec. 1976 - Established

Location

Daejon

Chunan

Daejon

Institute URL

http://www.kigam.re.kr

http://www.kitech.re.kr

http://www.kimm.re.kr

Mission

To conduct scientific and systematic
research into exploration of resources
necessary for both the existence of
mankind and the development of civilization.

Development of commercialization
technology, SME support and development of the nation’s strategic industrial
technology.

Not only research & development/test &
evaluation, but also providing technical
support in the fields of machinery and
materials and promoting the advancement of the nation’s science and technology.

History regarding
materials science
since establishment

April 1946 - Central Geological and
Mining Research Institute established,
after which changed its name and
organization several times.
Jan. 2001 - Korea Institute of
Geoscience and Mineral Resources.
Oct. 2004 - The authorities concerned
changed from the Office of the Prime
Minister to MOST.

1991 - Korea Electronics Technology
Institute opened.
1993 - Division for Domestic
Development of High-Speed Railway
launched.
2000 - Textile Environment Analysis
Lab acquired DIN EN45001.
2003 - Advanced Component &
Materials Research Center opened.

Dec. 1976 - Established as The Korea
Test Institute of Machinery and Metals.
Jan. 1981 - KIMM and Korea Research
Institute of Ships merged into one
research institute.
2002 - The authorities concerned
changed to Office of Prime Minister.
Research on Materials Science is conducted in Changwon.

Research fields in
materials science

Functional metals, inter metallic alloys,
nanomaterials, powders, magnetic nano
particles, ion beam application technology, utilization of mineral resources,
recycling, etc.

Nanomaterials, environmental chemistry, eco-materials, various functional
materials, composites, lightweight materials, plasma treatment, precious casting, engineering technology, etc.

Energy materials, ECO-materials,
advanced functional materials,
advanced structural materials, surface
technology, next-generation processing,
compaction technology, evaluation
technology etc.

Administration features – Institute
Management Policy

VISION 2010. This Institute not only
studies terrestrial-marine geology and
geosciences for efficient use of natural
resources, but also the development and
preservation of groundwater resources.

Conducting research under a mediumand long-period plan, “KITECH will
become a leading general research
organization of world-class manufacturing technology in the 21st century.”

The Nation’s R&D project programs are
comprehensively administered. The
domestic network of companies and
universities has been extended to other
countries. Conducts NRL and 21C
Frontier Project. (Materials Korea).
Vision was developed.

Administration features – Researcher
Evaluations

An additional system of salaries for
research achievements, such as submission of excellent papers. A personnel
system based on ability and achievement.

There is no documentation for this item,
but a management index of a government support organization points to
study productivity.

Fiscal 1993 - Introduced an evaluation
system for results. Application of the
evaluation index, and annual salary system.

Authorities concerned

MOST

MOCIE

Office of Prime Minister, MOST.

Budget for the institute

(Total) 74,806.
Expenditure – Personnel costs 28,894 /
Research costs 31,802 / Management
costs 3,539, etc. (million won)

(Total) 127,594 million won (US$
131,216,000)
Expenditure – Research costs 67.6% /
Personnel costs 15.4%, etc.

(Total) Fiscal 2005 102,505 (million
won).
Expenditure – Research and business
expenses 51,487 / Personnel costs
30,497 / Facility costs 11,810 (million
won)

Number of
researchers

(Total) Fiscal 2004 - 381 (Materials (Total) Fiscal 2004 - 206 (PhD). The (Total) Fiscal 2005 - 307. (Materials
field). Not clear, but the number of total number of research staff is 756. Research Institute)
engineers and researchers in Metals, For Materials Science research, no doc- Fiscal 2005- 111
Chemistry, Physics, Atomic Energy is umentation was found.
about 50.

Cooperation with
Cooperation with companies: There is a
domestic and foreign trust system of research for private cominstitutions
panies, with 16 laboratories open.
Cooperation with foreign organizations
such as UNDP, UNESCO, IAEA,
CCOP, SOPAC, etc.

Cooperation with companies: Many
companies such as small and mediumsized enterprises. Cooperation with foreign organizations: 7 Cooperation centers. About 100 organizations in USA,
China, Indonesia, Europe, etc.

Cooperation with companies: Many
companies in materials testing and other
fields: LG Electrons (Nano).
Cooperation with foreign organizations:
(Nano) UC Berkeley, Northwestern
Univ., MIT, Stanford Univ.

Participation in proj- Domestic: 21C Frontier R&D Program
ects/networks
(Development of technology for recycling of resources) and so on. Research
Programs under MOST and MOCIE
(for example, construction of network
for earthquakes, etc). Supporting for
small and medium-sized enterprises.

CP-Net about information on clean There is no documentation available.
manufacturing. UNIDO/UNTEP.
Signed an MOU with RIKEN of Japan
for mutual cooperation, and there are
many research projects.
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Korea Institute of Science and
Technology (KIST)

Korea Research Institute of Bioscience
& Biotechnology (KRIBB)

Korea Research Institute of Chemical
Technology (KRICT)

Established

Feb. 1966 - Founded.

Feb. 1985 - Establishment of the Sep. 1976 - Established
Genetic Engineering Center (GEC).

Location

Seoul

Daejon

Daejon

Institute URL

http://www.kist.re.kr

http://www.kribb.re.kr

http://www.krict.re.kr

Mission

A great place to do research.

To play a role as a Center of Excellence To contribute to the advancement of
for national biotechnology R&D.
chemical technologies through its
research, developed activities, academic
programs and technical services.

History regarding
materials science
since establishment

During more than 30 years, ceramics
and metals, etc. have been studied.
Now, the institute is focusing on the
study of nanomaterials. After changing
its name, KIST was re-established in
1989.
Jan. 1999 - Member of the Korea
Research Council of Fundamental
Science and Technology under the
Office of the Prime Minister.

Mar. 1995 - GEC changed its name to
KRIBB.
May. 1999 - KRIBB became an independent organization under the Korea
Research Council of Fundamental
Science and Technology. The only government research institute dedicated to
biotechnology research across a broad
span of expertise.

Since its establishment, KRICT has
contributed to the syntheses of new
medicines, agricultural chemicals and
polysilicon, etc. as a unique national
research institute for chemicals.
Fiscal 2002 - Established a research
institute to evaluate safety.
Fiscal 2004 - Authorities concerned
changed from the Office of the Prime
Minister to MOST.

Research fields in
materials science

Microsystems (MEMS), nano devices,
thin film materials, opto-electronic
materials, metal processing, nanomaterials technology, and artificial biomaterials.

Biosensors, biochips, nano/micro
biosystems, functional food materials,
plant disease resistance, fundamental
research into life-sciences, etc.

Materials modulating cell functions,
nano chemicals controlling cells/molecules, controlling technology of nano
structure/functions, next-generation
TFT/LCDs, environmental chemistry,
next-generation eco-materials, purification systems, safety evaluation for
chemicals, HTS screening, chemical
analysis.

Administration features – Institute
Management Policy

Research in various fields of science
and technology is essential for continuous, impressive, economic development. One of the targets: to be a Global
Top 10 scientific research institute
(VISION 21).

Aim to be a world-class biotechnology
research institute through focused
research targets, such as genomes, proteome, etc. under 21C Vision.

Vision 21: To become a world-class
research institute in chemical research
by fiscal 2010. Priority areas are NCT,
ET, NT, BT.

Administration features – Researcher
Evaluations

A personnel system based on achieve- No documentation available for this No documentation available for this
ment, an annual salary system.
term.
term. The number of papers and patents
issued are used to evaluate personnel.

Authorities concerned

MOST, OPM, MOCIE, MOHW, MOE

MOST

MOST, MOCIE

Budget of the institute

(Total) Fiscal 2005 - 161,005.
Expenditure – Research costs 137,000 /
Management costs 6,705 / Facilities
costs 10,695 (million won)

(Total) 76,198 (million won) (US$ 78.4
million).
Expenditure – Research costs 8,482
(million won) (US$ 70.4 million)

(Total) Fiscal 2005 - 81,449.
Expenditure – Personnel expenses
23,840 / Management costs 4,51 /
Research costs 4,859 / Facilities costs
6,182 (million won).

Number of
researchers

No documentation available.

(Total) Fiscal 2003 - Reference num- Total number of researchers: Unclear.
bers 180. Research on biomaterials 41 Partial reference values; chemical and
(Fiscal 2002).
materials division 36, safety assessment
center 22.

Cooperation with
domestic and foreign
institutions and companies

Cooperation with companies: According
to a contract system on testing and
research. There is a discount system for
supporting members. Cooperation with
foreign organizations: Very positive,
and cooperation with 51 organizations
from 21 nations.

Cooperation with companies: Contracts
with 10 companies.
Cooperation with foreign organizations:
68 organizations (fiscal 2003) from
China, UK, Malaysia, Russia, Canada,
Japan, U.S.A. Establishment of partner
organizations with China and UK.

Cooperation with companies: Contracted
research provided for companies.
Cooperation with foreign organizations:
There is an administration division for
international cooperation in science and
technology.

Participation in proj- Domestic: 21C Frontier R&D Program.
ects/networks
The Creative Research Promotion
Project (MOST), and others such as
projects under MOCIE, MOIT, MOHW,
MOE.

Domestic: Participation in 21C Frontier
R&D Program. Appointed as National
Research Lab. (NRL). Many networks
for contracted research business such as
networks on Biotechnology Information
Network of (BINASIA); participation in
UN-ESCAP.

MOCIE: Various programs
(Development Program of the NextGeneration Technology, Mid-term Core
Program, Infrastructure Development
Program for Industrial Technology,
Development Program for Fundamental
Core Technology. MOST: 21C Vision
Program.
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Korea Research Institute of Standards
and Science (KRISS)

Research Institute of Industrial Science
& Technology (RIST)

Established

Dec. 1975 - Establishment of Korea 1987 - Establishment of RIST wholly
Standards Research Institute (KSRI)
subsidized by POSCO.

Location

Daejeon

Pohan

Institute URL

http://www.kriss.re.kr

http://www.rist.re.kr

Mission

Establishment of national measurement To contribute to the strengthening of
standards, R&D on measurement sci- technical competitiveness of both
ence, dissemination of national meas- POSCO and South Korea.
urement standards.

History regarding
materials science
since establishment

Dec. 1975 - Established as the central
authority of the national standards system of Korea.
Oct. 1991 - KSRI was renamed to its
present name (KRISS).
Sept. 1999 - KRISS was officially designated as the National Metrology
Institute of Korea.

1990 - Launched research on Strip
Casting and FINEX, the next generation
in steel technology.
1996 - Changed name to RIST.
1998 - Selected as an agency for the
official measurement and analysis of
dioxin. Designated an excellent laboratory by various ministries, such as
MCIE.
2003 - Reorganized its research functions after readjusting the RIST-POSCO
research relationship.

Research fields in
materials science

Development of standards based on
quantum phenomena, high-temperature
superconductor technology, ultra-high
speed optical properties, etc.
Certification, dissemination of standard
materials (CRM) for DXN, thin film,
semiconductors, etc., and R&D on
measuring science.

New application fields of steels, nonferrous materials and alloys, advanced
functional materials, recycling of industrial waste, recovery of waste heat,
welding engineering, evaluation technologies, etc.

Administration features – Institute
Management Policy

Dissemination of standard technologies
for measurement as the National
Metrology Institute. To develop standard technologies for new technology
fields such as BT, NT IT. Aim to be in
the top 5 of all NMIs in the world during the 21st century.

Focused on creating new demand for
steel, putting the new materials and
components to practical use, automating
industrial facilities, and environmental
energy.

Administration features – Researcher
Evaluations

A personnel system for evaluation of There is no documentation available for
researchers. To improve the evaluation this issue.
system, merits of group achievements,
settlement and evaluation of division’s
targets are taken into consideration.

Authorities concerned

OPM, MOST, MOCIE, MIC

MOST, MOCIE, ME, SMBA

Budget of the institute

(Total) Fiscal 2005 83,716. Expenditure
– Personnel expenditure 27,503 / Direct
and research costs, etc. 42,433 /
Facilities costs 6,876, etc. (million won).

(Total) 100,800 (million won) (US$
103,660).
Revenue breakdown (total): No new
data available.
(Research funds) POSCO 42% / NonPOSCO 37%.

Number of
researchers

(Total) Fiscal 2005 - 210. (Materials (Total) Fiscal 2003 - 161. According to
Science) No available data.
an available pamphlet, 166.

Cooperation with
domestic and foreign
institutions and companies

Cooperation with companies: There is a
contract research system. Many automotive, shipping, electronics, and semiconductor companies, etc. Cooperation with
foreign organizations: Participation in
various committees of General
Conference on Weights and Measures
(CGPM). Participation in Asia-Pacific
Metrology Program (APMP), OIML,
ISO, IEC, IMEKO.

Cooperation with companies: Many
companies and universities including
POSCO.
Cooperation with foreign organizations:
Steelmakers and universities in Japan
(NIMS), China, Russia, Europe,
Canada, USA, and Australia, etc.

Participation in proj- Accept engenderers from developing Network construction among RIST,
ects/networks
countries via a fund supported by Korea NRL, POSCO, and POSTECH.
standards system and KOICA (Korea
International Cooperation Agency).
KSRI plays the roles of ultra-high speed
optics research center and CRM materials frontier research center in the
Frontier Creation Research Program.
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Table 7 Outlines of Universities actively furthering Materials Science and Technology.
Hanyang University

Chungnam National University

Inha University

Established

May 1952 - Chungnam Provincial 1939 - Founded
University established.
March 1962 - Chungnam National
University.

1954 - The Inha Institute of Technology
established.
1972 - Elevation to University Status.

Location

Daejeon

Seoul

Incheon

URL

http://plus.cnu.ac.kr

http://www.hanyang.ac.kr

http://www.inha.ac.kr

Philosophy

Creativeness, development, and service. To foster individuals contributing to the “Building of Character”, “Pursuit of
community, society, nation and all Truth”, “Social Work”, and “Originality,
mankind.
Enterprise Spirit, and Service”.

History regarding
materials science
since establishment

May 1952 - College of Engineering
established.
Aug. 1996 - Designated as Super
University in the Education Revolution
Assessment.
Aug. 1999 - Selected as Host School for
Brain Korea 21.
Oct. 2003 - Designated as Super
University in National Universities
Development Project.
March 2004 - School of Bioscience &
Biotechnology established.

1955 - College of Engineering established.
1980 - College of Chemistry Engineering
established.
1994 - Mid- and Long-term Development
Plans initiated for environmental change
of high education. Aiming to be recognized as one of the top 100 universities in
the world by the year 2030.

In 1960’s, Science & Technology
Research Institute, Dept. of Ceramic
Eng, Dept. of Metallurgical Eng., Dept.
of Textile Eng. and Dept. of Polymer
Eng. were established.
In 1990’s, Institute of Advanced
Materials, Research Institute of
Semiconductor Thin Film Technology,
and Plasma Infra-structure Center were
established.

Research fields in
materials science

College of Engineering has six Depts.,
including Materials Eng. and Applied
Materials Eng. Rapid Solidified
Material Research Center and Research
Institute of Biotechnology, etc. also
conduct research under Materials
Science and Technology.

Electronic materials, photonic materials
(semiconductors, dielectric materials,
LEDs, etc.), polymers, optical fibers, optical measurement, environmental measurement, lasers, XX Science/Engineering,
applied optics, etc.

Basic science on materials, engineering
plastics, composite materials, super
high-strength polymers, nanomaterials,
semiconductor devices, thin films, solid
state physics, opto-electronics, information displays, SOC, etc.

Administration features – University
Management Policy

The streamlining of management, proper allocation of resources, educational
reform, and development of frontier
section are aimed for under “VISION
2010.”

An elite education system in small
groups. There are many international
fulltime professors, and all classes are
taught in English for a global education.
Admitted students are exempt from
tuition fees, and so on.

“Inha Vision 2010” declares that Inha
Univ. will become one of the top 10 in
the general ranking of universities by
2005, and the top 7 by 2010. Numerical
targets such as the number of professors, research funds per researcher, and
number of papers, etc. are declared.

Administration features – Researcher
Evaluations

There is no documentation on evaluation of researchers, but only on teaching
staff. One of the achievement targets is
publication in SCI-grade journals.

Famous foreign professors evaluate
papers. The number of SCI papers, the
amount of trust research funds, etc. are
counted.

According to an achievement assessment. The aforesaid vision points to a
support system as an item for achievement assessment.

Authorities concerned MOE, MOCIE, MOST

MOST, MOE, MOCIE

MOE, MOST

Budget of the university

(Total) Fiscal 2003 - 361,380.
(Total): Tuition fees 129,773 / Funding
Partial referenced data: Fiscal 2004 - 52,191 (million won). (Materials
funded research 40,400 (million won). Science): No published data.
Expenditure – Personnel expense 34.2%
/ Management costs 11.1% / Research
costs 31.7%, etc.

No published data available.

Number of Teaching (Total) Fiscal 2005 - Profs 536 / Assoc.
staff
Profs 131.
According to the English homepage, 87
in College of Natural Science, 105 in
College of Engineering, thus totaling
192. There are 20 teaching staff in
Departments of Materials Engineering
and Metallurgy Engineering.

(Total) Fiscal 2005 - Tenured Profs 75 (as
of March). (Materials Science) Fiscal
2005 (reference values), Departments of
Materials Engineering and Environmental
Science Engineering; about 25,
Department of Info-telecommunications
13, the Research Institute of the Advanced
Photonic Institute 2 (total about 30)

Fiscal 2004 - Full-time researchers 662
(Fiscal 2003 - 644).
College of Engineering 195, College of
Natural Science 66. Basic Science
Research Institute 80 .
(Researchers) Research Center of NanoHigh Technology 52, Research Institute of
Semiconductor Thin Film Technology 8.

Cooperation with
domestic and foreign
institutions and companies

Cooperation with companies: Cooperates
with many local companies through not
only foundations established by CNU,
but also foundations and organizations
for technology transfer such as BioMedTIC.

Cooperation with companies: Specific
details are not announced.
2004 - HU provided technical guidance
for 39 companies.
Cooperation with foreign organizations:
Cooperated with the United Nations
Univ., Manchester Univ. Rocky
Mountain Instrument Co. etc.

Cooperation with companies: LG, 3M,
Korea Explosives Co., Kumuho,
Samson, etc. Cooperation with foreign
organizations: Cooperated with 50 universities & research institutes in 15
countries, such as Airbus, (France),
USC (USA), Beijing University of
Technology (China).

Participation in proj- A CNU research center participates in
ects/networks
Software Development Institute of
Korea. Korea Excellence Center, ERC,
designated by KOSEF (Program of
Excellent Research Centers), and others.

All professors participate in the BK 21
program. Network with KAIST.
Network “Institute of Science and
Technology for Sustainability” administered by the United Nations Univ.

Many professors participate in BK 21.
Participation in research programs of
Agency for Defense Development, Korea
Atomic Energy Research Institute, and
many other private research institutes.
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Korea Advanced Institute of Science and
Technology (KAIST)

Korea University

Kyungpook National University

Established

1971 - Foundation of KAIS

1946 - Establishment as University 1946 - Establishment as University
(Humanities and Liberal Arts courses)
(Education, Medicine, Agriculture)

Location

Daejeon

Seoul

Daegu

URL

http://www.kaist.ac.kr

http://www.korea.ac.kr

http://www.knu.ac.kr/

Philosophy

A major hub for high technology indus- Saving the nation through education, Pursuing the sprit of truth, pride, and
tries in Korea and the world
vigor and passion.
service through academic study.

History regarding
materials science
since establishment

1981 - Foundation of the Korea
Advanced Institute of Science and
Technology (KAIST), and merger with
the Korea Institute of Science and
Technology (KIST).
1989 - Separation from KIST.
1996 - Foundation of the Korea Institute
of Advanced Study.
2004 - Foundation of the National
NanoFabrication Center (NNFC).

1961 - Establishment of College of
Science and Engineering.
1977 - The college concerned was separated into two Colleges – Science and
Engineering.
1987 - Establishment of College of
Natural Science.
1990 - A joint course was established in
the Graduate schools of KIST and the
Univ.
1991 - Establishment of Strategic
Research Center for Mineral Sources
1996 - Construction of Korea Techno
Complex (the first such complex in
Korea).

1964 - Establishment of the Research
Institute of Industrial Technology
1970 - College of Engineering
1976 - The Central Institute of Electron
Microscopic Research (Medical
Science)
1981 - College of Natural Sciences
1996 - Research Institute of
Environmental & Open Space,
Advanced Materials Research Institute,
etc.

Research fields in
materials science

Nanoscopic electronics, devices, X-ray
sources, lasers, plasma engineering, life
science and engineering, diamond thin
films, ceramics, etc.

Physics: particle detectors, lasers, multidimensional spectra, carbon nano-tubes,
etc.
Chemistry: molecules sensitive to photoelectrons, environment, nano science,
electronic materials, IT, BT, NT, ET.

Research fields: Accelerator measurement, MR spectra, sensors, polymers,
materials for flat panel displays,
advanced materials, electronic materials, biomaterials, environmental engineering, etc.

Administration features – University
Management Policy

Based on KAIST Vision, outstanding
students can get scholarships allowing
for exemption from tuition and other
fees. KAIST adopts a MIT model providing excellent educational programs
and renowned professors, and improvement of infrastructure.

Not only to globalize KU by means of
improvement in support conditions,
such as research facilities, but also to
pass on both the traditions and democracy of Korea.

Standing in the center of the decentralization movement, KNU cooperates and
networks with the government, universities, and industries.

Administration fea- In accordance with SCI results, the No particular description available. The The deliberation committee has evaluattures – Researcher amount of funding accepted, and the number of papers and their quality are ed the university departments from
Evaluations
number of patents.
counted (evaluation according to SCI). 1992. SIC and adoption of a number of
national projects are reported in the
annual report of KNU or others.
Authorities concerned MOST, MOE

MOE, MOST

MOE, MOIC, MOCIE, MCIE

Budget of the university

Fiscal 2003 - 67,063 (million won)

(Total) Fiscal 2005 - 190,300.
Component expenditure – Personnel
expenses 108,129 / Management costs
25,624 / Facility maintenance costs
10,600 (million won)

Fiscal 2004 - Tenured Prof. 1,044.
(Materials Science) College of Science
and Technology 57, College of
Engineering 116, Life Science &
Biotechnology 35, College of Science
71. Total 279.
The number of profs. in Department of
Physics, Chemistry, and Materials
Science and Engineering 56.

Fiscal 2005 - 962 including tenured
Assoc. Profs. Tenured Profs. 578.
Unclear for the field of Materials
Science.
Reference data; Tenured Profs. 67 in
College of Agriculture and Life Science,
113 in College of Engineering, 64 in
College of Natural Sciences. Total 244.

Fiscal 2005 - 266,429 (million won)

Number of Teaching Fiscal 2005 - 414 / Profs. 405,
staff
Researchers 4, Assoc. Profs. 5.
Fiscal 2005 - College of Engineering
about 240, College of Natural Science
240, Dept. of Materials Science and
Engineering 27.

Cooperation with
domestic and foreign
institutions and companies

There is a contract research system. Cooperation with companies: LG, Cooperation with companies: Crop
Hyundai Electronics Industries, Samsung POSCO, etc.
Processing Technology, Samsung, LG,
Electronic Co., LG Semicon, SK
Korea Telecom, etc.
Telecom, DACOM, etc. Cooperation
Cooperation with foreign organizations:
with foreign organizations: Cooperative
AIS, CMS, CDF, Belle
systems between MIT, Michigan Univ.,
Stanford Univ., Tsinghua Univ., INSA,
and L’Ecole Polytechnique, etc.

Participation in proj- International cooperative education and
ects/networks
research with USA, Japan, China, UK,
Switzerland, etc.
BK 21 program, NRL etc.
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BK 21 program. R&D of Innovative
Recycle Engineering. Research cooperation with internal colleges or external
institutes such as KAIST.

Research institutes in the Univ. conduct
joint research with domestic companies
and other universities. Participating in
various government programs such as
“BK 21” Program. Maintain a close
relationship with Hoseo University and
local governments.
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Pohang University of Science and
Technology (POSTEC)

Pusan National University (PNU)

Seoul National University (SNU)

Established

1986 - Establishment of POSTEC.

1946 - Establishment of PNU (Faculties 1946 - Seoul National University estabof Humanities and Fisheries)
lished.

Location

Pohang

Pusan

Seoul

URL

http://www.postech.ac.kr/

http://www.pusan.ac.kr

http://www.snu.ac.kr

Philosophy

To provide the best education, to per- Participate in an era of tough economic To create a vibrant intellectual commuform cutting-edge research, to serve the competitiveness with 21st century intel- nity where students and scholars unite
nation and to contribute to the global ligence.
in building the future.
scientific community.

History regarding
materials science
since establishment

POSTEC was established with POSCO
contributions.
1987 - Received approval from ME to
offer graduate programs.
1989~1996 - The graduate schools of
BT, IT, steel engineering.
2003 - Establishment of BT Center.

1953 - Establishment of College of
Engineering
1954 - Graduate School Founded
1981 - College of Natural Science
1991 - Research Center for Dielectric
and Advanced Matter Physics designated as Super Science Research Center
(SCR)

1946 - Nine colleges including Liberal
Arts & Science were established.
1975 - A graduate school for Natural
Science has been established. SNU is
very positive about exchanges with foreign universities. For Example, interchange agreements concluded with Yale
University (U.S.A.) and UBC (Canada)
in 2004.

Research fields in
materials science

NT, superconductors, magnetic materi- Materials engineering, chemical engials, semiconductors, Bio-functional neering, polymer chemistry engineering,
materials, environment, steel, BT, etc.
nana-science & technology, electric and
electron, materials science, etc. IT, BT,
NT, ET. College of natural sciences,
various institutes and support systems.

Semiconductor materials, nano-bio
devices, lasers, nanophotonic materials,
thin films, organic light-emitting diode,
analysis of fine structures, fibers, materials for medicines, polymers, etc.

Administration features – University
Management Policy

Selection and focusing are the principles. Core research areas are raised to
world-class levels. Reinforcement of
national competitiveness bearing in
mind global competition.

Newest facilities, high quality education
with adequate technique, world-class
research, systematic support for technological evolution, good cooperation with
local community and society at large.

VISION 21: Promote IndustrialAcademic-Governmental Collaboration,
professional education in graduate
schools, exchanges with foreign countries, and measures for peace throughout
the peninsula.

Administration features – Researcher
Evaluations

Taking personal and research group distinctiveness into consideration.
Evaluation of individuals is done based
on not only general viewpoint, but also
research results, education, and contribution to society.

Research achievements of professors
have been evaluated by MOE, KOSEF,
KSG and news organizations. SCI ranking and acquisition of study funds are
also important.

The administrative stage of research
institutes is reviewed every two years.
The results of the review are taken into
consideration for its restructuring, and it
is considered that the aforesaid results
influence research expenses.

Authorities concerned MOE, MOST, MOCIE, MND

MOE, MOST, MOCIE, MIC, MOHW

MOE, MOST, MOCIE

Budget of the university

Budget: No available data.

(Total) Fiscal 2005 - 434,593 (million
won).
(Materials Science) No available data.

Number of Teaching Fiscal 2005 - Profs 220, Researchers 712.
staff
(Materials Science and Engineering).
Fiscal 2005 - Prof. 139. Chemistry, Life
Science, Chemical Engineering,
Electronic/Electric
Engineering,
Materials Science and Engineering,
Environment Science and Engineering).

(Total) Fiscal 2005 - 943.
(Materials science) Nano-science
Technology 20, Materials Engineering
15, Electron/Electric 29, Chemistry &
Polymers 19, Physics 25, Environment
8. There are fulltime staff in other divisions such as research support centers.

Fiscal 2005 - Tenured Prof. 1,029.
(Fields of materials science and engineering): Inter-university Semiconductor
Research Center 34, Center for
Advanced Materials Research 10.

Cooperation with
No documentation available.
domestic and foreign
institutions and companies

Cooperation with companies: Samsung
Group (Heavy industry), LG, and other
domestic companies.
Cooperation with foreign organizations:
Contracts with foreign universities: contracts on international exchange of students with foreign universities (China,
USA, Norway, Japan etc.).

Cooperation with companies: Unclear.
Cooperation with foreign organizations:
To maintain corroboration with foreign
universities, SNU participates in the
Association of Pacific Rim Universities
(APRU), Association of East Asian
Research Universities (AEARU), etc.

Participation in proj- Participation in NCRC (System bio
ects/networks
dynamics) and BK 21 program.
Network: Many networks on research
facilities with domestic universities and
research institutes (Pusan Univ., Inha
Univ., etc.)

Participating in national project “BK
21”, KSG projects, and the Cyclotron
Institute construction project in the
Pusan-Gyeongsangnam region.

To participate in NCRC, and a personnel training program for NT-IT fusion
technology (a support program by
MOST). Conclusions of MOU about
research into nanoconductors with
Tokyo U., Hokkaido U., Stanford U.,
UC Berkley, IMRE Singapore, etc.

Fiscal 2005 - 130,300 (million won).
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Sung Kyun Kwan University
Established

1398 - Foundation of the first national 1885 - Yonsei University traces its roots
educational institute in Korea
back to the first modern hospital.

Location

Suwon

Seoul

URL

http://www.skku.edu/

http://www.yonsei.ac.kr/eng/

Philosophy

Humanity, Righteousness, Propriety, Based on the principles of Christian
and Wisdom reflect the basic spirit of teaching, to educate leaders who will
Confucianism.
contribute to society in the spirit of truth
and freedom.

History regarding
materials science
since establishment

1965 - The college of Science and
Engineering was established.
1978 - The Natural Science Campus
opened.
2001 - The Research Plaza was constructed.
2002 - The Electronic Microscope
Complex was constructed.

1957 - Launch of Yonsei University.
1972 - Graduate schools for the fields of
Engineering (materials science and
technology, biomaterials, etc) opened.
2000 - Establishment of Life
Science/BT research Institutes. Now,
many YU facilities participate in national projects or programs such as BK 21.

Research fields in
materials science

Liquid crystals, materials for fuel cells,
environment, biomedical polymers,
semiconductors, new materials for thin
films, high-performance surface treatment, nano-processing, plasma physics,
etc.

Engineering fields: chemical engineering, electronic/electric engineering, metallurgy, ceramics, biotechnology, etc.
Science fields: physics, chemistry, biochemistry, etc.

Administration features – University
Management Policy

Collection of teaching staff based on
Vision 21. Settling of original programs
for management, international
exchange, etc. Collection of excellent
teaching staff from the world’s top 100
universities.

Being a university with a College of
Theology, YU aims to become the top
domestic university based on Vision
2020, which is a program to become a
global university. Research institutes for
BT, IT, NT, etc. were established
according to the government’s BK 21
program.

Administration features – Researcher
Evaluations

According to the rules of quantitative No documentation available
and qualitative assessed standards. To
seriously consider merits.

Authorities concerned MOE, MOST, MOCIE
Budget of the university

96

Yonsei University

MOE, MOST

(Total) 345,200.
(Total) 1,920,000 (million won)
Expenditure breakdown (partial reference values): Tuition fees 165,200 /
Grants and endowments for research
64,410 (US$ thousand)

Number of Teaching Fiscal 2005 - Tenured Prof. 1,074.
staff
(Materials Science and Engineering);
Unclear.
References: The Natural Science fields
756, Schools of Information and
Communication Engineering 58,
Natural Science 54, Life Science and
Natural Resources 19, and College of
Engineering 127.

(Total) - Fiscal 2005 - 1,068.
(Materials Science): Profs. In BT Center
30, CT center (facility) 47. Graduate
School of Electric/electron 51, etc.

Cooperation with
domestic and foreign
institutions and companies

Cooperation with companies: Samsung
(capital participation), and other cooperative companies,
Cooperation with foreign organizations:
MIT, more than 100 universities in
North America, South America,
Australia, Europe, and Asia.

Cooperation with companies: Research
funds are obtained from many companies such as Samsung and LG
Electronics. Cooperation with foreign
organizations: Exchanges with universities in 28 countries (24 in Japan, 77 in
USA, etc.).

Participation in proj- Participation in BK 21: Core research
ects/networks
programs, priority institute program,
New Frontier program, a technical center for innovative semiconductors and
electronic devices (~2004), etc by
MOCIE.

National Projects: NRL (National
Research Laboratory), BK 21, etc.
Programs for development of next generation technology (BT center, establishment of proper facilities) and so on.
Joint research between QualcommYonsei, etc.
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2. Outline of Major Public Research Institutes and Universities for Materials
Research in Asia

Section 5. Malaysia
Takaho Tanaka
International Affairs Office, NIMS
1. Introduction
Malaysia has a population of about 26 million. The
land itself is 330,000 km2, and consists of two parts:
west Malaysia (Malay peninsula area) and east Malaysia
(Borneo island area) as shown in Fig. 1. Approximately
80% of the total population lives in west Malaysia.
Malaysia can be categorized as a middle-sized newly
industrializing country with a nominal GDP of USD
118.3 billion (nominal GDP per person: USD 4,625.00).

Fig. 1 Map of Malaysia.

Main research equipment:
School of Applied Physics:
AFM; pulse laser abrasion equipment; CV analyzer;
X-ray diffractometer; I-V measurement apparatus;
Hall effect measurement equipment; UV/VIS/NIR
spectrometer; Raman scattering spectrometer; ellipsometer; XPS; DSC; TGA; thermomechanical property analyzer; hardness tester; image analyzer; high
temperature furnace.
School of Chemical Sciences and Food Technology:
FTRMN; ICP atomic emission spectrometer; FTIR;
CCD area detector XRD; fiber analyzer; amino-acid
analyzer; gas chromatography instrument; CHNSO
analyzer.
School of Environmental and Natural Resources Science:
X-ray diffractometer; fully automated fluorescence
system; terrameter SAS 300C; Lund ES464 system;
proton magnetometer; isodynamic magnetic separator; direct shear machine; uniaxial compression
machine; image processing system; acoustic doppler
current profiler; conductivity-temperature-depth
(CTD) profiler.

2. Public Research Institutes
Public research institutes are controlled by the
Ministry of Science, Technology and Innovation,
Malaysia.1) Prominent materials research institutes are
the Universiti Kebangasaan Malaysia (UKM), 2) the
Institute of Microengineering and Nanoelectronics
(IMEN),3) and the Universiti Teknologi Mara (UiTM).4)
IMEN belongs to UKM.
2.1. Universiti Kebangsaan Malaysia
UKM is located in Bangi, on the outskirts of Kuala
Lumpur. Both the Faculty of Science and Technology5)
and Faculty of Engineering6) play a main role on materials research. The Faculty of Science and Technology,
established in 1999, consists of five schools: Applied
Physics,7) Biosciences and Biotechnology,8) Chemical
Sciences and Food Technology,9) Environmental and
Natural Resources Science10) and Mathematical Science.
The Materials Science program is part of the School of
Applied Physics.
Typical research fields are polymers, composites, soil
materials, condensed matter, electrical active polymers
and paper manufacturing technology.
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UKM has a corporate governance structure to
enhance the quality, strength and excellence of its
research.11) Within the institutional framework of UKM,
♦ research centers of excellence were specifically set
up to complement research initiatives
♦ four major institutes were established
♦ public consciousness towards sciences and technologies was increased
♦ more than USD 25 million in research grants were
received during the period 2000-2002
UKM runs the Center for Research Management
whose main objective is to develop and upgrade its
research capabilities, resulting in direct effects on
national development and knowledge advancement.
2.2. Institute of Microengineering and Nanoelectronics
(IMEN)3)
IMEN was established in November 2002 as one
entity under the auspices of UKM as approved by the
Ministry of Education. The institute is a strategic initiative in pursuing multidisciplinary research on microelectronics and nanoelectronics. Research within IMEN
Materials Science Outlook 2006

Fig. 3 SEM image of directional growth of Si nanowires along N2
flow on a Si substrate. 12) (with permission from Elsevier)

Fig. 2 Organization of IMEM (Courtesy of IMEM).

is based on the following six themes:
♦ Micro Electro Mechanical System (MEMS)
Technology
♦ High Frequency Technology for Telecommunication
♦ Organic Electronics
♦ Photonic Technology
♦ VLSI System Design
♦ Nanoelectronics
Fig. 2 shows the organization of the institute and how
it focuses on these six major research themes.
The main objectives of each group:
High Frequency Technology and Telecommunications to develop growth technologies for compound semiconductor materials using the MBE and fabrication technologies of high-speed devices
MEMS - to develop miniature mechanical sensors and
actuator systems for automotive and RF applications
made by semiconductor microfabrication processes
Organic Electronics - to utilize organic thin films in
sensors, electrochromic windows, solar cells and OLED
VLSI System - to develop LSI microcontroller systems
and system interface design for smart automated security purposes
Photonic Technology - to develop optical fiber-based
components
Nanoelectronics - to develop nanowire gas sensors
Each group conducts materials research related to the
above objectives. Typical research apparatus includes
PECVD equipment; reactive ion etching equipment; EB
evaporator systems; RF sputtering equipment; FTIR;
CV profiler; Leica material workstation microscope; 4point-probe measurement system; mini sputter/coater;
SEM; ellipsometer; mini oxidation/diffusion furnace;
curve tracer; laser direct write system; mask aligner;
surface profiler; Hall effect measurement system; MBE;
RFIC measurement system; and the CV/IV measurement system.
Materials Science Outlook 2006

A recent research highlight accomplished by IMEN is
the growth of silicon nanowires.12) Silicon substrates
coated with a thin gold layer of about 10 nm thick were
heat-treated under N2 gas flow at 1000 K. Si nanowires
grew under the SLS (solid-liquid-solid) mechanism. An
SEM image of Si nanowires is shown in Fig. 3.
These nanowires’ diameters vary from 30 nm to 70
nm under controlled N2 flow rate. Higher growth temperatures increased the diameters. The SLS growth
mechanism resembles the well-known VLS (vapor-liquid-solid) growth mechanism. The main difference
between them is the presence of Au droplets on the tips
of the nanowires. No Au droplets were found on Si
nanowires grown by SLS mechanism because the
nanowires grew from the Au-Si eutectic melt on the Si
substrate.
2.3 Universiti Teknologi Mara4)
UiTM is located in Shah Alam, on the outskirts of
Kuala Lumpur. UiTM became part of the RIDA (Rural
and Industrial Development Authority) Training Center;
Dewan Latehan RIDA in 1956. The university became
the “Universiti Teknologi Mara” in 1999, which was
announced by the then Prime Minister of Malaysia. The
Faculty of Applied Science was established in 1967, the
Faculty of Electrical Engineering in 1996, and the
Faculty of Chemical Engineering in 2003.
Materials research is undertaken in the Faculties of
Applied Science, 13) Chemical Engineering 14) and
Electrical Engineering. 15) The Faculty of Applied
Science conducts a variety of materials research courses
in Advanced Materials, Biotechnology and Molecules,
Chemistry, Energy, Environmental Science, and the
Institute of Science.16) The main topics in the advanced
materials course are ceramics, superconductors,
advanced materials in batteries, nanotechnology, solid
state ionics, and photonics. The Institute of Science has
very similar research topics.
Typical research equipment includes atomic absorption spectrometers, auto titrators, autoclaves, UV/VIS
spectrometers, rheometers, centrifuges, tube furnaces,
ICP optical emission spectrometers, FTIR, SESM, DSC;
NMR, DMTA, globe boxes, cyclic boltametry, vacuum
ovens, LCMS, materials stress strains, photoelectric
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effects, polyacrylamide gel electrophoresis, and CAD.
The Intensification of Research in Priority Areas
(IRPA) program has been introduced as a specific policy
for research management. Some research projects are
strongly supported by the central government, especially MOSTI. The UiTM research and consultancy center,
the Institute of Research, Development and
Commercialization (IRDC), supports the university’s
academic community by servicing their IRDC research,
consultancy, intellectual property protection and commercialization, and commits by providing a link
between potential sponsors and UiTM staff.
UiTM has forged links with other universities and
professional bodies, such as Universiti Malaya, 17)
International Islamic University Malaysia,18) Science
University of Malaysia, 19) Standards and Industrial
Research Institute of Malaysia (SIRIM),20) Advanced
Materials Research Center (AMREC),21) University of
the Punjab,22) National Physics Laboratory, India23) and
the Multi Media University, Malaysia.24)

3. Conclusion
Malaysia announced the third long-term plan (tenyear plan) and the eighth Malaysia plan (five-year plan)
in 2001, and set its sights on establishing economic
strength accompanied with “sustainable growth” and
“recovery and competitiveness”. Malaysia strives for a
knowledge-based economy (K-economy) by shifting its
labor style from simple labor to knowledge-intensive
labor and placing importance on improving the productivity and efficiency of industry by utilizing IT, nurturing talented people and preparing IT infrastructure.25)
Based on these policies, advanced materials research
related to IT and nanotechnology is ongoing; meanwhile, a wide variety of investigations are undertaken
related to environmental conservation, sustainable society, energy saving, security and safety. Many investigations of these investigations will utilize local resources.

http://pkukmweb.ukm.my/%7Ekimia/indexmbz.html (in Malay)
10) School of Environmental and Natural Resources Science,
http://pkukmweb.ukm.my/~ppsssa/bi.htm
11) Specific policies, http://www.ukm.my/english/research.htm
12) Y. Y. Wong, M. Yahaya, M. M. Salleh and B. Y. Majlis: Sci.
Technol. Adv. Mater. 6 (2005) 330.
13) Faculty of Applied Science,
http://www3.uitm.edu.my/faculties/fsg/
14) Faculty of Chemical Engineering,
http://www3.uitm.edu.my/faculties/fkk/
15) Faculty of Electrical Engineering,
http://www3.uitm.edu.my/faculties/fke/
16) Institute of Science,
http://www3.uitm.edu.my/faculties/fsg/ios/index.html
17) Universiti Malaya, http://www.um.edu.my/index.htm
18) International Islamic University Malaysia,
http://www.iiu.edu.my/
19) Universiti Sains Malaysia, http://www.usm.my/bm/
20) SIRIM (Standards and Industrial Research Institute of
Malaysia), http://www.sirim.my/
21) AMREC (Advanced Materials Research Center),
http://www.sirim.my/amrec/amrec.htm
22) Panjab University, http://www.puchd.ac.in/
23) National Physics Laboratory, India, http://www.nplindia.org/
24) Multimedia University, http://www.mmu.edu.my/v4/
25) Ministry of Foreign Affairs, “Current state of Malaysia and
relationship between Japan and Malaysia”,
http://www.mofa.go.jp/mofaj/area/malaysia/kankei.html
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2. Outline of Major Public Research Institutes and Universities for Materials
Research in Asia

Section 6. Republic of Singapore
Takaho Tanaka
International Affairs Office, NIMS
1. Introduction

2. Public Research Institutes

Singapore joined the Malaysian Federation in 1963
when the former British colonies of Singapore and the
East Malaysian states of Sabah and Sarawak on the
northern coast of Borneo joined the Federation, but separated two years later and became independent.
Singapore formulates strategic policies in most fields in
order to overcome the disadvantages of being a geographically narrow land (697 km2), with a small population (4.24 million) and poor natural resources. These
strategic policies make Singapore one of the world’s
most prosperous countries with strong international
trading links, and a per capita GDP equal to that of leading world nations.
Singapore announced its National Science and
Technology 2005 Plan1) on October 25, 2005 with a
budget of SGD 7 billion from 2001 – 2005. 50% of the
total budget would fund public research institutes, 30%
would fund the development of research in private
enterprises, and the remaining 20% would fund the
development of citizens who demonstrate talent and
potential. The previous National Science and
Technology 2000 plan had a total budget of SGD 4 billion. The Agency for Science, Technology and Research
(A*STAR) (formerly the National Science and
Technology Board) was established in 1991, and has
implemented three five-year plans that spanned from
1991 to 2005. The press release for the Science and
Technology Plan 2010 was issued on February 16,
2006, 2) when the Ministry of Trade and Industry
announced that it would commit SGD 7.5 billion over
the next five years to sustain innovation-driven growth
through economic-oriented research and development.
According to the S&T 2010 Plan, Singapore aims to
sustain innovation-driven growth by strengthening R&D
capabilities in both the public and private sectors. This
will be achieved through four key programs:
1. developing the research talent in Singapore
2. strengthening and deepening research capabilities
3. promoting private sector R&D
4. providing infrastructure support
The “Science and Technology Policy Watcher
3)
Web”
references more detailed science and technolo*
gy related information. The following public research
institutes commit to these policies.

Public research Institutes in Singapore are under the
control of the Agency for Science, Technology and
Research (A*STAR4)).5) The organizational structure of
A*STAR is shown in Fig. 1.

Materials Science Outlook 2006

Fig. 1 Organizational structure of the Agency for Science,
Technology and Research, Singapore.

Prominent materials research institutes are the
Institute of Materials Research and Engineering, 6)
Institute of Microelectronics, 7) and the National
University of Singapore.8) Other institutes that are also
undertaking materials research are the Institute of
9)
Chemical & Engineering Sciences, Data Storage
Institute,10) and Nanyang Technical University.11)
2.1 Institute of Materials Research and Engineering
(IMRE)5)
IMRE was established in 1996. The total budget for
2004 amounted to SGD 36,570,000 (USD 22,435,000).
The institute has a total of 173 researchers. IMRE conducts research in the following four fields:
♦ Micro- and Nano-Systems12)
♦ Molecular and Performance Materials13)
♦ Opto- and Electronic Systems14)
♦ Materials Science and Characterization15)
The main research facilities related to materials
research are:
♦ Facilities for studying materials growth: atomic
layer epitaxy (ALE) growth systems; in-situ TEM
(MERLION System); metal organic chemical
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vapor deposition (MOCVD- arsenides and phosphides); MOCVD nitrides
♦ Facilities for micro- and nano-fabrication: inductive-coupled plasma etching systems; integrated
system for OLED fabrication; wafer bonding system
♦ Facilities for materials characterization:
1) mechanical properties: nano-indenter with AFM;
ultra-high precision control micro-force tester
2) microscopy and microstructural analysis: SEM;
TEM
3) optical characterization: micro-Raman systems;
scanning near field optical microscopy; timeresolved photoluminescence
4) spectroscopy and chemical analysis: NMR; XPS
A recent research highlight conducted by IMRE is the
liquid lens.16) The liquid lens is a breakthrough in lens
technology and will significantly impact applications in
optical systems and precision instruments, such as digital cameras and mobile phone cameras that require precise and compact focusing with zoom mechanisms. The
lens is cheaper to make, has optical zooming capabilities
and uses only a fraction of the space of most conventional lenses. Images of different curvatures of the liquid
lens and an example of application are shown in Fig. 2.
2.2 Institute of Microelectronics (IME)17)
IME was established in 1991 and is a member of
A*STAR. The mission of IME is to increase added
value to the electronics industry in Singapore by engaging in relevant R&D in strategic fields of microelectronics. Their R&D programs are broadly classified in three
laboratories:
♦ Integrated Circuits and Systems (ICS) focuses on,
for example, CMOS ultra wide-band RFIC design,
active and passive CMOS RF device modeling
♦ Semiconductor Process Technologies (SPT) focuses on nanoscale CMOS devices using new materials and device architectures
♦ Microsystems, Modules and Components (MMC)
focuses on microsystem packaging technology
development on ultra-thin package designs, 3D
packaging, wafer level packaging, etc.
IME also has dedicated:
♦ Bioelectronics & BioMEMS (BEBM) Programs
that explore the use of CMOS and Si nanotechnology to build nanoscale sensors and devices for biomedical research and applications
IME employs around 200 staff. In addition to the four
core-research programs mentioned above, IME provides
collaboration opportunities to every sector of the electronics industry in Singapore and aims to provide
advanced technology support for a competitive electronics industry through advanced services, technology
transfer and R&D manpower development.
A recent research highlight accomplished by IME is
the development of a nanoporous alumina membrane.
Anodization or electrochemical oxidation of aluminum in
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Fig. 2 (top) Liquid lens in action - images come into focus by
changing the curvature of the lens. (bottom) Image taken using a
mobile phone camera WITHOUT (left) and WITH (right) a liquid
lens at 15 mm. (All copyright reserved by the Institute of
Materials Research and Engineering (IMRE), Singapore, with
permission from IMRE.)

Fig. 3 (a) Hexagonally ordered nanoporous alumina template.
The membrane displays a polycrystalline-like structure. Each
grain is a few microns in size and perfect hexagonal ordering can
be seen inside each grain. (b) High magnification view showing
perfect hexagonal ordering of the grain. (Reprinted from IME
website with the permission of Dr. G. Sharma.)

certain electrolytes leads to the formation of hexagonally
ordered nanoporous alumina membranes, as shown in
Fig. 3. IME asserts that these alumina membranes have
potential applications as templates for the synthesis of
metallic nanostructures, fabrication of carbon nanotubebased devices, biological filters and ultrasensitive gas.
2.3 National University of Singapore (NUS)18)
The establishment of a university that would provide
educational and research facilities was proposed in
1823. After the school was founded in 1905, it was
established as the first institute of higher learning in
Singapore. In 1980, the National University of
Singapore was formed through a merger between the
University of Singapore and Nangyang University.
Materials Science Outlook 2006

The Department of Materials Science and
Engineering19) in the Faculty of Engineering plays a
dominant role in materials research at NUS. Other
departments also actively undertaking materials
research are the Department of Chemical and
Biomolecular Engineering and the Division of
Environmental Science and Engineering in the Faculty
of Engineering; and the Department of Physics,
Department of Chemistry and Department of Biological
Science in the Faculty of Science.
Advanced materials research undertaken in the
Department of Materials Science and Engineering can
be categorized into three research fields of i) infocom
technology, ii) biotechnology and iii) sustainable energy. More explicitly, the followings are the research programs.
♦ Optical- and bio-technologies, nano-structured thin
films for biomedical applications, nano-particles
♦ Magnetic nanostructures, nano-composite structures, molecular magnets, biomagnetism
♦ Atomic-scale epitaxial film growth of semiconductor materials, surface and interface phenomena
♦ Formation of bulk metallic glasses and properties
♦ Functional ceramics and multi-layered thin films
♦ Electrochemical interaction of metal-semiconductor interface
♦ Transparent semiconductor and thin films
♦ Modeling and simulation of quantum dots, superlattice and nano-crystals
Typical research facilities in Department of Materials
Science and Engineering are:
AFM; Bruker D8 advanced thin film XRD;
Discovery-18 sputtering system; DSC/DTA; fourpoint probe; FTIR; Hall effect measurement equipment; Horiba laser scattering particle size analyzer;
Leybold UHV Univex 350 sputtering system;
NANOSCOPE scanning probe microscope; photoluminescence spectrometer; powder XRD; Raman scattering spectrometer; RF/DC magnetron sputter deposition system; SEM; universal testing machine; ultraviolet microscope; mass-spectrometer.
A recent research highlight accomplished by NUS is
the development of a 3-D silicon micromachining
process using a high-energy proton beam.20) A proton
beam writer that can focus proton beams to a diameter
of less than 50 nanometers can create precise 3-D freestanding microstructures on a Si wafer. A replica of
Stonehenge measuring only 80 micrometers in diameter
is created as shown in Fig. 4. Micromachining is expected to enhance the creation of an array of silicon nanotips,21) i.e. pointed structures that can emit electrons,
which are being developed for use in products such as
flat panel CRT displays.

3. Conclusion

Fig. 4 World’s smallest 3-D silicon replica (left) of the original
Stonehenge at Salisbury Plain, England (right). The diameter of
the replica is 80 µm. (Courtesy of Dr. Mark B. H. Breese.)

research. Singapore does not want to cover a broad
range of materials research, but focuses instead on several strategically selected areas and concentrates its
investments to areas that will enable it to reach world
standards. Each research institute contributes to the
development of a knowledge-intensive and high-technology-based economy through collaboration with the
Singapore government and domestic and overseas
research institutes.
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Appendix: A*STAR Research Institutes and Universities in Singapore
(Courtesy of A*STAR)
A*STAR RESEARCH INSTITUTES
Institute of Materials Research and Engineering (IMRE)
IMRE undertakes research in selected fields of materials science and engineering such as optoelectronics, nanomaterials, chemicals and polymers. To
this end, IMRE develops core competence and interdisciplinary teams in critical technology areas, enabling it to make fundamental new discoveries,
develop advanced materials that can lead to new commercial products, and
transform various technologies. Research undertaken by IMRE includes:
• Polymer science and chemistry
• Nanomaterials
• Advanced materials characterization
• Performance materials
• Nanoparticles
• Macromolecular chemistry
• Surface science

www.imre.a-star.edu.sg

Institute of High Performance Computing (IHPC)
IHPC seeks to power discoveries through advanced methodologies, techniques and new tools in modelling, simulation and visualization. Research
focus are in the realm of large and complex-coupled systems, advanced computing, computational materials science and engineering, scientific computing and software development, data mining and analyses, and knowledge
based tool designs. Research undertaken by IHPC includes:
• Advanced software and architecture
• Adaptive collaborative computing
• Digital modelling and visualisation
• Engineering mechanics and fluid dynamics
• Heterogeneous coupled systems
• Computational chemistry and multiscale modelling
• Solid state electronics and nanostructures
• Engineering software and electronic systems

www.ihpc.a-star.edu.sg

Data Storage Institute (DSI)
Spearheading world-class research and development in next generation
data storage technologies, the Data Storage Institute (DSI) is positioned to
lead and support the growth of the data storage industry in Singapore. With
core competencies in magnetic, optical and network storage technologies,
DSI is equipped with state-of-the-art facilities for advanced materials and
network storage R&D as well as system design and prototyping. Research
undertaken by DSI includes:
• Magnetic head materials and design
• Microsystems and nanosystems for data storage
• Signal processing for data storage and communications
• Tribology and tribochemistry, failure analysis
• Nano spin-electronics
• Optical and network storage technologies
• Laser nanoprocessing

104

www.dsi.a-star.edu.sg

Materials Science Outlook 2006

Institute for Infocomm Research (I2R)
2

The Institute for Infocomm Research (I R) undertakes research and development in information and communication technologies, particularly in (i)
services and applications (infocomm security, knowledge discovery); (ii)
communications and devices (multimode devices, radio systems, networking,
digital wireless, lightwave); and (iii) media (media processing, media semantics, human computer interaction). Research undertaken by I2R includes:
• Data mining, informatics, database systems
• Internet technologies
• Cellular mobile technologies
• Wireless technologies in microwave/radio frequency and satellite communications
• Network technologies
• Distributed and Mobile computing
• Computer security and cryptography
• Human-machine interface

www.i2r.a-star.edu.sg

Institute of Chemical & Engineering Sciences (ICES)
ICES spearheads R&D in Singapore’s fast expanding chemical industry.
Its core research areas include applied catalysis, particle and interface science and technology, new synthesis techniques and applications and enabling
technology (process technology, control and characterization). ICES aims to
cultivate research talent and promote collaborations between industrial partners and institutions of higher learning (IHLs). To facilitate R&D interactions
with the industry, ICES is located on Jurong Island, Singapore’s petrochemical hub and close to the pharmaceutical manufacturing and formulation companies. Research undertaken by ICES includes:
• Physical, analytical and organic chemistry
• Chemical process and separation technology
• Catalysis
• Environmental and analytical sciences
• Pharmaceutics

www.ices.a-star.edu.sg

Institute of Microelectronics (IME)
The Institute of Microelectronics (IME) helps to drive the continued
growth of Singapore’s electronics industries through high calibre research
and development in semiconductor-based technology and solutions. The
Institute has three research areas: (1) integrated circuits and systems (RFIC
designs for communications and identification applications, RF device modelling, mixed-signal CMOS designs for sensors and bio-electronics applications); (2) Semiconductor process technologies (Si-based nano-electronics,
heterogeneous materials integration for RF, opto and bio-electronics applications); (3) microsystems, modules and components (bio MEMS devices and
bio microfluidic chips, RF and optoelectronic system in package, fine pitch
wafer level packaging, advanced self assembly processes for packaging).
Recent R&D efforts include:
• Nanoscale CMOS incorporating new materials and structures with
emphasis on RF performance
• Wafer Transfer Technology for multi-functional integration
• Si based bio-electronic devices/sensors and Si/SiGe based optoelectronics
• DNA/RNA extraction and amplification chips
• Fluidic self assembly processes
• Off chip nano interconnects
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• RF front end module and CWDM/burst mode transceivers integration using System-in-Package
approach

Singapore Institute of Manufacturing Technology (SIMTech)
SIMTech, the research institute in manufacturing technology, is committed
to enhancing the competitiveness of Singapore’s industries through the generation and application of advanced manufacturing technology. Its areas of
research focus include production and logistics, advanced forming and joining technology, machining technology, mechatronics, precision measurement, advanced automation, and product design and development. Research
undertaken by SIMTech includes:
• Advanced automation and control systems
• Precision metrology
• Robotics control systems
• Mechatronics and systems engineering
• Micro-manipulation technologies
• Laser processing and design
• Photonics and optics
• Product development life cycle management
• Artificial intelligence applications
• Materials processing and casting technologies
• Supply chain methods and operations research

www.simtech.a-star.edu.sg

Institute of Molecular and Cell Biology (IMCB)
The Institute of Molecular and Cell Biology was established in 1987
to help develop and support biomedical R&D capabilities in Singapore.
Currently the institute has 34 independent research groups with more
than 400 staff members.
Today, IMCB has established itself as a world-class research institute in biomedical sciences with core strengths in cell cycling, cell signalling, cell death, cell motility and protein trafficking. Its recent
achievements include being part of an international consortium which
successfully sequenced the entire pufferfish (Fugu) genome.

www.imcb.a-star.edu.sg

Institute of Bioengineering & Nanotechnology (IBN)
Bioengineering and nanotechnology represent two frontiers in engineering. They are both multidisciplinary in nature and highly diverse in
scope. The Institute of Bioengineering and Nanotechnology (IBN) was
founded in 2002 to conduct research at the cutting-edge of these two
fields by focusing on the enormous opportunities that are presented at
the interface of these emerging technologies.
Specifically, IBN researchers are directing their efforts towards six
research areas that are both scientifically exciting and full of potential
towards improving our health and quality of life. These include:
nanobiotechnology, delivery of drugs, proteins and genes, tissue engineering, artificial organs and implants, medical devices, and biological
and biomedical imaging.
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Genome Institute of Singapore (GIS)
Established in June 2000 as the Singapore Genomics Program, the
renamed Genome Institute of Singapore (GIS) is a national flagship
initiative with a global vision that seeks to use genomic sciences to
improve public health and prosperity.
As a centre for genomic discovery, GIS pursues the integration of
technology, genetics, and biology towards the goal of individualised
medicine. The scientific focus will be to investigate post-sequence
genomics; to understand the genetic architecture of pan-Asian populations with emphasis on cancer biology, pharmacogenomics, stem cell
biology and infectious diseases.

www.gis.a-star.edu.sg

Bioprocessing Technology Institute (BTI)
The mission of the Bioprocessing Technology Institute (BTI) is to
develop manpower capabilities and establish cutting-edge technologies
relevant to the bioprocess community. Spearheading bioprocess R&D,
the BTI has core expertise in expression engineering, animal cell technology, stem cells, microbial fermentation, product characterisation,
downstream processing, purification and stability, with supporting proteomics and microarray platform technologies. BTI, with its R&D and
its cGMP manufacturing capabilities, bridges the gaps between discovery, process development and commercialisation.

www.bti.a-star.edu.sg

Bioinformatics Institute (BII)
BII was established in July 2001 to train manpower and build capabilities in bioinformatics. BII’s research centres around knowledge discovery from biological data, exploiting high-end computing in biomedicine, advancing molecular imaging of biological processes, modelling
of drug design and delivery, computational proteomics and systems
biology.

www.bii.a-star.edu.sg
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MATERIALS SCIENCE & ENGINEERING IN SINGAPORE UNIVERSITIES
Nanyang Technological University (NTU), Singapore
The School of Materials Science & Engineering (MSE), formerly known as School of Materials Engineering (SME), comprises 2 academic divisions: Division of Materials Science and
Division of Materials Technology. The School offers engineering
degree courses at the Bachelor, Master and PhD level. R&D carried out often goes hand-in-hand with the courses and programmes offered. Graduate students, academic staff and research
staff all contribute to our R&D activities. MSE also collaborate
with industry and other schools within NTU and research institutes.
The research programmes at NTU cover the following areas:
• Biomaterials
• Defence materials
• Nano-electronics and interconnects
• Rare earth nano-materials
• Organic/polymer electronics
• Ecomaterials and clean energy research
• Computational materials science
www.mse.ntu.edu.sg

National University of Singapore (NUS)
The Department of Materials Science and Engineering in the Faculty of Engineering
combines the fundamental sciences (chemistry, physics and life sciences) with applied
engineering (electronic, mechanical, chemical and bio-engineering). It strives for basic
understanding of how the science of material structures and processes at the atomic
scale results in the properties and functions familiar at the engineering level. One
aspect involves studying and designing materials to make them useful and reliable in
the service of human kind.
The research programmes at NUS cover the following areas:
• Biomedical and nano-structured materials
• Advanced materials for biotechnology
• Advanced materials for infocomm technology
• Advanced materials for sustainable energy
www.mse.nus.edu.sg
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BIOPOLIS
Conceived as the cornerstone of a much broader vision to
build up the biomedical sciences industry in Singapore, the
Biopolis is a purpose-build biomedical research hub where
researchers from the public and private sectors are co-located.
Situated in the south-western part of Singapore, the Biopolis is
within walking distance of the Buona Vista MRT Station and is
near both the National University of Singapore and the National
University Hospital.
Developed at a cost of SGD 500 million, the Biopolis comprises a seven-building complex linked by skybridges and offers
a built-up area of 185,000 sqm. Two buildings, Chromos and
Helios, are dedicated to biomedical players from the private sector. The other five buildings will house the biomedical research
institutes of the Agency of Science, Technology and Research
(A*STAR), Singapore’s lead agency for scientific research and
development under the aegis of the Ministry of Trade and
Industry.
At steady state, a fully occupied Biopolis will be home to
2,000 scientists. This research community is fully supported by
state-of-the-art infrastructure including shared resources and
services catering to the full spectrum of R&D activities and gradThe Biopolis is part of a master plan for a uate training.
much larger 200-hectare development
known as one-north and there are provisions for expansion to cater to a growing
demand from biotech companies.

FUSIONOPOLIS
The Fusionopolis is envisioned to be an integrated physical
sciences research campus for A*STAR’s Physical Sciences
research institutes and industry tenants. Located within the onenorth development, the Fusionopolis is well connected to
Singapore’s central business district and neighbouring tertiary
research institutions such as the National University of
Singapore, National University Hospital and the Singapore
Science Park.
Designed by renowned architect Dr Kisho Kurokawa, it will
be a vibrant research hub where research institutes, multi-national companies and start-ups work together to address multi-disciplinary problems.
It will house full array of facilities such as computational
resources, nanofabrication and characterization facilities, integrated work/live serviced apartments, amenity clubhouse, technology showcase, media studio and retail outlets. The state-ofthe-art development will also boast satellite access, seamless
connectivity, cheap computing power and bandwidth, and services catering to a full spectrum of R&D activities and graduate
training.
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Fusionopolis Phase I, which is in construction, will focus on
industry and media, with key tenants being A*STAR’s Science
and Engineering Research Council (SERC), and 2 of A*STAR’s
research institutes, i.e. the Institute of High Performance
Computing and the Institute for Infocomm Research, and industry tenants.
Phase II will further enhance the integrated R&D environment
with the creation of a centre for the physical sciences and testbedding of future technologies. Complete with offices, specialized laboratories and a central cleanroom, Phase II will house
four of A*STAR’s science and engineering research institutes,
i.e. Data Storage Institute (DSI), Institute of Microelectronics
(IME), Institute of Materials Research and Engineering (IMRE),
and Singapore Institute of Manufacturing Technology
(SIMTech).
In an effort to drive long term environmental sustainability
and to reduce carbon footprint, the Fusionopolis Phase II will
comprise of “green” buildings with renewable and efficient energy resources, and will provide a testbed for future energy sources
such as fuel cell and photovoltaic technologies.
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2. Outline of Major Public Research Institutes and Universities for Materials
Research in Asia

Section 7. Taiwan
Tomoaki Hyodo
Planning and Research Office, NIMS
Masahiro Takemura
International Affairs Office, NIMS
1. Materials Research Policy in Taiwan
In Taiwan, three organizations supply funds for
Science and Technology (S&T): The Ministry of
Economic Affairs (MOEA), the National Science
Council (NSC), and the Ministry of Education (MOE).
Having strong ties with industry, the MOEA’s main
focus is provision of funds for applied research, and the
percentage of MOEA funds for basic research is low.
The NSC functions to supply funds for basic research in
universities and nine public research institutes.
Although its main focus is basic research, it is also
involved in applied research, such as research related to
nanodevices and artificial satellites. The NSC also has
functions that support collaboration between industry
and universities/public research institutes. The MOE is
responsible for university education; it does not supply
funds for research.
There are five scientific departments in the NSC:
Department of Natural Science, Department of
Engineering and Applied Sciences, Department of Life
Sciences, Department of Humanities and Social
Sciences, and Department of Science Education.1)
Changes in fiscal year budgets for the NSC are
shown in Figure 1. The FY2005 budget was US$ 1.32
billion, which represented three-fold growth in the NSC
fiscal year budget over the past 10 years. Figure 2,
which provides a breakdown of the FY2005 budget,

shows that the percentage allotted to academic research
support was approximately 68%. Meanwhile, Figure 3
shows that the research project budget of the NSC in
FY2004 was US$ 440 million, with engineering-related
funds standing at approximately 34% and natural science-related funds at approximately 20%.
One characteristic of Taiwanese government-led policy is the fact that it places emphasis on education and
environmental impact. In the area of education, Taiwan
is promoting a K-12 project that is similar to that of the
United States, developing educational materials,
employing mobile laboratories using large trucks, and
preparing video materials (Nano and Nono). And in the

Fig. 1 Changes in budget for the NSC, Taiwan1) (1 US$=32 NTD).

Fig. 2 Breakdown of the FY2005 NSC budget1) (1 US$=32 NTD).
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Fig. 3 FY2004 research project budget in the NSC1) (1 US$=32 NTD).

area of environmental impact, Taiwan is implementing
projects under the leadership of the Taiwan
Environmental Protection Agency (TEPA) and the
Industrial Technology Research Institute (ITRI).
Representative of such projects is “Nanotechnology:
Applications of Nanotechnology to Environmental
Protections, Safety, and Implications,” which is a TEPA
undertaking. Beginning in 2003, this project was the
first project in Asia to include environmental impact
assessment of nanomaterials.

2. Nanotechnology R&D in Taiwan
Looking at nanotechnology R&D in Taiwan, the

committee of the National Science and Technology
Program (NSTP) approved the establishment of a program for nanoscience and nanotechnology in Taiwan in
June 2002.2) This step was based on laws and statutes
pertaining to NSTP establishment in the final report of
the 5th S&T conference. Seeking to establish shared
core facilities and education programs toward achievement of academic excellence in application to basic
research and industry, it focuses on four points: An
Academic Excellence Program, an Industrial
Application Technology Program, a Core Facilities
Program, and an Education Program. Table 1 shows the
details of the program.3) The program is being promoted
over a six-year period—from 2003 to 2008—and has a
total budget of approximately US$ 660 million. Figure

Table 1 National Science and Technology Program for Nanoscience and Nanotechnology.3)
1. Academic Excellence Program
- Basic research on nanoscience
- Synthesis, assembly and processing of nanomaterials
- Development of manipulation techniques and fabrication of functional nanodevices
- Energy applications
- Nano-biotechnology
2. Industrialization Nanotechnology Program
- Nanomaterials and processing techniques
- Nanoelectronic technology
- Nanomaterials and nanodevices for display technology
- Nano optical communication technology
- Nano packaging technology
- Data storage technology
- Nano technology for energy applications
- Nanomaterials application for traditional industries
- Nano biotechnology
3. Core Facilities Program
- Set up Common Laboratories
- Characterization/processing laboratory
- Nanomaterials simulation laboratory
- Nanomaterials synthesis/production laboratory
- Set up Electronic-networking system
- Sponsor programs for innovative news tools design/manufacture
4. Education Program
- Establish interdisciplinary nanoscience and technology curricula
- Enhance basic science knowledge (from high school)
- Promote international collaboration and personnel exchange
- Recruit talents from abroad
- Promote academic-industry collaborating research and personnel exchange
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Fig. 4 Budgetary trends in the National Science and Technology
Program for Nanoscience and Nanotechnology.

4 shows budget trends for each field, while Figure 5
provides the budgetary share of each field in the total
budget.

3. Public Research Institutes Involved in Materials
Research in Taiwan
Table 2 shows representative public research institutes in Taiwan that are involved in materials research,
while Figure 6 shows the location of each of these institutes. The Industrial Technology Research Institute
(ITRI) was launched as a foundation in 1973; its predecessor was a laboratory under the jurisdiction of the
Ministry of Economic Affairs. The ITRI’s objectives
are to promote industrial technology in Taiwan, establish new industries based on S&T, and improve industrial technology standards. Its R&D covers fields that
range from electronic information and communications
to nanotechnology, materials technology, biomedical
technology, advanced manufacturing systems, and environment/energy technologies. It receives roughly equal
amounts of research funds from the national budget and
funds for joint or commissioned research from private
enterprises, and its management focuses on application
of research results. Although its headquarters is located
in Hsinchu, it established a branch in Tainan in 2005.
With offices in four major countries of the world (USA,
Russia, Germany, and Japan), it is promoting cuttingedge R&D at the international level while keeping an
eye on technical development trends and markets from a
worldwide perspective. The ITRI’s materials research
budget is NTD 9.023 billion (US$ 279 million [2003]).4)
Foremost among nanotechnology R&D bases in Taiwan
is the NanoTechnology Research Center (NTRC), which
is established within the ITRI. This facility focuses
mainly on industrialization. Launched in January 2002,
the NTRC has a budget of NTD 1.94 billion (overall
ITRI budget: approximately NTD 16.5 billion) and a
staff of 700 people (overall ITRI staff: approximately
5,800 people). It is promoting 43 projects in six fields:
1) information and communications, 2) energy, 3) ultrafine processing, 4) nanomaterials, 5) bio and medical
care, and 6) health and environment. A list of projects is
provided in Table 3.
Academia Sinica is a national laboratory for basic
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Fig. 5 Budgetary share of each field in the
total program budget.

science in physics, chemistry, and the humanities. It is a
research institute that is managed by a national and
complex cultural affairs corporation having museums,
art museums, zoos, and other facilities. While its main
focus is on basic research, it is also actively involved in
manufacturing methods for materials used in nanotechnology as well as analysis of their properties in the
materials science field.5)
The National Nano Device Laboratories were originally under the management of the NSC; however, jurisdiction for their activities was moved to the National
Applied Research Laboratories in 2003, where they
remain today. The National Nano Device Laboratories
have an important role in fostering the high-quality
technicians that are needed by Taiwan’s semiconductor
industries as well as in joint research.6)

4. Taiwanese Universities Involved in Materials
Research
Table 4 shows major universities in Taiwan that are
involved in materials research, while Figure 6 shows the
location of each university. National Cheng Kung
University was founded in 1931 as Tainan Technical
College. It was later renamed National Cheng Kung
University in 1971. It is one of the principal universities of the Tainan region, and although it started out as a
science and engineering school, it currently has a large
medical sciences department. The university’s
Department of Materials Science and Engineering,
College of Engineering, serves as a comprehensive base
for materials research that targets many types of material. Materials research is also being pursued in many
departments.
National Tsing Hua University was launched for the
main purpose of nuclear engineering research; however,
it has complete programs in other engineering fields as
well. The chemistry courses of both the College of
Science and College of Engineering are actively
engaged in materials development. In particular, the
Department of Chemical Engineering is systematically
proceeding with research of nanotechnology materials,
biotechnology materials, and optoelectronics materials,
seeing them as important fields for the long term.
The predecessor of National Taiwan University was
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Table 2 Public research institutions involved in materials research in Taiwan.4-6)
Name of institute, city,
year of establishment,
ministry or agency

Major materials research areas

Industrial
Technology Research
4)
Institute
Hsinchu
1973
Ministry of
Economic Affairs

http://www.itri.org.tw/index.jsp
Electronics and Optoelectronics Research Laboratories
- Electronic display materials, etc.
Material and Chemical Research Laboratories
- High-function fibers, lithium battery materials, methanol fuel cells, biomass,
etc.
Nano Technology Research Center
- Magnetoresistive random access memory, nanoparticles, nano measurement,
organic TFT, surface modification nanowire arrays, etc.

Academia Sinica5)
Taipei
1928
NSC, Ministry of
Economic Affairs

http://www.sinica.edu.tw/main.shtml
Institute of Physics (36 researchers)
- High-temperature superconductors, nanotechnology materials, surface
physics, quantum devices
Institute of Atomic and Molecular Sciences (32 researchers)
- Research on nanotechnology materials, nonlinear optical devices, properties
of crystals in strong electric fields, surface properties of thin films, etc.
Institute of Chemistry (24 researchers)
- Methods for synthesizing nanotechnology materials and their properties,
development of materials for contact catalysis of hydrocarbon, etc.

National Nano
6)
Device Laboratories
Hsinchu
1993
National Applied
Research
Laboratories

http://www.ndl.org.tw/english/
Design of nanometer-sized advanced devices, R&D on manufacturing technologies, etc.
The number of researchers in the materials research field includes 22 in electronics, 12 in optoelectronics, and 7 in physics.

Researchers,
budget
Total No. of
employees:
5,804
Research staff
members: 4,816
NTD 16.5 billion
(US$ 510 million)
(2003)

No. of employees: Unknown
Budget:
Unknown

No. of
researchers: 65
(2004)
Budget:
Unknown

Note: NSC stands for National Science Council

Table 3 Nanotechnology projects of the Industrial Technology Research Institute (ITRI).
Ⅰ．Information and Communications
•
•
•
•
•
•
•
•
•
•
•
•
•

Magnetoresistive Random Access Memory (MRAMA)
Phase Change Memory (PCM)
Metal-Insulator-Metal Technology
Spin Transistor Technology
Carbon Nanotube Field Emission Back Light Unit
Flexible Substrate Development for Active Matrix Displays
Photonic Crystal Application on Solid State Lighting
White Emitting Quantum Dots
Phosphors for White-LED
Functional Substrate Packaging Technology
Super High Storage Density Recording Technology
Super-Resolution-Near-Field-Structure (Super-RENS) High Density Disc Technology
Super-high Density Disc Based on Multi-layer Fluorescence

Ⅱ．Energy Applications
•
•
•
•
•
•

Carbon Nanocomposite
High-performance Electrode Materials for Lithium Battery with Nanotechnology
Direct Methanol Fuel Cell (DMFC)
Dye-sensitized Solar Cells
Niobium-Conducting Polymer Capacitor
CNT Lighting

Ⅲ．Process and Equipment Development
•
•
•
•
•
•
•

114

High Pressure Homogenizing Technology
Nanoparticle Grinding and Dispersing Technology
Nanoimprint Technology
Overlay Metrology for Next Generation Lithography
Advanced NanoScopy Inspection Technology
Scattering-type Scanning NEar-field Optical Microscopy (s-SNOM)
Nanostructures Simulations

Materials Science Outlook 2006

Ⅳ．Nanomaterials
•
•
•
•
•
•
•
•
•
•

PU Nanoclay Resin and Application in Synthetic Leather Insustry
High Tensile-strength, High Impact-strength Carbon Fiber-reinforced Nanocomposites
Wet-abrasion Resistant, and Self-Cleaning Coatings
High ZT Value Thermoelectric Materials
Breathable Materials and Membrane Technology
High Performance Multi-element Alloys
DC-plasma Synthesis of Nano-ZnO & the Application
Nanoporous Super-low Dk Polymer for Electret
Nanostructure Thin Film and Derivative Applications
Processing of Film on Flexible Substrate

Ⅴ．Biomedical Applications
•
•
•
•
•

Patterned Bio-matrices of Well-defined Collagen Nanofibers for Cell Cultivation
DNA as Soft Templates for Opto-electronic Nanowires
Polymeric Micelle Technology
Novel Multi-modality Contrast Agent
Semiconductor Nanoparticles in Molecular Sensing

Ⅵ．Environment and Health
• Neutral Photocatalyst Sol
• Photocatalytic Ceramic Tile

and the Institute of Nanotechnology in the College of
Engineering was launched in 2003. Thus, National
Chiao Tung University is proud to be one of the foremost electronics research institutes in the world.
National Central University was founded in Nanjing,
China, in 1915. It was reinstated in Taiwan in 1962,
with its university functions being established in 1969.
The university currently has seven colleges, 19 departments, and 43 laboratories. Its College of Engineering
contains a materials science and engineering laboratory.
National Sun Yat-Sen University was formed in 1924
when Sun Yat-Sen merged three universities. The university took its current name after Sun’s death. The
government reopened the university in 1980 in order to
meet demands for higher education following the
ROC’s move to Taiwan.

5. Conclusion

Fig. 6 Locations of materials research institutes in Taiwan.

the Taihoku Imperial University, which was founded in
1928. It was re-launched as National Taiwan University
in 1945.
National Chiao Tung University was founded in 1896
in Shanghai as an institution for absorption of Western
civilization. It became Chiao Tung University in 1921
after it merged with other campuses. It was re-launched
in the Hsinchu district in 1957 to support the electronics
industry, which was becoming a major industry in
Taiwan. And in 1958, the Institute of Electronics was
established with the blessings of the government. In
later years, a semiconductor laboratory was established
in 1964, Taiwan’s first departments of electrical engineering and computer science were established in 1994,
Materials Science Outlook 2006

(1) Basic materials research in Taiwan is primarily
under the jurisdiction of the National Science
Council (NSC). The NSC’s R&D budget has grown
three-fold over the past 10 years, reaching a total of
approximately US$ 1.3 billion in FY2005. Of this,
US$ 440 million is allocated to research projects, of
which approximately 20% is connected with the natural sciences.
(2) In the area of nanotechnology research, a six-year
(2003 to 2008) National Science and Technology
Program for Nanoscience and Nanotechnology is in
progress. The program has a total budget of approximately US$ 660 million, which is distributed
among four programs: industrial technology (66%),
core facilities (17%), academic excellence (15%),
and education (2%).
(3) Representative public research institutes involved in
materials research include the Industrial Technology
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Table 4 Universities involved in materials research in Taiwan.7-12)
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Name of university,
city, year of
establishment,
ministry or agency

Major materials research areas

National Cheng Kung
7)
University
Tainan
1971
NSC, Ministry of
Economic Affairs,
Ministry of
Education

http://www.ncku.edu.tw/english/
Department of Materials Science and Engineering, College of Engineering (19
professors)
- Metallic materials, ceramics, magnetic materials, electronics materials, corrosion and protection, high-temperature superconducting materials, surface
science, casting, composite materials, biomaterials, materials for fuel cells,
etc.
Department of Mechanical Engineering, College of Engineering (42 professors)
- Composite materials for structures, fabrication of metallic materials (casting,
drawing, etc.), nanomaterials (manufacturing processes)
Department of Chemical Engineering, College of Engineering (36 professors)
- Thin-film materials, ceramics (AlN, Si3N4, BN), biomaterials, surface properties of polymer materials, polymer liquid crystals, polymer nanomaterials,
composite nanomaterials, etc.
Department of Physics, College of Science (31 professors)
- Nanoparticle materials, optical electronics materials, liquid crystals for displays, non-crystalline magnetic materials, recording thin films,
magnetic/optical devices, etc.
Institute of Electro-Optical Science and Engineering, College of Science (12
professors)
- Optical electronics devices, nanodevices, thin-film multilayer devices,
biosensors, III-V nitride devices
Materials science is also being pursued in the Department of Chemistry, College
of Science; Department of Civil Engineering, College of Engineering; and
Institute of Oral Medicine, College of Medicine; among others.

National Tsing Hua
8)
University
Hsinchu
1956
NSC, Ministry of
Economic Affairs,
Ministry of
Education

http://www.nthu.edu.tw/index-e/index.htm
Department of Materials Science and Engineering, College of Engineering (32
professors)
- Iron/non-iron metallic materials, electronic materials, ceramics, polymer
materials, thin-film materials, nanomaterials, corrosion and protection, all
areas of material technology
Institute of Microelectromechanical System, College of Engineering (15 professors)
- Use of nanomaterials in micro systems, etc.
Department of Chemical Engineering, College of Engineering
- Development of nano-scale materials, electroluminescence, polymer semiconductors, biomaterials, methods for manufacturing nanoparticles, muscle
materials for artificial hearts, polymer light-emitting materials for displays,
etc.
Department of Chemistry, College of Science
- Organic light-emitting diodes, transition metal composite catalytic materials,
conducting polymer materials, nanoporous materials, carbon nanotubes,
inorganic oxide nanowires, metallic nanomaterials, etc.

National Taiwan
9)
University
Taipei
1945
NSC, Ministry of
Economic Affairs,
Ministry of
Education

http://www.ntu.edu.tw/english/main.html
Department of Materials Science & Engineering, College of Engineering (250
full-time professors)
- Shape memory alloys (for medical use), technology for fabricating ultra-fine
lines and ultra-thin plates, vibration-suppression materials, hydrogen storing
alloys, surface-improvement with CVD/PVD, technology for joining clad
materials, welding technology, laser processing, thin-film magnetic materials, powder metallurgy, optoelectronic polymer materials, materials for joining ceramics, application of ferroelectric material sensor actuators
Department of Chemical Engineering, College of Engineering (30 full-time professors)
- Polymer materials for electronics (organic semiconductors, polymer lightemitting diodes), electrode materials for lithium batteries, research of methods for manufacturing nanomaterials (colloid chemistry), polymer composite
materials
Nano-Electro-Mechanical System Research Center, College of Engineering
- Polymer photoelectric materials, heat-resistant polymers, shape memory
polymers, polymer materials for biomedicine, polymer materials for artificial
organs, etc.

Researchers,
budget

No. of employees: Unknown
Government subsidies:
Approximately
US$ 200 million

No. of fulltime
professors:
Approx. 500
Government subsidies:
NTD 550 million
External funding,
etc.:
NTD 300 million
(2004)

No. of fulltime
professors:
963
Materials field:
NTD 69 million
(US$ 2.1 million)
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Department of Physics, College of Science (51 full-time professors)
- Nanomaterials (magnetic), surface engineering, materials for liquid crystal
displays, electron microscope technology for observing biotechnology
Department of Chemistry, College of Science (34 full-time professors)
- Research on magnetic resonance imaging (MRI) devices, magnetoresistant
materials, materials surface science, nanowire and nanotube-based FET and
their use as biosensors, conductive polymers, light-emitting materials, mesoporous SiO2, high Tc superconductive materials, properties of photoelectric
elements (CdSe/ZnTe/ZnS), etc.

National Chiao Tung
10)
University
Hsinchu
1957
NSC, Ministry of
Economic Affairs,
Ministry of
Education

http://www.nctu.edu.tw/english/
Department of Materials Science and Engineering, College of Engineering
- Fe/Al/Mo alloys, rapid-solidification alloy powders, diamond thin films,
nano-scale non-crystalline materials, shape memory alloys of powder roots,
metal-based composite materials, semi-solid casting technology of highstrength A1 alloys, organic semiconducting materials, materials for largecapacity magnetic memory, light-emitting polymers, high temperature-resistant polymers, etc.
Institute of Nanotechnology, College of Engineering
- Research on Si and carbon nanodevices, nano-scale magnetic materials,
nano-scale light switches, materials for nanobiotechnology
Department of Electronics Engineering, College of Electrical Engineering
- Sub-micron electronics materials, nanomaterials, III-V compound semiconducting materials, sensors for microelectronics, condensed materials science
(high-temperature superconducting materials)
Materials research is also being pursued in the Institute of Electro-Optical
Engineering, College of Electrical Engineering; Department of Mechanical
Engineering and Department of Civil Engineering, College of Engineering; and
Department of Electrophysics, Institute of Physics, Department of Applied
Chemistry, and Institute of Molecular Science, College of Science; among others.

National Central
11)
University
Taoyuan
1969
NSC

http://www.ncu.edu.tw/org01_7.php
Institute of Materials Science and Engineering
- Battery materials, electrode materials, catalysts, conductive polymers, polymer materials, porous polymers, microelectronic materials, semiconducting
materials, biomaterials, light alloy materials, environment-friendly materials,
fuel cells, atomic elements, molecular physics, surface physics, photoelectric
materials, etc.

National Sun Yat-sen
12)
University
Kaohsiung
1980
NSC

http://www.nsysu.edu.tw/
Institute of Materials Science and Engineering, College of Engineering
- Superplasticity, composite materials, alloys, semiconducting materials, technology for IC manufacture, solar batteries, polymer crystals, joint surface
finishing of metallic materials, electron microscopy, technology for analyzing thin-film growth, photonic crystals, fatigue mechanisms, etc.
Department of Materials and Optoelectronic Engineering, College of
Engineering

No. of professors:
270
NTD 4.056 billion
(US$ 125.3 million)
(2004)

No. of employees: Unknown
NTD 1.219 billion
(US$ 37.7 million)
(2005)

No. of employees: Unknown
Budget:
unknown

Note: NSC stands for National Science Council

Research Institute, Academia Sinica, and National
Nano Device Laboratories. At the same time, active
research activities are being pursued at National
Cheng Kung University, National Tsing Hua
University, and other universities.
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2. Outline of Major Public Research Institutes and Universities for Materials
Research in Asia

Section 8. Kingdom of Thailand
Tomoaki Hyodo
Planning and Research Office, NIMS
1. Introduction
Materials research in Thailand is conducted under the
jurisdiction of the Ministry of Science and Technology
(MOST).1) The predecessor of MOST was established in
1979, and the ministry attained its present form following reorganization in October 2002. Figure 1 provides
an organizational chart of MOST. The ministry is made
up of four government agencies, three autonomous
organizations, two state enterprises, one public organization, and three new organizations that are under establishment.
Table 1 shows changes in the overall budget for the
Kingdom of Thailand as well as the MOST budget for
the years between 2002 and 2005.2) Although there was
a slight budgetary decrease for both in 2003, the budgets
increased in later years.
Thailand’s Ninth Five-Year National Economic and
Social Development Plan established the following five
directions for materials technology from 2002 to 2006:

Table 1 Fiscal year changes in the budgets of the Kingdom
of Thailand and MOST.2)
Kingdom of Thailand

Most

(million baht) (million US$) (million baht) (million US$)

2002

1,023,000

26,598

8,878

231

2003

999,900

25,997

4,166

108

2004

1,028,000

26,728

5,131

133

2005

1,200,000

31,200

6,672

173

Note: 1 Thai baht is converted at a rate of 1 baht = US$0.026.

1) Materials technology for production of high added
value from domestic resources
2) Materials technology for manufacturing, design,
and production development
3) Materials technology for reusable energy
4) Materials technology for medical care
5) Materials technology for agricultural promotion

Fig. 1 Organizational chart of the Ministry of Science and Technology, Kingdom of Thailand.
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Fig. 2:Map of the Kingdom of Thailand.

2. Public Research Institutes Involved in Materials
Research in the Kingdom of Thailand
As is shown in Figure 2, major public research institutes and universities involved in materials research in
Thailand are located in the capital of Bangkok or its
suburb of Pathumthani.
Public research institutes involved with materials
under the jurisdiction of MOST include the Thailand
Institute of Scientific and Technology Research
(TISTR) and National Science and Technology
Development Agency (NSTDA). Table 2 shows representative public research institutes in Thailand.
The predecessor to the TISTR was a non-profit state
organization established under the Applied Scientific
Research Corporation Law of Thailand in 1963. This
organization was revised and established as TISTR in
1979 in accordance with the Thailand Institute of
Scientific and Technological Research Law. 3) The
TISTR has a Materials Technology Department and a
Biotechnology Department, and is also engaged in
research on food and agriculture. The TISTR was originally based in Bangkok: However, seven of its R&D
departments (including the Engineering Department)
have recently moved to new offices completed in
Pathumthani.
Established in 1991, the NSTDA is a comparatively
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new organization. It is affiliated with the National
Metal and Materials Technology Center (MTEC),
National Nanotechnology Center (NANOTEC), and
National Genetic Engineering and Biotechnology
Center.4) The MTEC was originally established as a
Minister’s Secretariat project of the then Ministry of
Science, Technology, and Energy to support R&D in
5, 6)
metals and materials. It became a part of the NSTDA
when the agency was created in 1991. In response to
the aforementioned Ninth Five-Year National Economic
and Social Development Plan, the MTEC strategic plan
selects the following five directions for materials technology development during the period between 2002
and 2006:
1) Materials technology for high value-added production from domestic resources
2) Materials technology for manufacturing of designs
and product development
3) Materials technology for reusable energy
4) Materials technology for application to medical
care
5) Materials technology to promote agriculture
NANOTEC was established as a research institute
under the NSTDA in 2003.7) Having as its purpose the
formulation and execution of national nanotechnology
strategies, it serves also as an organization that provides
funds to nanotechnology researchers.
The National Electronics and Computer Technology
Center (NECTEC) was launched as a project of the
Ministry of Science, Technology, and Energy (the current MOST) in 1986.8) It became a special national center affiliated with the National Science and Technology
Development Agency when it was established by
MOST in 1991. In cooperation with the Asian Institute
of Technology (to be mentioned later in this section),
NECTEC started a “techno-business start up program”
to foster new entrepreneurs. This project is receiving
support from a project to develop new entrepreneurs of
the Industrial Promotion Agency of the Ministry of
Industry.
The Bangkok Biomaterial Center was opened in 1984
with the support of Her Royal Highness Princess
Galyanivadhana.9) The center is located within Siriraj
Hospital of the Faculty of Medicine, Mahidol
University. It is said that biomaterials research is conducted not at the center, but rather at Mahidol
University.

3. Universities Involved in Materials Research in the
Kingdom of Thailand
Table 3 presents representative universities that are
engaged in materials research in Thailand.
Chulalongkorn University was launched in 1917 with
four faculties: The Faculty of Public Administration,
Faculty of Medicine, Faculty of Engineering, and
Faculty of Arts and Science.10) Materials-related activities began with establishment of Metallurgical
Engineering course in 1974 and the founding of the
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Table 2 Major public research institutes involved in materials research.
Name of institute, city, year of
establishment, ministry or agency

Major materials research areas

Thailand Institute of Scientific and
3)
Technological Research (TISTR)
Bangkok & Pathumthani
1963
MOST

http://www.tistr.or.th/tistr2006/index
Materials Technology Department
Biotechnology Department
Industrial Metrology and Testing Service Center
etc.

National Metal and Materials
5, 6)
Technology Center (MTEC)
Pathumthani
1986
MOST, NSTDA

http://www.mtec.or.th/en/index.asp
Metals R&D Group
Ceramics R&D Group
Polymers R&D Group
Biomaterials and Medicine R&D Group
etc.

National Nanotechnology Center
7)
(NANOTEC)
Pathumthani
2003
MOST

http://www.nanotec.or.th/nanotec/eng/

Researchers, budget
Full-time employees:
625
711 million baht
(US$ 18 million)
(2004)
Full-time employees:
436 (of these,
researchers: 78)
325 million baht
(US$ 8.5 million)
(2005)
No. of staff members:
unknown
Budget: Unknown

National Electronics and Computer
8)
Technology Center (NECTEC)
Bangkok
1986
MOST, NSTDA,
Ministry of Information And
Communication Technology

http://www.nectec.or.th/english
Electronic Research and Development Division
Thai Microelectronics Center

The Bangkok Biomaterial Center
9)
(BBC)
Bangkok
1984
Bureau of The Royal Household;
Ministry of Public Health;
Ministry of Science, Technology,
and Energy; Office of Atoms for
Peace

http://members.tripod.com/biothai/
R&D on technology for banking tissue for transplant, etc.

Employees: 713
(of these, PhD holders: 57)
351 million baht
(US$ 8,959,000)
(2005)

No. of staff members:
unknown
Budget: Unknown

Table 3 Main universities involved in materials research.
Name of university, city, year of
establishment, ministry or agency

Chulalongkorn University10)
Bangkok
1917
Ministry of Education

Asian Institute of Technology (AIT)
11, 12)
Pathumthani and Hanoi
1959 (Thailand main campus)
1993 (Hanoi extension campus)
Ministry of Foreign Affairs, supporting national governments
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Major materials research areas

http://webhost3.it.chula.ac.th/curel/chula_eng/index_eng.htm
Department of Metallurgical Engineering, Faculty of
Engineering
Department of Material Science, Faculty of Science
Metallurgy and Materials Science Research Institute
etc.

http://www.ait.ac.th/ (Thailand main campus)
http://www.ait.ac.th/ait/aitcv (Hanoi extension campus)
Department of Microelectronics
Electronics laboratory
Nano laboratory

Researchers, budget
Faculty of
Engineering professors: 13
Associate professors:
81
Budget is not
released to the public
Total researchers:
113 (of these, professors: 28)
1.727 billion baht
(US$ 44 million)
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Ph.D program on Metallurgical Engineering in 1996.
The Asian Institute of Technology has its main campus in Pathumthani and an extension campus in Hanoi,
Vietnam. 11, 12) The graduate school was founded in
Bangkok in 1959 and later moved to Pathumthani, while
the Hanoi campus was established in 1993. The institute aims to take the lead in sustainable development of
the Asia-Pacific region through higher education,
research, and support activities that integrate planning
and management. Consequently, with consideration of
environmental and socioeconomic aspects, its activities
focus on the School of Advanced Technologies, School
of Engineering, School of Environmental Resources and
Development, and the School of Management as well as
on open courses and the Vietnam campus.

Conclusion
Materials research in the Kingdom of Thailand is proceeding based on the Ninth Five-Year National
Economic and Social Development Plan (2002 to 2006),
which presents five directions for such research, including technology that brings added value to domestic
resources. Representative public research institutes are
the Thailand Institute of Scientific and Technology
Research (TISTR) and National Science and
Technology Development Agency (NSTDA). And university materials research is being conducted by
Chulalongkorn University among others. The Asian
Institute of Technology has an extension campus in
Hanoi, and is aiming for sustainable development in the
Asia-Pacific region.
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PART Ⅲ

Outlook of Materials Research

Nanotechnology for Materials Science
● Nanomaterials
● Nanotechnology-Driven Materials Research for
Information Technology
● Nanotechnology-Driven Materials Research for
Biotechnology
● Materials for Environment and Energy
● Materials Research for Reliability and Safety
●

“Materials Science Outlook” was first published in 2005. In that first edition, nanomaterials, superconducting
materials, metals, ceramics and other principal substances and materials were broadly classified into four categories (characteristic seeds materials, needs-oriented materials, performance-seeking materials and R&D materials) and future research trends were analyzed in each of these fields. For this 2006 edition of Materials Science
Outlook, the categories of materials are to be revised in relation to their fields of application. As shown in Fig. 1,
materials are classified into six application areas (nanotechnology, nanoscale materials, info-communication
materials, bio-nanomaterials, environment/energy materials, and reliability/safety materials), and recent research
trends in Japan and abroad are surveyed and analyzed by NIMS researchers.
Chapter 1, ‘Nanotechnology’, discusses nanomeasurement, quantum beam and nanosimulation. Chapter 2
examines nanoscale materials synthesized or manipulated by nanotechnology. Chapters 3 and 4 analyze research
trends for information-communication materials and biomaterials, respectively for which nanotechnology is
expected to be adapted. Chapters 5 and 6 forecast research trends not only for nanoscale materials, but also for
environment/energy materials and reliability/safety materials. Chapter 6 also surveys and analyzes trends in
measures related to risk evaluation management of nanomaterials. Finally, the Appendices summarizes the present status and future trends for large-scale common-user research facilities around the world.

Fig. 1 Classification of materials science adopted n this booklet.

*) “Materials Science Outlook 2005”, http://www.nims.go.jp/jpn/news/outlook/outlook2005.pdf

Chapter 1. Nanotechnology for Materials Science
Section 1. Nanomeasurement and Analysis Technology
1.1. Surface Multifunction Nanoprobe Methods and
Extreme Measurement Technology
Daisuke Fujita
Advanced Nano Characterization Center, NIMS
1. Introduction
To promote the field of nanotech/materials, it is vital
that the technologies for nanostructure creation and
analysis be fused and upgraded. As a method of nextgeneration nanocharacterization for this kind of nanomaterials science, nanocharacterization technology with
a fusion of active operation has been proposed.1) This
concept of active nanocharacterization, as shown
schematically in Fig. 1, consists of analyzing the functionality and creation mechanism of nanomaterials
while generating extreme fields that correspond to the
environments for creation and functional expression of
the materials. In conventional methods of nanocharacterization, observations were made in environments
unique to individual devices after transferring materials
to those devices, with a time lag after their creation.
Multifunction nanocharacteriztion technology, featuring
a fusion with environment field manipulation with a
view to material creation and functional expression, is a
field that is expected to grow in future, and could be
described as a key technology in nanotech material
research and development.
Meanwhile, in NIMS as well as other research institutes in Japan and abroad, nanoscale creation and meas-

urement technologies have been harnessed to promote
research on new microstructure creation and nanofunction searches. When researching surface nanostructure
creation and functional expression at atomic level, in
particular, surface nanoprobe methods typified by
Scanning Probe Microscopy (SPM) are the most effective methods of nanocharacterization. SPM is a method
of measuring diverse physical properties and functions
in nanoscale by scanning surfaces with a sharp-pointed
probe. Of SPM, methods that have true atomic resolution and a potentially broad range of application are
Scanning Tunneling Microscopy (STM) and NonContact Atomic Force Microscopy (NCAFM). STM
performs imaging by scanning with a probe, while feedback-controlling approach distance by using the tunnel
current generated when a sharp conductive probe is
brought close to the conductive surface at sub-nanometer level. NCAFM uses the interaction between the
probe tip atoms and sample surface atoms to control
approach distance, while imaging by scanning the probe
or sample. AFM has an advantage over STM in that it
can also be applied to insulators. Both facilitate manipulation, processing, creation and structure control at
atomic level, and many nanofabrication and nanocharacterization fusion technologies have been developed

Fig. 1 Conceptual diagram of next-generation nanocharacterization technology (active nanocharacterization) for nanomaterials science.
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from these methods.
In order to research new functions arising from the
creation and microproperties of surface nanostructures,
it is important to establish surface multifunction
nanoprobe technology that measures multidimensional
functions (electronic state, dynamic state, optical properties, spin states, etc.) in nanoscale while realizing the
extreme fields necessary for nanofabrication and functional expression (stress field, electric field, magnetic
field, high-temperature field, low temperature field,
ultrahigh vacuum field, irradiation field, etc.) in the
measurement space (Fig. 2). Stress fields, high-temperature fields, irradiation fields and others are closely related to the material creation process. Moreover, many of
the new functions of nanomaterials are quantum effects,
and these are expressed markedly in extreme fields
combining low temperature, high magnetic field, ultrahigh vacuum and so on. At low temperatures, thermal
disturbance decreases, and quantum effects caused by
electrons become clearly observable. For example,
interference of low-dimensional electron waves, single
electron effects, inelastic tunneling phenomena and others can be measured. Strong magnetic fields play an
important role in controlling spin or superconducting
states, Landau quantization, etc. Ultrahigh vacuum environments are necessary for creating clean surfaces and
atom manipulation. To elucidate the expressional mechanism of effects arising in nanostructure and to search
for new functions, we need to achieve multifunctional
surface nanoprobe methods. For example, atomic structure, local density of states, band structure, Fermi surface, spin states, tunneling-induced luminescence and
potential are among the many multidimensional functions and physical properties that should be measurable
by these methods.

2. Global Research Trends
The SPM, measurement head can be downsized relatively easily, allowing for multiple measurements of
functions and physical properties. As such, research and
development on technology for its use in diverse
extreme field environments has been in progress in leading SPM countries since the second half of the 1990s.
2.1 Global Research Trends in Compound ExtremeField STM 2)
The USA, Germany and Japan are leaders in the
development of ultralow temperature, high magnetic
field and ultrahigh vacuum combined extreme-field
STM, and atomic-resolution images in temperature
regions of less than 1K have been obtained. Davis, et al.
of Cornell University (USA) developed high resolution
STM in ultralow temperature (250mK), variable magnetic field (7T) and ultrahigh vacuum environments
using the 3He cryostat method in 1999.3) They then succeeded in developing an ultralow temperature (up to
20mK), high magnetic field (9T) and ultrahigh vacuum
STM (mK STM) via the dilution-refrigerating method.
The mK STM developed by them has been instrumental
in elucidating the physical properties of oxide superconductors. Wiesendanger, et al. of Hamburg University
(Germany) completed ultralow temperature (300mK),
high magnetic field (14T) and ultrahigh vacuum STM
using the 3He method, and are applying it to elucidate
the mechanism of spin states and Landau quantization.4)
The magnetic field intensity achieved by Wiesendanger,
et al. is thought to be the highest in the world under conditions of ultrahigh vacuum, ultralow temperature environment of less than 1K, and atomic resolution. These
STMs can not only achieve atomic-resolution imaging
but also multifunction measurement combining high
resolution scanning tunneling spectroscopy (electron
state), spin polarization measurement, and others.

Fig. 2 The concept of surface multifunction nanoprobe measurement technology for nanomaterials
research. Fusion of nano characterization technology and nanocreation technology (left) and expression of
nanofunctions in extreme environments (right).
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2.2 Global Research Trends in Combined Extreme-Field
NCAFM
Switzerland, Germany and Japan are leading countries in the development of an NCAFM in combined
extreme-field environments. A low temperature, high
magnetic field and ultrahigh vacuum NCAFM has been
developed at a liquid He temperature (up to 4.2K) level.
In Switzerland, for example, Güntherodt, et al. of Basel
University have developed a low temperature (6K) and
high magnetic field (7T) UHV-NCAFM, and have
achieved measurement using atomic-resolution NCAFM
imaging and a magnetic force microscope (MFM).5) In
Germany, Wiesendanger, et al. of Hamburg University
have developed a low temperature (5.2 K) and high
magnetic field (5T) UHV-NCAFM.6)
2.3 Global Research Trends in Extreme Field Tunneling
Luminescence STM
Research and development on high resolution photon
measurement by tunneling electron induction in low
temperature, ultrahigh vacuum environments are underway in Japan, Germany, the UK and other countries.
Berndt, et al. of Kiel University in Germany, a pioneer in
this field in particular, have developed high-sensitivity
photon detection technology that facilitates spectroscopic mapping, and are using this to elucidate the mechanism of tunneling luminescence from various nanostructures such as two-dimensional quantum wells in low
temperature and ultrahigh vacuum environments.7)

3. Domestic Research Trends
3.1 Domestic Research Trends in Combined ExtremeField STM
In Japan, leading research on the development of
atomic-resolution STM measurement technology combining extreme environments is being carried out at
Tokyo University, the Institute of Physical and
Chemical Research (RIKEN), NIMS and elsewhere.
Fukuyama, et al. of Tokyo University have recently succeeded in developing an ultralow temperature (20mK),
high magnetic field (6T) and ultrahigh vacuum STM
based on the dilution-refrigerating method, and are
using it to elucidate low-dimensional physics such as
Landau quantization of the 2-dimensional electron-system in graphite based on tunneling spectroscopy, etc.8)
Hasegawa, et al. of Tokyo University’s Institute for
Solid State Physics have developed a low temperature
(4.2K) and high magnetic field (11T) UHV-STM, which
they are using to visualize the interference effect of 2dimensional electron waves in a metal surface state,
among other applications. Besides this, they are also
developing an atomic-resolution NCAFM and dilutionrefrigerator type ultra low-temperature STM, and are
also making positive efforts towards extreme environment measurement of SPM in general.9)
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3.2 Domestic Research Trends in Combined ExtremeField NCAFM
Morita, Sugawara, et al. of Osaka University have
taken the lead in research and development of atomicresolution NCAFM measurement technology in combined extreme-field environments. They have already
developed a low temperature (5K) UHV-NCAFM system and have succeeded in atomic-resolution imaging.10)
Moreover, they started developing a low temperature
(5K) and high magnetic field (10T) UHV-NCAFM system (the highest level in the world) in 2001, and recently
succeeded in atomic-resolution imaging.
The Osaka University group is a leader in high resolution NCAFM measurement technology, and has also
arrived at the highest level in the world in atomic-resolution NCAFM technology in combined extreme fields.
3.3 Domestic Research Trends in Extreme Field Tunneling Luminescence STM
Tohoku University, Riken, NTT, NIMS and Tokyo
Institute of Technology are among the leaders of domestic research on tunneling electron-induced luminescence
measurement in low temperature and ultrahigh vacuum
environments. In particular, Ushioda, et al. of the
Research Institute of Electrical Communication (Tohoku
Univ.) have developed technology for high-sensitivity
photon spectroscopy and detection, and are using this to
elucidate tunneling luminescence from various nanostructures such as molecules in low temperature, and
ultrahigh vacuum environments.11)
3.4 Present Situation of NIMS
In FY1995, NIMS started to develop various types of
low temperature, ultrahigh vacuum environment SPM
with the aim of creating microstructures and elucidating
quantum effects. These were used to search for new
nanofunctions and physical properties, such as electron
wave interference effects and nanocluster single electron tunneling effects in nanostructures. NIMS then
began to develop atomic-resolution STM in combined
extreme-field environments, 2-probe SPM in stress field
environments, tunneling-induced luminescence measurement in low temperature environments, etc. in
FY2001. In its development of ultralow temperature
(400mK), high magnetic field (11T) and ultrahigh vacuum environment STM, NIMS has succeeded in atomicresolution measurement of various surfaces through
combination with clean surface creation technology. For
example, NIMS has succeeded in atomic-resolution
STM measurement of a Si (100) reconstructed surface at
an ultralow temperature of 1K or less for the first time,
and has contributed greatly to the determination of its
ground state.12)
Another characteristic in the development of surface
multifunction nanoprobes by NIMS is that it is promoting the development of various nanocreation and
nanomeasurement fusion technologies. Examples of
these are metal nanostructure creation technology using
a probe pulse electric field and the point contact
method, surface superstructure nano manipulation tech125

Fig. 3 Discovery of Si(100) surface periodic structure manipulation using low temperature, ultrahigh
vacuum STM facilitates reversible structure manipulation from a ground state (c(4×2) phase) to a
metastable state (p(2×2) phase) by controlling the voltage between the STM probe and the surface.

nology using tunneling electron energy control at low
temperature, single atom manipulation and one-dimensional quantum structure creation technology using
STM probes, and metal nanocluster manipulation technology using STM probes.13) As a particularly important
outcome using ultralow temperature surface multifunction nanoprobes recently, NIMS has succeeded, for the
first time in the world, in reversible manipulation of
Si(100) surface periodic structures by controlling the
energy injected from STM probes. As shown in Fig. 3, it
has succeeded in reversible manipulation between a
c(4×2) structure (ground state) and a p(2×2) structure
(metastable state) by controlling the voltage between the
STM probe and the surface. This manipulation of periodic structures could be useful as elemental technology
when preparing templates for different device structures.

4. Future Research Trends
As trends in SPM nanocharacterization in combined
extreme-field environments, lively competition in development is basically expected to continue in future. This
is because new function searches at nanoscale and elucidating quantum effects will become increasingly important with the advance of nanotechnology and
nanoscience.
In combined extreme-field STM measurement, atomic-resolution measurement at ultralow temperatures of
0.5K or less, high magnetic fields of 10T or more, and
ultrahigh vacuum environments of 10-8 Pa or less could
be seen as the global standard. While reduction to even
lower temperatures is approaching its limit in terms of
technology, there is still room for further development
in magnetic field intensity. Since the potential for
expressing new physical properties and functions
increases exponentially with the increase in magnetic
field strength, competition for development is expected
to continue in future. Superconducting magnets on a
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laboratory scale can be brought to the 20T level, and the
use of hybrid magnets will be indispensable for even
higher magnetic fields. NIMS possesses hybrid magnets
that can generate the largest continuous magnetic fields
in Japan, and in order to materialize the world’s top
combined extreme-field SPM, it will be important to
develop technology for using these. Key technologies
equally important as this high magnetic field competition are the development of ultraclean environment creation technology and high-precision tunnel spectroscopy
measurement technology may be cited.
Development of extreme field environment NCAFM
is being pursued mainly in Japan, Switzerland and
Germany, but the advanced combined extreme field
required for STM has yet to be achieved at the present
time. The reason for this is that NCAFM atomic-resolution measurement using the laser method is difficult in
ultralow temperature environments. On the other hand,
atomic resolution with a NCAFM measurement method
not using laser beams has recently been achieved, and
the development of extreme environment NCAFM
measurement technology using these new sensor probes
is expected to become more active in future. If atomicresolution measurement can be achieved in combined
extreme-field NCAFM, it will be possible to measure
multiple physical properties and functions of diverse
surface nanostructures including insulators, and competition in research and development is expected to
become increasingly fierce as a result.

5. Conclusion
In the Third Science and Technology Basic Plan,
there is expected to be a leap in knowledge that will
form a wellspring for non-continuous technological
innovation, as is now demanded in life sciences, materials science, and others undergoing rapid growth at atomic and molecular level. The assumption is that this will
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be based on an accumulation of knowledge centering on
fundamental research whose aim is to discover and elucidate new principles and phenomena. Another target
that needs to be pursued is to challenge the limitations
of science and technology. We are expected to lead the
world in obtaining information on domains that humans
cannot see or know, and discovering phenomena that are
only expressed in extreme environments.
Such demands concur well with the general direction
of advanced nanocharacterization technology development at atomic level in extreme field environments promoted by NIMS so far. NIMS set up an Advanced
Physical Field Research Center in the 1990s, and has a
history of pioneering research on microstructure creation and quantum function expression in high magnetic
field, ultralow temperature, ultrahigh vacuum environments and other extreme fields. The “surface multifunction nanocharacterization technology in extreme environments” possessed by NIMS is important key technology for achieving “leap-of-knowledge discoveries” and
“breaking the bounds of science and technology” in the
nanotech materials field. Strategies for further improvement, enhancement and prioritization are thought to be
necessary.
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1.2. Three-Dimensional Electron Microscopy
Masaki Takeguchi
Advanced Nano Characterization Center, NIMS
Kazuo Furuya
High Voltage Electron Microscopy Station, NIMS
1. Introduction

2. Research and Development Trends

Transmission Electron Microscopy (TEM) basically
provides projected images, since it forms images by
using electrons passing through a sample. Therefore,
while structures and compositions of the samples can be
analyzed two-dimensionally with atomic-level resolution, it is difficult to obtain three-dimensional information in this way. Nevertheless, as the objects of inorganic materials and biomaterial research, cell research,
device research and other fields become increasingly of
nanometer size, prospects for three-dimensional analysis
and three-dimensional shape observation at TEM resolution level have started to appear. X-ray CT (computer
tomography) technology has been developed in fields
such as medicine, and today there is an ongoing shift
away from X-ray image diagnosis towards X-ray CT
diagnosis as everyday diagnostic technology. This technology is now also being applied to the TEM field in the
form of electron CT, and three-dimensional observation
and analysis at nanometer level is increasingly being
implemented. Meanwhile, new three-dimensional observation technology is also being developed. This Chapter
summarizes the present situation of electron CT technology as an example of recent three-dimensional TEM
observation technology, as well as research trends in
three-dimensional observation methods that do not use
CT technology.

2.1 CT Electron Microscopy Using Conventional TEM
(TEM-CT)
To carry out CT, images have to be acquired from
various angles and reconstructed three-dimensionally.
Achieving this with TEM requires a sample holder that
can rotate the sample by 180 degrees, or an angle as
close to that as possible, together with CT image reconstruction software (see Fig. 1). Currently the TEM manufacturers JEOL Ltd., Hitachi High-Technologies
Corporation and FEI are supplying sample holders for
CT (see the following page), and CT observation can be
achieved with commercially available conventional
TEM. As for software, similarly, the IMOD developed
by Colorado University is widely used, while various
other types of reconstruction software besides this can
now be obtained. Recently, TEM manufacturers have
developed TEM-CT systems that integrate sample holders with reconstruction software, and CT images can
now be acquired automatically.
2.2 High Voltage Electron Microscopy CT (HVEM-CT)
When using TEM for CT observation, the sample has
to be rotated inside the objective lens pole-piece.
Consequently, not only is the angle of rotation limited,
but the sample size and shape often need to follow precise specifications. If the angle of rotation is restricted,
information from certain directions is lost. Again, a certain degree of thickness of the sample is required for
three-dimensional observation, but observation of threedimensional shape samples is difficult due to the sample

Fig. 1 Appearance of sample tilt for TEM-CT.
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penetrability of electrons, given that the acceleration
voltage of conventional TEM is 100-300kV. Because
the High Voltage Electron Microscope (HVEM) is large
in size, the gap in the objective lens pole-piece is around
10mm, and the sample can be easily rotated, facilitating
rotation through 180 degrees (or, in other words, 360
degrees). Moreover, since it uses high-energy electrons,
three-dimensional samples with a certain degree of
thickness can also be observed (possible up to 2-3µm
with silicon, or up to around 10µm with bio-samples).
Given these advantages, CT observation using HVEM
has recently been attracting interest. CT three-dimensional observation technology is being practically
applied at the Osaka University High Voltage Electron
Microscopy Center, and HVEM-CT has been made
available to numerous material researchers and others
thanks to the Nanotechnology Support Project.
Similarly, support using HVEM-CT has recently started
at Kyushu University, the National Institute for
Materials Science, and elsewhere.
2.3 Observation of Three-dimensional Composition
(EELS, STEM)
While it is possible to obtain three-dimensional
images using CT technology, attempts to develop threedimensional element analysis and three-dimensional
nano-property measurement technology (combining
two-dimensional composition maps and electron holography with CT technology) have recently been made at
Cambridge University (UK), Arizona State University
(USA) and elsewhere. As for CT in High Angle Annular
Dark Field - Scanning Transmission Electron
Microscopy (HAADF-STEM), more faithfully reconstructed three-dimensional images are expected to be
obtained since diffraction effects do not occur, even in
crystalline samples. Meanwhile, composition map CT
using EELS, etc., makes it possible to identify not only
the shape but also the localized composition of the interior.1-4)
2.4 New Three-dimensional TEM Technology
The disadvantage with TEM-CT is that, because it
reconstructs images from various angles, its spatial resolution is only around 1-2nm at most. As a method of
obtaining three-dimensional information at a resolution
of 1nm or less (or even atomic resolution), ideas that
make use of the confocal principles commercialized in
the field of optical microscopy have been proposed.5,6)
As shown in Fig. 2, aberration of the TEM objective

lens means that the angle of convergence of the beam is
around 10mrad, and therefore the longitudinal length of
the three-dimensional beam spot is around 10nm. In
other words, resolution in the direction of thickness in
this case is around 10nm. This resolution in the direction of thickness cannot be increased owing to spherical
aberration, even if the angle of convergence is
increased. For this reason, attempts are being made to
incorporate aberration correction lenses, which have
recently started to be commercialized, into the condenser lens system, and to improve resolution in the direction of thickness by focusing the beam at a convergence
angle of 30mrad or more. With aberration-corrected
HAADF-STEM, resolution in the direction of the sample interior is 0.1nm, while resolution of around 1nm
can also be achieved in the direction of thickness.

3. Conclusion
Three-dimensional TEM in nanomaterials science is
expected to continue increasing in importance. Threedimensional observation of nanomaterials and biomaterials by TEM-CT and three-dimensional analysis
through combination with EELS are now starting to find
practical application. In future, development of new
three-dimensional TEM observation technology is likely
to be pursued at higher resolutions (i.e. a resolution of
1nm or less) with the aim of facilitating positional
analysis of atom clusters and others on material interiors, surfaces and interfaces.
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Fig. 2 Correlation between presence of aberration and spot shape of convergence beam.
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1.3. Nuclear Magnetic Resonance Analysis
— NMR’s 60th Anniversary: Observations on the
History of NMR Development —
Tadashi Shimizu
Advanced Nano Characterization Center, NIMS
1. Before NMR
This year is the 60th anniversary of the epoch-making launch of NMR by Bloch (who gained his degree
under Heisenberg but fled Hitler’s Germany to emigrate
to the USA) and Purcell. The two scientists succeeded
in developing NMR both simultaneously and independently, but that was by no means a coincidence; developments until that point offer a great deal of edifying
information. The purpose of this section is to look back
on those developments on the occasion of this 60th
anniversary.
The existence of the atomic nucleus itself was proved
as a result of alpha ray scattering experiments by
Rutherford in 1911, using gold leaf. The fact that atomic
nuclei possess spin was introduced by Pauli of Hamburg
University in 1924, as a new concept to explain the
causes of hyperfine structure. Hyperfine structure had
been discovered experimentally within the atomic spectrum by Michelson in the 19th century, but it remained a
phenomenon of unknown cause. The discovery of
nuclear spin opened up a wide range of new fields
besides NMR, including lasers, atomic clocks and elementary particle physics.
The first experiment of magnetic resonance came in
research on atomic and molecular beams (Zeeman splitting by electron spin) made famous in experiments by
Stern and Gerlach of Hamburg University. Rabi went to
stay in Germany as a visiting student from the USA,
studied the atomic and molecular beam techniques
under Stern, was given a post at Columbia University
and returned to the USA. There, in 1937, he applied the
method to nuclear spin and succeeded for the first time
in observing the hyperfine structure of the silver atomic
beam using nuclear magnetic resonance with RF irradiation.

2. Dawn of NMR
The years 1939-1945 were a decisively important era
for the birth of NMR. Thanks to technological innovations ushered in by the “Klystron” (invented by the
Varian brothers at Stanford University in 1939), radar
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development for military purposes started to take off in
earnest in the USA. The Varian brothers were the
founders of the Varian Inc. of today. In 1940, radio wave
research institutes were established in MIT, Harvard
University and elsewhere, as a national project aimed at
radar development.
At MIT, in particular, Compton was appointed as the
institute’s director and Rabi as his deputy, with Purcell,
Hahn, Bloch and numerous other young scientists
(including some who were later to become instrumental
in creating NMR) brought under their wing. Outside the
domain of NMR, maser and laser inventors such as
Townes and Schawlow were also to be found among
these radar development members.
At the institute, they were to develop a shared understanding concerning nuclear spin resonance absorption
of RF waves, RF frequency transmission/reception technology that developed from the motivation of radar
development, and so on. In methods used for physical
experiments in those days, that of observing signals
through electromagnetic means was not as commonplace as it is today. These were byproducts created
through technological exchanges with experts in electrical engineering, who shared the premises with the common goal of radar development.
Bloch and Purcell, in particular, hit on the new idea
of observing hyperfine splitting, not through molecular
beam tracks as Rabi did, but as signals electromagnetically received by an antenna (pickup coil). This idea
indicates how the radar laboratory functioned as an ideal
arena for achieving fusion between different disciplines.

3. Birth of NMR
After the end of the Second World War, the invited
scientists all returned to their respective bases of activity. In 1945, Bloch was at Stanford University while
Purcell was at Harvard. While they were still working in
the radar laboratory, they had kept their NMR experiments at the back of their minds. They re-started the
work immediately on their return and succeeded in a
very short time. Both of them completed their research
work more or less at the same time and independently of
Materials Science Outlook 2006

each other. This shows that the time was ripe for NMR.
The original purpose of NMR was to measure the
absolute value of nuclear magnetic moment. Nobody
predicted at the outset that it could become useful technology for research on the chemical structures and physical properties of materials. However, both Bloch and
Purcell realized the importance of its application to
chemical and physical research from an early time, and
passed this on to the second generation of researchers.
Bloch himself subsequently progressed in the field of
atomic nuclei and elementary particles, becoming the
first Director-General of the CERN European
Organization for Nuclear Research and helping to construct a linear accelerator at Stanford University.
Nevertheless, NMR device makers were to emerge
around Bloch and many second generation researchers
of NMR around Purcell.
Hahn, who took part in MIT’s radar development as a
trainee (part-time faculty student) during the war, was
involved in radar pulse technology development. After
the war he returned to the University of Illinois, where
he introduced a pulsed NMR method (only the cw
method had been used until then) for the first time, and
in 1950 discovered spin echo. From the very beginning,
radar obtained information on the distance, size and
other attributes of an object by emitting a pulse and
observing the reflected wave from the object. This
reflected wave was called an echo. Hahn’s development
of the nuclear spin echo method was no coincidence.

4. NMR – the Fruit of Industry-Academia-Government Cooperation, Interdisciplinary Collaboration,
and the Coexistence of 3 Generations

ing wartime research, subsequently contributed to
Townes’ maser development, among others, and is in
practical use today as a transmitter for microwave
ovens.
The radar laboratory, which started as a national project, helped to bring the war to its close, created a medium for numerous works of Nobel Prize-winning
research, and spawned venture companies as well as the
microwave oven. In this sense, they could be seen as
shining examples of industry-academia-government collaboration. Also, from the case of Hahn, it is apparent
that the coexistence of three generations plays an important role in fundamental research.
NMR is the outcome of a project in which intersectoral cooperation, interdisciplinary collaboration and the
coexistence of three generations were achieved for a
common goal. Radar development was also undertaken
in Britain, which attained the same level of radar characteristics. However, the US achievement far exceeds
that of the UK in terms of the quality and quantity of
byproducts besides radar. One reason for this is that
British radar research was inferior in the scope and
extent of collaborating fields.
Today, we are amidst a “global war of brains” with
all countries of the world sharing the common slogan of
“realize a nation based on creativity of science and technology.” Leading-edge technology that provides a foundation for analytical apparatuses should be a matter of
national development; the development of advanced,
large-scale and specialized devices as well as the construction of systems for shared use should be promoted
at government level, while positively seeking collaboration between relevant institutions.

Varian, who re-entered Stanford University after the
war to obtain his degree, cooperated technically with
Bloch and the others and contributed to the world’s first
NMR experiments. Though he abandoned his pursuit of
a degree owing to a lack of academic ability, in 1947 he
established a venture company whose principal aim was
to manufacture and market the Klystron and NMR
devices, which had been established for radar under the
guidance of Bloch et al. Varian acquired a patent for
NMR, borrowed space at Stanford University for use as
a development base, and in 1952 launched sales of the
first commercial NMR device. Varian, though unable to
obtain a degree from Stanford University, nevertheless
enjoyed the generous support of Bloch and other professors at Stanford. In 1952 Bloch was awarded the Nobel
Prize, the first ever received by a Stanford University
researcher. The speed, with which the research advanced
to the level of a venture company, is quite astonishing. It
was the pioneer of Silicon Valley university ventures.
Besides NMR, Varian also contributed to the development of the Stanford linear accelerator, and supported at
least three more Nobel Physics Prize awards with his
development of leading edge devices.
Klystron is still used as a radar transmitter today.
Magnetron, which was in competition with klystron durMaterials Science Outlook 2006
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1.4. Three Dimensional Atom Probe
— Analysis of Nanostructures down to Atomic Level —
Tadakatsu Ohkubo and Kazuhiro Hohno
Magnetic Materials Center, NIMS
1. Introduction
The 3-dimensional atom probe (3DAP) is an analytical method based on the Field Ion Microscopy (FIM)
observation. As a first 3DAP system, position-sensitive
atom probe (PoSAP),1) was developed by Cerezo, et al.
of Oxford University in 1988, by introducing a positionsensitive detector into a one-dimensional atom probe.2)
As shown in Fig. 1, this is a method that measures the
time of flight and the position of detected ions that individually field evaporate by high voltage pulsing from
the tip of a needle-like sample, and determines the
mass-to-charge ratio and 2-dimensional coordinates of
the ions. Since field evaporation normally occurs from
the outer surface of the sample, a 3-dimensional element
map can be constructed by overlaying 2-dimensional
maps. As this is mass analysis based on time of flight,
the efficiency of element detection does not depend on
mass. Therefore, quantitative analysis of light elements
is also possible. Moreover, since it is simple projectiontype microscopy, elemental maps with a magnification

factor of around 2 million can be obtained with atomic
resolution. Unlike TEM, the elemental map is not a 2dimensional projection of a sample, but is a real 3dimensional distribution. It is very effective in analysis
of nano-precipitates and atomic clusters in metal materials. Until now, 3DAP has been used as a leading method
of nanostructure analysis for metals. And, commercialized 3DAP systems have been brought onto the market,
and this is now spreading rapidly among metal-based
research institutes as the ultimate method of nanostructure analysis. So far, 3DAP has only been used to analyze metal-based materials, due to theoretical constraints (for example, needle-like samples are frequently
destroyed by strong electric field generated on the tip
apex, and only conductive materials can be analyzed).
In recent years, however, with the advance of sample
preparation methods for thin film analysis and the introduction of laser-assisted ionization, it has also started to
be introduced in the data storage and semiconductor
industries. Here, the progress of 3DAP and recent trends
in technology will be described.

2. Research Trends

Fig. 1 The principle of 3DAP and an example of an atom map.
The atomic planes and positions of individual atoms are reconstructed.
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2.1 The History of 3DAP Development
The first position-sensitive atom probe (PoSAP),
developed at Oxford University in 1988, used a serial
type detector that could only detect a single ion per
pulse even if several atoms were ionized by the pulse. In
1993, however, Deconihout et al. of Rouen University
developed a parallel type detector that could detect several atoms per pulse by arranging 10 × 10 anodes,
markedly improving 3DAP’s detection efficiency.3) As a
result, it was shown for the first time that atomic planes
could be resolved in the depth direction of analysis
using 3DAP atom maps, and the potential of 3DAP
came to gather attention as a nanostructure analysis
technique.4) This detector was used in the 3DAP created
at the National Research Institute for Metals (the forerunner of NIMS) in 1996, and it has been used to
demonstrate that 3DAP is extremely effective in nanostructure analysis of many metal materials. 5) As one
example of this, Figure 2 shows the results of 3DAP
analysis of a Nd-Fe-B-Cu nanocomposite alloy. Since
Cu added in trace quantities forms clusters contiguous
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Fig. 2 3DAP element map of Nd4.5Fe76.8B18.5Cu0.2 alloy (red: Cu, blue: Nd).

with Fe3B nanocrystals, it was proved that the cause of
crystal grain size reduction is due to formation of highdensity nucleation sites by the Cu addition.6) Meanwhile,
Cerezo et al. of Oxford University improved the performance of detection systems in 1998 using parallel
signal processing and new light detectors (Si photodiode
array), 7) this equipment being commercialized by
Kindbrisk (now Oxford nanoScience) 8) as an Optical
Position-Sensitive Atom Probe (OPoSAP). In the same
year the Optical Tomographic Atom Probe (OTAP),
which uses a high-sensitivity CCD camera to determine
position, was developed by Deconihout et al.9) and commercialized by CAMECA.10) Until then, the mass resolution of the linear flight type 3DAP as shown in Fig. 1
was poor due to energy deficits. To solve this problem,
an energy compensated system was proposed by Cerezo
et al.11) NIMS has also built an energy compensated
3DAP system equipped with an OTAP detector, and has
used it for analysis of multi-component alloys that
require a high mass resolution. This design was referred
and commercialized as Energy-Compensated Optical
Tomographic Atom Probe (EC-OTAP) by CAMECA. In
2002, an energy compensated 3DAP system equipped
with a delay line detector consisting of three signal
wires to improve the detection efficiency, was made
commercially available by Oxford nanoScience.
Meanwhile, the Scanning Atom Probe (SAP) 12) proposed by Nishikawa et al. of Kanazawa Institute of
Technology in 1994 enabled the mass spectroscopy of
tiny projections on flat surfaces by putting the funnelshaped counter electrode in front of tip apex. This funnel-shaped counter electrode came to the attention of
Kelly of Wisconsin University. Then, he established the
Imago Scientific Instruments 13) company in 1999, and
developed LEAP in 2003, which is a straight type 3DAP
with local counter electrode, short flight length and a
high detection speed. This straight type 3DAP has inferior mass resolution rather than the energy compensated
system, but can measure wide regions at least 20 times
larger than the conventional ones at high-speed, thereby
the applications were opened to new fields.
2.2 The Rise of Laser-Assisted 3DAP
In 3DAP method, electric field ionization takes place
by applying high electric field at the V/nm level to the
tip apex of needle shape sample with about 50 nm in
radius. The magnification up to 2 million-fold have been
achieved for this radial flight of the ions. In other words,
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unless there is conductivity in the sample, electric field
ionization is impossible, and without a radial electric
field from the tip apex, atomic-level resolution cannot
be achieved. Furthermore, with equipments in general
use today, the limit of the observable region is several
10nm vertically and horizontally and several 100nm in
depth. As such, there is also the constraint that it is illsuited to analyzing real device structures.
As a method of solving these constraints, Hono of
NIMS and Deconihout of Rouen University came to the
conclusion that, in order to broaden the scope of application of conventional 3DAP, laser-assisted 3DAP needed to be developed. By using laser-assisted 3DAP, it was
thought that the following could be achieved. (1) Since
there is no energy deficit during ionization, improved
mass resolution could be expected even without an energy compensating device. (2) If (1) could be achieved,
flight distance could be shortened, making it possible to
analyze a wider area. (3) Since electric field intensity is
kept low, the frequency of sample fracture would be
reduced. (4) Thanks to laser evaporation, analysis of
semiconductors that had been impossible until now
would become possible, and analysis of insulators might
also be possible. Deconihout et al. quickly conducted
laser-assisted experiments with 3DAP based on this
argument, and reported on the outcome of the first laser
assisted 3DAP at the 2004 International Field Emission
Symposium.14) In the following year, NIMS also started
laser-assisted 3DAP experiments by attaching a femtosecond laser to existing 3DAP, as shown in Fig. 3.
Figure 4 shows the mass spectrum and 3-dimensional
element map of a Ni-base superalloy. Here, all elements
can be separated, and L12 structure sublattices in the γ’
precipitate are reconstructed from the Al, Ti element
map. From this, we know that laser-assisted 3DAP
offers virtually the same spatial resolution in 3DAP
analysis as the conventional system with voltage pulse.
Experiments have confirmed the following characteristics of analysis using laser-assisted 3DAP:
1. The probability of sample fracture during analysis
(the biggest obstacle to atom probe analysis until
now) is substantially reduced.
2. Since there is no energy deficit due to voltage
pulse evaporation, an improvement in mass resolution is achieved.
3. Because field evaporation is laser assisted, analysis
of semiconductors and other high electrical resistance materials might be possible.
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Fig. 3 A femtosecond laser attached to a linear type 3DAP.

Fig. 4 Mass spectrum of Ni-base superalloy X-750 and 3D Al/Ti map.

4. Analysis is even possible at high data collection
speed (ion/pulse).
As such, it has been confirmed to have the effect of
making atom probe analysis markedly more efficient.
The first demonstration of laser 3DAP by Deconihout,
et al. in 2004 had a very great impact. Afterwards it was
introduced to industrial-use equipments immediately and
in 2006 Imago Scientific Instruments started selling
equipments with laser attached to straight type LEAP,
while CAMECA also announced the sale of laser-assisted wide-angle 3DAP. Nevertheless, there are still not
enough data on the mechanism of laser-assisted ionization or the conditions needed to quantitatively analyze
various materials, and more basic research is needed
before laser-assisted 3DAP can be made practical in
future.
2.3 Development of Sample Preparation Methods
The rapid expansion of 3DAP’s scope of application
in recent years is largely due to the growth of sample
preparation methods. As mentioned above, 3DAP samples need to have a sharp needle with a tip diameter of
around 100nm. With normal bulk alloy samples, needlelike samples are finished by electrolytic polishing from
sample fragments cut to 0.2mm × 0.2mm × 5mm. With a
little experience, it is possible to prepare samples with
only a few minutes’ work. However, many practically
important magnetic materials take the form of thin film,
and those such as recording media and spin valves have
a complex multilayer film structure. Until now, thin film
structures have been analyzed using electron
microscopy, such as HRTEM, EDS and EELS. However,
multilayer films, as seen in CCP-CPP-GMR elements
134

and others, have come to have a 3-dimensionally complex structure.15) Analysis of their nanostructure has fallen within the limits of electron microscopy, which are
based on electron beam transmission imaging technique.
The demand for more precise 3DAP analysis of magnetic thin film localized structures is arising. To that end,
technology that processes thin film samples into needlelike forms is needed.
Larson et al. have developed a method of fine processing needle-like samples using an annular focused
ion beam, as shown in Fig. 5 (b),16) and have succeeded
in 3DAP analysis of [Cu/Co]n multilayer film in both
longitudinal and perpendicular directions by adapting
this to samples prepared using the lithography method.17)
Recently, there have been attempts to prepare needlelike samples by using a dicing saw to create a post from
a film deposited on a flat substrate under actual conditions and with proven magnetic properties, as shown in
Fig. 5 (a), then cutting that down and fastening it onto
the tip of a tungsten wire, and finally processing this
with FIB.18) It has also become possible to prepare FIM
samples directly from any desired region of a target
material by FIB lift-out technique which can pick up a
fine sample fragment, and put it on a tip of metal needle. Now, thanks to the development of new sample
preparation methods such as this, the scope of application of 3DAP is expected to spread dramatically not
only to thin film analysis but also to nanostructure
analysis from any region of materials and devices.
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Fig. 5 Method of fine processing to prepare needle-shaped samples for 3DAP from a thin film sample. Needle preparation via (a)
cutting down with a dicing saw, and (b) the focused ion beam
method.
Fig. 6 Method of preparing samples for 3DAP using the FIB liftout technique.

3. Future Prospects
When 3DAP is assisted by pulse lasers, the likelihood
of sample fracture during analysis – previously the
biggest disadvantage with the 3DAP method – is
markedly reduced, making it possible to analyze samples for which analysis used to be impossible with conventional atom probes. Also, the application of FIB has
made it possible to prepare needle-like shape for 3DAP
analysis from various locations on a sample (Fig. 6).
Previously, when analyzing materials using the atom
probe method, the same analysis had to be repeated several times in order to obtain a single item of data, owing
to sample fracture and specific region searches. But
now, with the development of laser assisted 3DAP, this
is expected to change (thanks to FIB) to a routine in
which time is taken to prepare samples from specific
analysis area, and these are analyzed with high probability. Meanwhile, analysis of semiconductors has become
possible by assisting field evaporation with lasers, and
providing the laser irradiation conditions can be optimized, the possibility of analyzing insulator samples has
emerged. Thanks to the wider angle of analysis regions
in laser-assisted 3DAP, it is possible that the scope of
application will expand dramatically to analysis of thinfilm magnetic and semiconductor device materials that
used to be unanalyzable by conventional 3DAP. Now,
the emergence of laser-assisted 3DAP means that the
second innovation since the development of 3DAP has
been delivered to atom probe analysis technology.
Although many points of uncertainty still remain (such
as the effect of laser wavelength, pulse width, energy
and sample temperature), it is thought that by clarifying
these and optimizing conditions in future, opportunities
for the application of 3DAP will increase exponentially.
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Section 2. Quantum Beam Technology
2.1. Synchrotron Radiation
Kenji Sakurai
Quantum Beam Center, NIMS
1. Introduction
Of the many types of quantum beam, the application
field of synchrotron radiation (SR) is particularly broad.
Depending on the wavelength used, SR is often roughly
divided into the X-ray region and the vacuum ultraviolet
or soft X-ray region. In all of these, research is being
conducted on a veritable wealth of materials.
Measurement techniques are also widely varied, ranging
from diffraction or scattering to spectroscopy, imaging,
and others. In this section, therefore, the author will
focus on the latest research trends in X-ray spectroscopy, which have seen marked progress in recent
years, and particularly the field of fluorescent X-ray
spectroscopy. When X-rays are used to irradiate substances, electrons that were bound to inner shells are
excited, released and ionized. In the process of relaxation, outer electrons fall into the inner shell, and X-rays
with energy equal to the difference between the energy
level of both shells are emitted. These are called fluorescent X-rays. As long ago as 1911, C. G. Barkla (18771944, 1917 Nobel Prize winner) discovered that the
wavelength of fluorescent X-rays is endemic to elements, 1) but thanks to the progress of measurement
instruments today, they are now widely used as an analytical tool for distinguishing elements by their “color”,
so to speak.2, 3) In this section, the author will survey the
research trends in X-ray microscopy (small area analysis) and trace element analysis using fluorescent X-ray
spectroscopy, areas in which technology is being developed with particular vigor.

of magnets are inserted into the linear section of the
storage ring and the electron beam is made to oscillate
repeatedly, thereby obtaining interference light, as in
Fig. 1), and wigglers (which provide broader oscillation
amplitude and shift the spectrum to the high-energy
side) have come to assume importance. Quasi-monochromatic radiation from an undulator, in particular, can
provide several orders of magnitude higher flux than a
simple bending magnet. 5) In the 1990s, there was a
worldwide boom in obtaining and using undulator light
in X-ray region. The European Synchrotron Radiation
Facility (ESRF) in Grenoble (France), the Advanced
Photon Source (APS) in Argonne (USA), and SPring-8
(Japan) all share the characteristic that they use largescale, high-energy electron storage rings. These also
have many linear sections, on the premise that a large
number of undulators and other insertion devices will be
installed (3rd generation). Since then, the rush to build
radiation facilities has expanded further worldwide, but
now the trend is gradually moving towards the 3.5th
generation represented by Swiss Light Source (SLS)
(also known as the new 3rd generation; based on medium-scale, medium-energy electron storage rings, they
have excellent brilliance that is equal to or greater than
that of the 3rd generation), and 3rd generation light
sources that focus on using extreme ultraviolet light
and/or soft X-rays (e.g. BESSY-2 in Berlin or the
Canadian Light Source (CLS) that recently started oper-

2. Recent Evolution of Radiation Sources
The lightsources.org website,4) set up in February
2005, is useful for understanding the global trends in
synchrotron radiation sources. A service for sending out
updated information on this site by e-mail is also provided. Besides this, the bimonthly Synchrotron
Radiation News (ISSN 0894-0886) is another useful
source of information.
Synchtroron radiation was always known to be emitted when an electron beam is bent by a bending electromagnet on the orbit planes of an electron storage ring or
other ring-type accelerator. Eventually, however, the use
of insertion devices such as undulators (in which rows
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Fig. 1 Schematic view of an undulator. Permanent magnets are
aligned periodically in bipolar alternation along the linear section
of the storage ring, and when an electron beam is passed between
them, oscillation occurs. With each oscillation, radiation is generated, and the interference from that produces highly brilliant quasimonochromatic radiation. This is known as undulator radiation.
(Reproduced from Wikipedia, http://en.wikipedia.org/wiki/Undulator)
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ation).
The advantage of these sources from the point of
view of fluorescent X-ray spectroscopy lies above all in
their astonishing intensity (photon numbers). However,
rather than merely being intense, they are also attractive
in that sufficient intensity can be obtained under conditions in which small beam size and extremely high collimation (i.e. extremely small angular divergence) are
obtained. Highly brilliant beam is beneficial for matching with various optical systems, and this has paved the
way for technology that was previously considered
impossible, such as X-ray microscopy. In addition, since
these sources can use variable wavelength (energy) or
tunable monochromatic X-rays, they vastly improve the
quality of the fluorescent X-ray spectra. They also
enable us to acquire multiple X-ray energy spectra, or
measure changes in fluorescent X-ray intensity while
changing energy continuously, thereby making it possible to undertake detailed analysis with attention focused
on specific elements in the sample. Moreover, while
most beamlines provide linearly polarized radiation, this
serves to reduce the scattering X-ray background that
impedes measurement of the fluorescent X-ray spectra,
as well as improving the detection power for trace elements.
In Japan, as a dedicated beamline for fluorescent Xray spectroscopy, BL-4A was opened more than 20
years ago in the Photon Factory, KEK (High Energy
Accelerator Research Organization),6) while in SPring-8,
which started operation in 1997, undulator beamlines
such as (initially) BL39XU and (later) BL37XU have
been used for research on fluorescent X-ray spectroscopy.7)

3. X-ray Microscopy
To ascertain trends in the field of X-ray microscopy,
information from international conferences is useful. In
2005, the 8th International Conference on X-Ray
Microscopy (XRM2005, July, Himeji City) and the 18th
International Conference on X-ray Optics and
Microanalysis (ICXOM2005, Frascati, Rome) were
held.
In the past, it was often said that there was no lens
for X-rays. However, today, various types of condensing elements have been developed and made commer8–10)
cially available. With the synchrotron beam, mirrors
or zone plates are often used, but recently refractive
lenses in which beryllium or polymers processed into
paraboloidal shapes are serially aligned in large numbers have also come to be adopted. As stated above,
excellent matching with these condensing optics has
also made advanced imaging possible. Broadly speaking, there are two types – the scanning type (in which
X-ray beam is condensed to obtain a small beam, which
is irradiated over the sample to scan it and obtain
images) and the projection type (in which the sample is
irradiated with X-rays and images are obtained via an
objective lens or other imaging optical system).
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Microscopy in the soft X-ray regime is promising as one
of the few methods of observing cells and other living
samples in vivo, while microscopy in the X-ray regime
is being applied to element-specific mapping by imaging of fluorescent X-rays 11, 12) (Fig. 2), among others.
2005 was a year in which epoch-making progress was
made in spatial resolution of the former type of X-ray
microscopy. At the Lawrence Berkeley National
Laboratory, spatial resolution of 15nm or less was
achieved in a soft X-ray range of 150-1800 eV, and the
13)
10nm barrier will soon be overcome (Fig. 3). The
Laboratory independently manufactures zone plate condensing elements using an advanced lithography device
called a NanoWriter, and has thereby succeeded in
improving performance, leading to this magnificent
achievement. Currently, spatial resolution of 50nm or
less in hard X-rays is being achieved in synchrotron
radiation facilities all over the world, for both soft and
hard X-rays, and further improvements are expected to
emerge in future. As for fluorescent X-ray imaging, not
only fundamental research on materials but also very
interesting applications on social themes are being positively pursued. Nakai et al. of Tokyo University of
Science have demonstrated its effectiveness for the
analysis in an extremely wide range of fields, from environment hormones, biominerals, space dust and artworks to archaeological samples from Egypt and Turkey
and crime investigation samples.14) In synchrotron radiation facilities in various countries, for example, it has
been proved that Beethoven died of lead poisoning
(Argonne), relics from Henry VIII’s sunken battleship
the Mary Rose have been analyzed (Stanford, ESRF), an
Archimedean manuscript recorded on goatskin has been
analyzed (Stanford), and environmental hormones
inside mouse sperm cells have been analyzed (SPring8), among others.
In terms of fluorescent X-ray microscopy, specifical-

Fig. 2 Example of element mapping by fluorescent X-ray
microscopy using synchrotron radiation. This measures the element distribution within one cell of bacteria (Pseudomonas fluorescens strain NCIMB 11764). The diagram shows the result of
investigation into the effect when processed with potassium
dichromate. A: before processing, B: after processing.
(Reproduced from Figure 2 of K. M. Kemner et al., Science, 306
(2004) 686)
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Fig. 3 The state-of-the-art X-ray microscope in soft X-ray region, developed by Lawrence
Berkeley National Laboratory.
(Reproduced from Figure 1 of W. Chao et al., Nature, 435 (2005) 1210)

ly, most examples currently in use are of the scanning
type. However, the projection type microscopy using
Wolter mirrors has been developed by Aoki et al. of
Tsukuba University, and ongoing efforts are being made
to improve its performance.15) NIMS has invented the
different projection type fluorescent X-ray microscopy
that does not use any condensing elements but just filtering specific parallel component of X-rays from the
sample. With this method, the spatial resolution is only
about 10-20 µm, but images with a high resolution of 1
million pixels or more can be captured between about
30 milliseconds and at most 1 second, a speed of a higher order of magnitude than any other type of fluorescent
X-ray microscopy recorded until now.16) Fluorescent Xray imaging of moving images has also been achieved
for the first time in the world (Fig. 4). NIMS has moreover succeeded in expanding the method to imaging of
X-ray absorption fine structures and X-ray diffraction,
facilitating not only element identification but also
imaging of atomic-scale information of crystals and
non-crystals.17) This original technology could open up
new fields, for instance quick and highly efficient analysis of combinatorial samples, in which a number of samples are arrayed on the same single substrate is promising. The method could be also used in non-destructive
diagnostics for structural materials by imaging residual
stress distribution, which is obtained from X-ray diffraction images.

4. Trace Element Analysis by X-ray Fluorescence
To ascertain trends in trace element analysis by X-ray
fluorescence information from the Denver X-ray
Conference (held annually in Colorado, USA) and the
European Conference for X-ray Spectroscopy (held
every 2 years) is useful. In Japan, an X-Ray Analysis
Conference (hosted by Discussion Group for X-Ray
Analysis of the Japan Society for Analytical Chemistry)
is held annually. Besides these, papers and news articles
published in the international scientific journal X-Ray
Spectrometry (ISSN 0049-8246, John Wiley & Sons)
are also helpful.
The world of trace elements is truly rich in mystery.
138

Fig. 4 Example of X-ray fluorescence movie imaging, developed
by NIMS, showing the process wherein dendrite crystals grow as
a result of electrolysis in aquaous solution containing zinc ions.
Fluorescent X-ray images of 1 million pixels were obtained continuously at 0.1-second intervals.

In human organs and specific parts of the body, elements that only exist in extremely tiny concentrations of
less than 1 part in every 10 million (0.1ppm) play
important roles, but if those concentrations are abnormally increased or deficient, functional disorders and
other problems are known to arise through experience.
However, the detailed mechanism of this process has
hardly been elucidated at all. In the development of
materials, similarly, many attempts have been made to
manifest new functions by adding trace elements or,
conversely, preventing contamination with impurities,
and it is therefore extremely important to gain a detailed
grasp of the real essence of these elements which play
such major roles, despite only existing in trace quantities. Another socially important task is to analyze
chromium, cadmium, lead, mercury and other elements
existing in the environment. In this way, trace element
analysis is extremely important.
While the fluorescent X-ray spectroscopy is well
used for analyzing elements, it has not been recognized
as a method suitable for trace analysis at all. The techMaterials Science Outlook 2006

nique has been often used merely for qualitative or
quantitative analysis at levels of up to around 0.01%. To
analyze trace amounts, not only does there have to be a
capacity for efficiently detecting weak signals, but the
background also has to be sufficiently reduced. In 1971,
the total reflection fluorescent X-ray spectroscopy
method was proposed by Yoneda and Horiuchi of Japan
for the first time in the world.18) This made it possible to
significantly reduce background by employing total
reflection condition (Fig. 5). It instantly came to be used
as a means of trace element analysis, and was applied to
environmental studies, evaluation of semiconductor
wafer surface contamination, and others.19) The emergence of synchrotron radiation then markedly raised
performance concerning detection power necessary for
trace analysis. It became possible to detect trace constituents even with so-called bulk analysis, using normal
arrangements without total reflection. The use of the
total reflection arrangement made it possible to analyze
trace elements with concentrations smaller by orders of
magnitude. Two methods of fluorescent X-ray spectroscopy are known: the energy dispersive type, which
uses Si (Li) detectors, etc., and the wavelength dispersive type, which uses a crystal spectrometer. Although
the latter excels in energy resolution, it has been long
believed that the wave length-dispersive type could not
have better trace analysis capability than the energy-dispersive type, since its detection efficiency is conspicuously lower. In fact, most fluorescent X-ray spectroscopy measurements based on synchrotron radiation
have used energy dispersive systems, and there was not
a single report on the wavelength dispersive type in the
total reflection fluorescent X-ray spectroscopy, in particular, before 2000. An Austrian research group has
reported that, with the total reflection fluorescent X-ray
spectroscopy method using synchrotron radiation, 13 fg
(femtogram: 1 quadrillionth of a gram) was the detection limit for nickel on a silicon wafer, and revealed that
it can achieve ultra-trace quantity analysis on a par with
ICP-MS or the atomic absorption spectroscopy
method.20)
At around the time when SPring-8 started operation,
NIMS urged that it would be necessary to pull away
from analysis that depended on energy dispersive type
systems and to develop new spectrometers if we were to
conduct analysis taking advantage of highly brilliant
undulator sources. In consequence, it was discovered
that the low detection efficiency of the wavelength-dispersive system that had been a disadvantage until then
could be improved dramatically without significant loss
of resolution by just downsizing the scale of the spectrometer. Thus in 2000-2001 NIMS researchers applied
their original Johansson-type spectrometer with the
Roland radius of 120mm to total reflection fluorescent
X-ray spectroscopy and recorded a new detection limit
(in a solution of 0.1 µl, ppt concentration level and subfemtogram level). With that, the myth that had been
accepted without question for more than 20 years – i.e.
that the energy dispersive type was more suited to trace
analysis than the wavelength dispersive type – was
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Fig. 5 Layout of the normal fluorescent X-ray analytical method
and the total reflection fluorescent X-ray analytical method. (a)
Normal method, (b) total reflection method. When the sample is
irradiated with X-rays at an extremely shallow angle, total reflection arises but does not deeply infiltrate the sample supporting
substrate, thereby reducing the background extremely effectively.
(Reproduced from Fig.1-1 of “Total-Reflection X-ray
Fluorescence Analysis”, R. Klockenkamper, John Wiley & Sons,
London, 1997)

overturned.21) Since then, the spectrometer upgrade has
been continued, and the world’s smallest X-ray fluorescence spectrometer (Roland radius 100mm) has now
been used for routine analysis at the beamline (Fig. 6,
7).22)

5. Future Prospects and Conclusion
Fluorescent X-ray spectroscopy using synchrotron
radiation has made conspicuous progress in recent
years. In fluorescent X-ray microscopy, element mapping is carried out at a spatial resolution of sub-micron
level or less, and its performance looks set to improve
still further. By using types of fluorescent X-ray
microscopy technology that carry out multi-pixel imaging in real time in complementary fashion with these
technologies, still further advances can be expected.
Trace analysis has now reached a capability that exceeds
the existing chemical method known as ultra-trace
analysis technology. Here, the crucial factor was the
instrumentation of new spectrometers and detection systems that could harness the performance of advanced
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Fig. 6 The world’s smallest fluorescent X-ray spectrometer, developed by NIMS. Uses Johanssontype curved crystals (Roland circle radius 100mm).
(Reproduced from Fig. 1 of K. Sakurai: Advances in X-ray Chemical Analysis Japan 35 (2004) 201)

Fig. 7 X-ray fluorescence spectra of apple leaves and tomato leaves (both NIST standard materials) measured at BL40XU, SPring-8.
Beam size: 50 µm x 30 µm. Detection limit: in the order of several 10ppb (ppb = parts per billion). Measurement time: 1 second per point.
Energy resolution is superior to the conventional energy dispersive type by a magnitude of 30 or more, and overlapping of the peaks of
most elements can be broken down.
(Reproduced from Fig. 3 of K. Sakurai: Advances in X-ray Chemical Analysis Japan 35 (2004) 201)

light sources. In future, it is thought necessary to discuss
not only the visibility of extremely trace elements, but
also the chemical form they will take, or, when combined with the afore mentioned microscopic imaging,
where these elements will be included. Here, it will be
important to research not static measurement but timeresolved observation.
On the other hand, we are beginning to see glimpses
of an age in which X-ray lasers – which for a long time
were only known in the realms of science fiction – will
become a reality, and many researchers are turning their
attention to new (4th generation) synchrotron radiation
sources, which are represented by SASE-FEL (Self
140

Amplification of Spontaneous Emission – Free Electron
Laser) 23, 24) and ERL (Energy Recovery Linear accelerator). Those sources are expected to have new properties
that are not merely an extension of previous generation
of synchrotron radiation. These characteristics include
1. ultrahigh brilliance (nanobeam formation: appearance
of X-ray microscopy offering resolution on a par with
transmission electron microscopy, etc.), 2. high coherence (the structural analysis revolution: noncrystal,
monomolecular structural analysis, etc.), and 3. ultrashort pulse (time resolved and dynamical analysis: elucidating the mechanism of phase transition, chemical
reaction, etc.). Now, preparations for construction are
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already in progress in various countries, and in around
2010 we should enter an era of new science using 4th
generation synchrotron radiation. We have only just
started to discuss research plans for fields related to fluorescent X-ray spectroscopy that use these new light
sources, and all eyes will be on developments from now
on.
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2. Quantum Beam Technology

2.2. Neutron Small-Angle Scattering Method
Masato Ohnuma
Quantum Beam Center, NIMS
1. Introduction
The small-angle scattering method has a long history
going back to 1938, when Guinier discovered the coherent precipitate in Al alloys known today as the GuinierPreston zone (GP-zone).1) Ever since the first monograph on small-angle scattering was published by
Guinier et al. in 1955, 2) the small-angle scattering
method has been widely used to research fine structures
(nanoscale inhomogeneity). The small-angle scattering
method using neutrons started to spread in the 1970s. In
Japan, a spectroscope specially designed for small-angle
scattering was installed in what is now the High-Energy
Accelerator Research Organization (KEK) during the
1980s, whereupon research started in earnest.3) Then, in
1990, two devices designed for small-angle scattering
measurement were installed in the JRR-3 reactor of the
Japan Atomic Energy Research Institute, JAERI (now
the Japan Atomic Energy Agency, JAEA). These have
been put to considerable use, mainly in the fields of
magnetism and polymer science.4) The small-angle scattering method, which determines the average scale of
nanoscale inhomogeneity with sub-nanometer precision,
yields information that is indispensable to our quantitative understanding of the various properties and characteristics of new materials created by nanotechnology. It
can also provide important information necessary for
further improvements to materials and their properties.
New technology has been introduced in the neutron
small-angle scattering field since around 2000 (namely,
improved small-angle resolution and the use of polarized neutrons),5-7) while the field of research using neutron small-angle scattering is being greatly expanded in
various countries. For example, new neutron scattering
facilities are starting operation, their intensity is being
increased, and new facilities are being constructed.8) In
view of this situation, this section will give an overview
of trends in research on materials, metals and alloys
including magnetic materials, as well as future possibilities in this field. However, no mention will be made
here of the soft matter field or superconducting magnetic flux lattices, which are important target fields for the
neutron small-angle scattering method.
Compared to X-rays, neutrons have two characteristics that are suited to small-angle scattering research on
metals and alloys. The first is their large transmission
capability. With small-angle scattering, as the name suggests, scattering is measured over an extremely small
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scattering angle area (scattering angle 3.5° or less at 2θ),
and therefore, as shown in Fig. 1 (a), scattered beam that
has penetrated the sample is usually measured. For this
reason, small-angle scattering research using X-rays is
often carried out for light metals such as Al, but faces
major constraints when it comes to research on steel or
magnetic materials. In contrast, neutrons have large penetrability for most metal materials, making it possible
to evaluate nanoscale fine structures for various materials.9-10) The second characteristic is, as stated in Appendix
2 (p. 389), that magnetic structure information can be
measured with neutron scattering.11-12) For convenience,
the following discussion will be broadly divided into
research on structural materials, which mainly uses the
former characteristic, and research on magnetic materials using the latter characteristic.

2. Global Research Trends
2.1 Structural Materials Field
Kostorz et al. have conducted numerous basic studies
on precipitation phenomena in various binary alloys 13, 14)
and the growth process of anisotropic structures of Nibased single crystal alloys used in turbine blades, etc.15)
Research on Ni-based single crystal alloys is exemplified by this group’s in-situ small-angle neutron scattering (SANS) measurement 16) and the measurement of
small-angle X-ray scattering (SAXS) by Fratzl et al.17)
These can be seen as good examples that prove their
effectiveness quantitatively in materials for practical use
and the growth of anisotropic structures. Both Fratzl and
Kostorz have produced excellent overview pagers on
small-angle scattering research concerning precipitation
phenomena.18-20) In Europe, meanwhile, the group of
Glatter et al.,21-25) Pedersen 26, 27) and Sverugun et al.28) have
each developed various analytical methods that can also
address complex structures. While many of these have
been developed in relation to polymers and biology,
some of them can also be applied to alloys. In particular,
Pedersen’s local mono-disperse model, which was originally proposed for analysis of precipitation phenomena,
is extremely effective in materials that show interference
peaks between particles.27, 29, 30) Glatter 31) and Svergun 32)
have both written monographs on the small-angle scattering method.
In terms of materials for practical use, meanwhile,
strengthening by fine precipitate dispersion has also
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become important for steel materials in recent years, in
addition to Al alloys that have long used GP-zone and
other nano-precipitates for strengthening. It has already
been stated that, with non-Al alloys, the large transmission capability of neutrons is extremely advantageous
for small-angle scattering research. As such, research
using neutron small-angle scattering is now gradually
increasing. As well as precipitation phenomena of Cu in
iron,33) there are examples of spinodal decomposition of
Fe-Cr-Mo steel,34) comparisons of 0.5% nitrogen-added
austenite steel with 0.5% carbon-added austenite steel,35)
and evaluation of intermetallic compounds in Fe-Cr-NiMo-Al-Ti steel. 36) The last of these, in particular,
attempts to separate and evaluate the various precipitates
in steel by combining with atom probe method. Other
examples of combination with this method include
maraging steel,37) Fe-C-Mn alloys, 38) changes in fine
structure through neutron irradiation of pressure vessel
steel in combination with the positron annihilation
method,39) evaluation of carbide in PH13-MO steel,40) and
research on NbC precipitated on dislocations in austenite.41) As for research on the precipitation process of
intermetallic compounds in INCONEL 706 (a Ni-Febase superalloy), in-situ research is also being conducted
on neutron small-angle scattering.42)
The SANS methods (including in-situ SANS) are
also being applied to research on the phase decomposition process of metallic glass.43, 44) However, the smallangle scattering method mainly reflects non-uniformity
of concentrations, and does not directly provide information on crystal structure. It should be borne in mind,
therefore, that diffraction experiments always need to be
carried out in conjunction when the distinction between
the glass phase and the crystalline phase or information
on the crystal structure of the various precipitates is
important.45)
2.2 Magnetic Materials Field
As stated above, the SANS method is virtually the
only method that provides information on the distribution of nanometer-scale magnetization inside a sample.
Information on nanoscale magnetic structure assumed
importance in both basic and applied research on the
nanocrystal soft magnetic materials and high-density
magnetic recording media that emerged in the second
half of the 1980s, as well as on magnetic fluids and
other materials. As for nanocrystalline soft magnetic
alloys, Wiedenmann et al. conducted experiments using
SANS in 1995,46, 47) since when Löffler et al. have been
researching magnetization processes for various magnetic substances.48, 49) Besides these, Wessmüller et al. are
also researching magnetization processes over a broad
range from hard to soft magnetic substances. 50-53)
Wiedenmann et al., meanwhile, have succeeded in making more efficient use of contrast from magnetic scattering length, compared to experiments using non-polarized neutrons, by incorporating a neutron polarizing
device into a small-angle scattering measurement
device.54) They are using this to research the magnetic
structure of Co magnetic fluids.55-57) Numerous examples
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of research using polarized neutron small-angle scattering have also been reported from Russian groups.58-61)

3. Domestic Research Trends
3.1 Structural Materials Field
In Japan, the first examples of the SANS method
being used for alloys were research on phase separation
of Fe-Cr alloys using the flying time-type small-angle
scattering device (KEK-SAN) of the High-Energy
Accelerator Research Organization (KEK), which started operation in the first half of the 1980s,62) and earlier
research on phase separation of Fe-Cr alloys using a
triple axis spectroscope.63) Since then, there has also
been research by Osamura et al. on the Cu precipitation
process of a Fe-Cu binary system 64) and a ternary system
with the addition of Ni and Mn,65) as well as phase separation of Fe-Cr alloys.66) Osamura has also conducted a
survey of SANS up to 1984.67) If we widen our scope to
X-ray small-angle scattering, there have been numerous
basic research studies on precipitation phenomena by
Osamura, Okuda et al., who mainly focused on Al
alloys.68-72) These include some advanced and pioneering
research studies, such as simultaneous observation with
the Bragg diffraction peak,70, 71) and change in fine structures within creep deformation,72) combination with scanning SAXS and abnormal X-ray scattering, which can
change the contrast of the scatterer.73) Among alloys close
to practical use, meanwhile, there have been research
examples concerning Al alloys 69) and research on X-ray
small-angle scattering for NiAl precipitates in Cr-MoAl-Ni steel.74, 75) However, the only studies on steels using
neutron small-angle scattering consist of research by
Ikeda et al., and reports on fine structural changes after
irradiation of A533B steel for nuclear reactors.76, 77)
78)
Since 2000, Suzuki et al. have succeeded in vastly
improving resolution by using two types of neutron
focusing technology (substantive lens and magnetic
lens), and incorporating them into the JAEA’s neutron
small-angle scattering device (SANS-J).5-7) As shown in
Fig. 1(b), these focusing technologies have the effect of
reducing the breadth of the direct beam. In devices
incorporating this feature, small-angle resolution vastly
improves to around 0.002nm-1, and the objects measurable by a single spectroscope is vastly expanded. Results
are already being produced in the field of soft matter,
enhancing the expectation that this technology will be
widely used in the structural materials field in future. In
particular, evaluation of inclusions in alloys holds promise, in view of the characteristic that average information on sub-micron to micron scale inclusions can be
obtained inside large volumes (1 cm in diameter, several
millimeters in thickness).
3.2 Magnetic Materials Field
With the launch of KEK-SAN, research on the spin
glass structure of Fe-Al alloys79) and other research in
the magnetics field have been in progress. In terms of
magnetic materials, SANS is being used in research on
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Fig. 1 Conceptual diagrams of neutron small-angle scattering devices (angle dispersive type):
(a) normal small-angle scattering device, (b) small-angle scattering device with condensing
focusing lens.
In (a), the direct beam widens at the detector, and scattering intensity within this area cannot
be measured. Consequently, the angle of maximum breadth of the direct beam at the detector
position as seen from the sample position provides the small-angle resolution.
In (b), conversely, the widening of the beam at the detector position can be controlled by a
focusing lens, making it possible to improve resolution without reducing the size of the collimator (i.e. without compromising intensity). In both (a) and (b) the sample is normally mounted at the transmission position in order to measure small-angle scattering.

CoCr magnetic recording media.80, 81) Research on soft
magnetic nanocrystal materials using SANS-J has been
underway since 1995, the same as with the German
group.82) Since 1999 the formation and kinetics of Cu
clusters, which act as non-uniform nucleation sites to
ensure small grain size, have been elucidated using
SANS.83, 84) Furthermore, of the aforementioned focusing
technologies using neutron optics, the method that uses
a magnetic lens allows the beam to be polarized and
focused at the same time as shown in Fig. 2.5) Thus it
can be used to observe magnetic structures on the scale
of several microns. This is a scale that approaches the
domain structure size of various magnetic materials, and
elucidation of structural changes in magnetic domains
inside samples during the magnetization process is
expected in future.

4. Future Trends
As already mentioned, plans to construct new neutron
sources are currently in progress in various countries,
and research structures to promote the use of neutrons
are now in the process of being created 8). In Japan, a
nuclear spallation type new neutron source is now being
constructed in the Japan Proton Accelerator Research
Complex (J-PARC) in a joint project between KEK,
which led the world in commercializing nuclear spallation type neutron sources, and JAEA, which built the
first neutron scattering facilities in Japan.85) With the
SANS device scheduled for installation in this facility,
not only will measurement efficiency improve around
10 times from current levels but it will also be possible
to use multi-wavelength neutrons. The accessible range
of momentum transfer will be vastly expanded, making
possible multiscale measurements which cover from
sub-angstrom crystal structures to micron-size fine

Fig. 2 Conceptual diagram of a magnetic lens.
Neutron beam converges when its spin polarization is positive but is expelled when it is negative.
As a result, polarization and convergence take place simultaneously.
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structures in a single session.12) This permits measurement of small-angle scattering around a specific Bragg
peak in addition to normal small-angle scattering around
the 000 peak, allowing for higher-precision measurement of structures such as distortion, whose information
is unavailable from the 000 peak and difficult to obtain
20, 86)
from the Bragg peak alone. . Furthermore, by combining high intensity with broad momentum transfer, it
will also be possible to observe the crystal and micro
structure of a for mation phase by in-situ experiments.

Conclusion
In addition to the dramatic enhancement of the environment for using neutron small-angle scattering as
shown above, the use of X-ray small-angle scattering at
laboratory level has also become amply possible with
metals and alloys, thanks to the increased intensity of
radiation sources as well as advances in focusing technology and 2-dimensional detectors.8, 9, 30, 75) As such, a
vast expansion in the use of the small-angle scattering
method for metals and alloys research is expected in
future. Within this trend, the focus will shift from use in
basic fields, such as kinetic research on precipitation
phenomena, to elucidation of the relationship between
properties and nanoscale structure. At present, however,
the level of recognition of the small-angle scattering
method in the fields of nanotech and metallurgy – particularly magnetic and structure materials – does not
adequately match its potential. In future, it will be necessary to improve awareness of these fields, particularly
in Japan. Here, we are fortunate that new channels for
utilization in industry, such as trial use by JAEA and
other organization, are now being created.87) In industrial
circles, similarly, “Research concerning a Basic Study
on Neutron Utilizing Steel Evaluation Technology” (a
research project by the Iron and Steel Institute of Japan
involving all steel companies) has started in 2006, for
example.88) Given this situation, “high-precision evaluation of average structures by the small-angle scattering
method” is expected to be more widely used as a method
that provides basic information on new materials that
have been developed using nanotech and nanostructure
control.
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2. Quantum Beam Technology

2.3. Ion Beams
Naoki Kishimoto
Quantum Beam Center, NIMS
1. Introduction
With high expectations of nanotechnology in recent
years, as well as national nanotechnology initiatives in
leading countries, various nanomaterials are being created using various methods all over the world. These are
expected to be industrialized as nanodevices designed to
solve problems of next-generation telecommunications,
environment, energy, and other issues. Existing devices
are based on semiconductor engineering, and have
undergone rapid growth since the invention of the transistor by Shockley et al. in the middle of the 20th century. Developments targeted by semiconductor engineering include faster response, higher density, higher efficiency and more reliability of devices among others,
and technological innovations have been achieved
through collaboration between material development
and device fabrication technologies.
Ion beam technology has played a leading role in the
semiconductor industry since 1970s, and has developed
as the only method of injecting impurity atoms into a
desired depth with high resolution in order to improve
the electric conductivity of semiconductors. On the
other hand, the growth of device fabrication technology
owes much to micro-processing technology, and has
proceeded under so-called top-down methods such as
lithography with ever greater refinement towards the
nano-level. It would be no exaggeration to say that modern electronics have flourished owing to the twin
engines of ion beam technology and micro-processing
technology. However, existing electronic devices have
reached the limit of their performance, and it is forecast
that micro-processing will also reach its technical limits
before long. Therefore, new nanomaterial technologies
are now required.
Today, as a way of breaking through the limitations
of the top-down methods, bottom-up methods of manipulating individual atoms and molecules are variously
being attempted within SPM-related methods, and have
demonstrated superb controllability in the nano-scale for
fabricating nanodevice structures. Nevertheless, it was
already pointed out at the dawn of nanotechnology that
methods of manipulating individual atoms would take
too much time and were not economically suited to
industrialization.1) That is, the bottom-up methods are
suited to laboratory-level fabrication of nanostructures
and purely academic research, but not to industrialization or mass production. As such, there are strong
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demands for high-throughput, high-precision nanofabrication technology suited to industrialization. As a result,
researchers all over the world are now vying with each
other in search of an optimal nano-processing method
optimizing between the top-down and bottom-up methods, including self-organization of materials.
Ion beam technology may be cited as one of the
promising candidates that could provide this kind of
breakthrough. If nano-patterning could be achieved by
ion injection technology, it would be possible to obtain
nano-patterning including functionality, rather than just
shape-processing as in the case of lithography. Just as
ion injection technology has become the basis of modern electronics, now in the 21st century, leading-edge
ion beam technologies (negative ions, ion/laser combined beam, ion projection lithography/nano-patterning,
nano microbeams, in-situ measurement, etc.) are promising foundation technologies for nanostructure creation
that will provide this breakthrough.
Though used as a single term, “ion beam technology
for nanostructure creation” in fact consists of diverse
methods: Various attempts have been made, including
the limited-area ion-injection method with a mask,2) the
ion beam chemical vapor deposition method,3) the sputtering self-organization method,4) the single ion injection
method,5) the ion/laser combined irradiation method,6)
7)
ion projection lithography, and multivalent ion irradia8)
tion. Of these, this section will introduce research
trends on the ion/laser combined irradiation and ion projection nano-patterning methods, which have been
attracting attention in recent years as methods of nanostructure control. The former brings the possibility of
nanopattern formation in which the created nanostructures (nanoparticles) are formed and protected within the
medium. The latter is a next-generation method of
nanopattern formation that gives functionality simultaneously with nano-level resolution but without using a
mask.

2. Global Research Trends
2.1 Ion/laser Combined Irradiation
The first laser irradiation effect on ion irradiated samples was proposed by a group in the former Soviet
Union in the first half of the 1970s, as a method (laser
annealing) of restoring the crystalline nature of a silicon
substrate damaged by ion implantation and electrically
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activating implanted impurities. By carrying out thermal
annealing with laser irradiation instead of the usual electric furnace, the crystalline nature of the substrate can be
restored and doped impurities can be electrically activated. This can be done locally within the target area
and in a short time, without disturbing the distribution
of implanted impurities by thermal diffusion. It also
makes it possible to remove dislocation and to add
impurities in large quantities beyond the solubility limit,
which is difficult to achieve with thermal processing
using an electric furnace. This attraction led to a period
of extensive research up to the 1980s. In the case of the
CW (continuous wave) laser annealing method, its
mechanism was readily explained by solid-phase epitaxial growth from the substrate due to heat. For the pulse
laser annealing method, however, one theory proposes
that Si melts, temporarily changes to a liquid phase, and
then undergoes extremely rapid epitaxial solidification
growth. Another theory says that pulsed laser irradiation
generates high-density electron-hole plasma, and
annealing occurs non-thermally without a significant
temperature rise of the Si substrate. Thus, extensive
research was carried out from pure scientific as well as
engineering interests. To elucidate this phenomenon,
technology for measuring sample temperature at picoand nano second resolution, using Raman scattering and
time-resolved X-ray diffraction, was developed. In combination with other measurement methods (such as
time-resolved optical reflection measurement and energy distribution measurement of emitted atoms), it has
more or less been proved that various phenomena occur
depending on pulse energy, and that defects are effectively annealed when substrate melting occurs beyond
energy thresholds.
Pioneering work on the laser irradiation effects related
to nanoparticles was conducted in the second half of the
1990s by Townsend et al., who implanted rare earth Eu
ions into an Al2O3 sample and studied the relationship
between luminescence efficiency and pulsed laser irradi9)
ation effects. As is well known, a dilute concentration
of rare earth atoms in media such as Al2O3 are isolated
from each other and act as luminescent centers. The
greater the number of isolated centers, the stronger the
luminescence obtained. But if the concentration is too
high, the Eu atoms tend to aggregate with other Eu
atoms and form clusters (small nanoparticles), and are no
longer able to contribute to luminescence (the concentration quenching phenomenon). Townsend et al. intentionally implanted high concentrations of Eu, created a situation in which isolated Eu atoms coexisted with Eu
nanoparticles, and then carried out pulsed laser irradiation. The result showed that luminescence from the isolated Eu atoms vastly increased. In other words, they
succeeded in using pulsed laser irradiation to break down
Eu nanoparticles into isolated Eu atoms. Meanwhile,
Stepanov et al. have reported dissolution of Cu nanoparticles by applying this method.10)
While the aforementioned research was conducted
with laser irradiation following ion irradiation, a revolutionary attempt has been made by Ohkubo et al. at
148

NIMS in recent years. They simultaneously used MeV
ion irradiation and pulsed laser irradiation (wavelength
532nm), compared cases in which ion irradiation was
followed by laser irradiation with those in which only
ion irradiation was carried out, and discovered that the
simultaneous irradiation strongly enhances the nanoparticle precipitation.6) Fig. 1 shows the cross-sectional
TEM images. Even in low-fluence areas where no Cu
nanoparticles are formed by ions alone, the formation of
numerous Cu nanoparticles was promoted by ion-laser
simultaneous irradiation. As shown in Fig. 2, this result
means that nanoparticle formation can be space-selectively controlled through laser drawing or laser pattern
irradiation, etc. Moreover, the involvement of an athermal process has been proposed, to the effect that an
optical absorption band caused by defects appears only
under ion irradiation, and that the laser excitation of this
transient electron state leads to nanoparticle precipita-

Fig. 1 Cross-sectional TEM images of silica glass irradiated by 3
MeV Cu ions and a laser – (a) ions only, (b) ion irradiation followed by laser irradiation, (c) ion/laser simultaneous irradiation.

Fig. 2 Conceptual diagram of nanoparticle control by ion/laser
combined irradiation.
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tion.
2.2 Ion Projection Nano-patterning
The line-width of semiconductor device elements has
now reached 65 nm on a product basis and 30 nm or less
on an R&D basis. State-of-the-art lithography technologies with a line-width of 50 nm or less include Extreme
Ultra-Violet Lithography (EUV), Electron Projection
Lithography (EPL), direct-writing E-Beam Lithography
(EBL), and X-ray lithography. Along with these, Ion
Projection Lithography (IPL) has recently come under
attention. This is an ion-beam lithography in the sense
of microprocessing the photoresist, but when the material-property modification is simultaneously included, it
is called Ion Projection Patterning (IPP) in the broad
sense. While Focused Ion Beam (FIB) is drawn on the
substrate for scanning dot images, IPL or IPP passes
parallel ion beams with an acceleration energy of tens or
hundreds of keV through a mask and projects the samescale or reduced-scale images onto the substrate. These
are methods that facilitate resist exposure and other
direct nanostructure fabrication. The most important
advantages of the ion beam are that its de Broglie wavelength is extremely short, being at attometer (am = 10-18
m) level or less, that it offers far better resolution than
light, and that it is possible to achieve a high aspect ratio
thanks to its large focal depth.
The first practical IPL device (IPML-01) was developed by the Austrian company IMS (Ionen
Mikrofabrikations Systeme GmbH), and the modified
version IPML-02 developed in 1988 has an optical
reduction system of 1/5 or 1/10, a resolution of 100 nm
or less, and an overall distortion of 150 nm or less.11)
Fig. 3 shows a conceptual diagram of the ion-projection
lithography method.
After that, the vertical irradiation type with its irradiation area expanded to 8 × 8 mm2 was developed as a successor device in 1990-01 (ALPHA-10X,-5X).7) In 1992,
the ALG-1000 (later ALG-1001) with a target irradiation
2
area of 20 x 20 mm and resolution of 180 nm or less
was developed by the ALG (Advanced Lithography
Group), an industry-academic collaboration between
Europe and the USA.12) The optical system was designed
by IMS and the ion source by LBNL (Lawrence
Berkeley National Laboratory), and the performance
includes a reduction ratio of 1/3 and overall distortion of
15 nm or less. The PDT developed by the new industryacademic collaboration MEDEA in 1997 targets a resolution of 50 nm or less, and has a reduction ratio of 1/4
with an irradiation area of 12.5 × 12.5 mm 2. 13) The
LBNL, meanwhile, is developing a system offering a
reduction ratio of 1/200 with a new maskless method
using patterned electrodes.14) The specifications are for
an irradiation area of 5 × 5 µm2 and a spot size of 25 nm.
Besides this, a MeV heavy-ion-beam projection system
was developed in Germany in 2001.15) It has a theoretical
resolution of 40 nm, but has achieved 300 nm in practice. Meanwhile, the Russian Academy of Sciences is
also designing its own IPL device with the aim of quantum dot and wire fabrication,16) which is said to have an
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Fig. 3 Conceptual diagram of the ion projection lithography
method.

irradiation area of 0.06 × 0.06 mm2 and potential resolution of 35 nm.
Processing by IPL devices is classified into photoresist patterning and direct nanostructure fabrication by
etching or injection. With the aforementioned IPLM-02
device, a reduction ratio of 1/8.7 with mask patterning
at 75 nm intervals and a 75 nm line-width has been
achieved with 75 keV of He+ ions, and a reduction ratio
of 1/8.3 with exposure at a width of 50 nm and an
aspect ratio of 1: 4 or more with 74 keV of H+ ions.17, 18)
With PDT devices, mask patterning has been successfully implemented using He+ ions with a rib structure of 60
nm in width, etc., on a CARL resist with a thickness of
230 nm at a reduction ratio of 1/4.19) With direct nanoprocessing, the IPLM-02 device was used to successfully mill a nanostructure with a line-width of 130 nm and
a depth of 8 nm using 75 keV Xe+ ions at a reduction of
1/8.7 on a Au thin film with a thickness of 35 nm.20)
Meanwhile, dot structures of 100 nm or less on Co/Pt
multilayer film and 340 nm on FePt film have been
achieved, and application to patterning magnetic media
is expected.20-22) In a method combined with electro-plating, Cu dot structures with a diameter of 200 nm have
been achieved on Si substrates.23)
IPL is at the stage of device-feasibility study as an
alternative technique of semiconductor lithography. The
use of ion beams for nano-patterning including material
modification could be said to be in its infancy, with
device-related issues, such as beam optics, as well as
many other unresolved issues. At the present stage,
research is soon to start in earnest through Japan-US
collaboration (the MRS 2007 Spring meeting), among
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others.

3. Domestic Research Trends
3.1 Ion/laser Combined Irradiation
Although research on laser annealing of semiconductors was actively developed also in Japan in the 1980s,
there are few cases of the ion/laser combined irradiation
method for nanoparticle control even on a global level,
and only the NIMS group is engaged in richly creative
research in Japan.

terms of nanostructure control. The ion projection nanopatterning method is a leading candidate for next-generation lithography or nano-modification technology, its
advantages including a short de Broglie wavelength and
prospects of a high aspect ratio. It is also gathering
attention as a means of direct nano-processing. Using
these methods, the 3-dimensional nanostructure control
of 10 nanometer-grade is expected to appear in the near
future, with high precision and high efficiency in forms
suited to industrialization.
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3.2 Ion Projection Patterning
In Japan, Toshiba in 2002 developed IPL for ion
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4. Future Research Trends
4.1 Ion/laser Combined Irradiation
The NIMS group is one of the front runners in the
world for ion/laser combined irradiation method in relation to nanoparticle control. Recently, with appropriate
choice of laser wavelength, combined irradiation has
shown potential for controlling both the precipitation
and dissolution of nanoparticles. This kind of precipitation-dissolution processes are expected to depend nonlinearly on laser intensity. This fact may find application
in ultra high-resolution technology. By implementing
the laser-interference-irradiation method in an ultrahigh-resolution mode and simultaneously irradiating
ions, it is expected that nanostructure control technology
at a nanometer scale will be realized.
4.2 Ion Projection Nano-patterning
Currently, a resolution of 50 nm has been achieved by
resist patterning, bringing it on a par with other nextgeneration lithography technologies. Meanwhile, direct
nano-processing, a major advantage of the ion projection nano-patterning method, is currently at a processing
level of several hundred nm. Its use is expected to
broaden to recording materials, photonics applications,
and others in future, and there is a good prospect for
achieving nanostructure fabrication at the sub-100 nm
level, challenging the lead of resist patterning.

5. Conclusion
The ion/laser combined irradiation method has the
potential to independently control precipitation and dissolution processes, and is subject to much expectation in
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2. Quantum Beam Technology

2.4. Atom Beams
Yasushi Yamauchi
Quantum Beam Center, NIMS
1. Introduction
Metastable atoms (He, Ne, Ar, etc) in long-lived
excited states impinging on a sample surface with a
thermal velocity release their internal energies of 10 –
20 eV , thereby relaxing from excited states to ground
states a couple of angstroms above the surface where
they turn. The energies are large enough to break bonds
between surface constituents or eject surface electrons.
Based on bond scission capabilities, the atomic beam
lithography and metastable-atom-stimulated desorption
measurement are realized. The other capability of electron emission has been utilized for the metastable-atom
deexcitation spectroscopy. Information on surface electron spin can also be obtained by spin-polarizing
metastable atoms.

2. Research Trends
2.1 Nanofabrication Technology
The limitations of nanofabrication by lithography –
i.e., the diffraction limit, penetration profile and proximity effect of conventional exposure sources, such as
ultraviolet light, soft x-ray and electron beams – have
long been serious issues. In contrast with these conventional exposure sources, metastable atoms traveling at a
thermal velocity never penetrate surface layers and have
large masses with short de Broglie wavelengths of about
0.1nm, giving a sufficiently small diffraction limit.
Furthermore, the electrical neutrality of atoms guarantees a freedom from the space charge effect, which
appears in the focusing of charged particle beams and
degrades the focusing limit.
Conventional resist materials, such as polimethylmetacrylate (PMMA), are suitable for deep penetration
exposure radiation, but not for exposure radiation interacting only with top surfaces – i.e., atomic beams at a
thermal velocity. To date, self-assembled monolayers,
polymerized films of hydrocarbons or silicones, and termination layers of passivated surfaces have been proposed.1)
Under high vacuum conditions with hydrocarbon or
silicone vapor residual gases, metastable atom beams
irradiated onto a substrate surface cause polymerization
of adsorbed residual gas molecules, and yields an accumulated film on the surface which can be used as a
durable mask for etching. It has also been demonstrated
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that a hydrogen-terminated surface formed on a silicon
substrate loses oxidation resistivity by metastable atom
beam irradiation, thus providing pattern transfer capabilities. As for the metastable atom beams exposure
process, an Ar beam was employed at the early stage,
and then He and Ne exposures were examined. While
most of the fabricated structures have sizes of µm or
similar scales, success was reported on fabricating pillars of 50 nm in diameter on a GaAs substrate.
Although metastable atoms occupy the states from
which any optical transition to the ground state is prohibited, they may quench via reexcitation to another adequate state from which an optical transition to the ground
state is allowed. Based on this idea, a patterning method
without any stencil mask has been proposed. A laser
beam for quenching atoms shines through the vicinity of
the substrate surface so that only the area right under the
path of the laser is unexposed to metastable atoms.
Further evolution has been successful through the introduction of the standing wave method. This technology
has the potential to open up a new maskless patterning
method, which is different from the conventional scanning method that uses a focused beam, such as an electron beam.
Other than conventional lithography, which fabricates
patterns by etching the resists after exposure, a new
structure forming method without an etching process has
been suggested; i.e., manipulating the vapor deposition
atom beam so as to directly form a structure. Even while
in the standard vapor deposition, the mask pattern can be
transferred to the substrate by placing a stencil mask
close to the surface; an attempt to realize pattern formation without masks has been reported. As shown in Fig.
1, similar to maskless patterning using metastable atom
beams, the dipole interaction of a strong electric field of
a standing wave with a laser light slightly detuned from
an optical adsorption line of atoms makes it possible to
focus atomic beams of Na, Cr, Al, resulting in direct pattern formation. Further advances toward the three
dimensional doping shown in Fig. 2 are also in
progress.2) As a narrow Cr line pattern – 38 nm in width
and 213nm in spacing – has been fabricated,3) this technology is one of the promising candidates for nanofabrication by maskless patterning.
2.2 Nanocharacterization Technology
Since the desorption measurement is indispensable
for investigating adsorption energies, adsorption sites
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Fig. 1 Dipole interaction with the standing wave of a laser light somewhat detuned from resonance focuses Cr atoms onto its nodes.2)

Fig. 2 Fabrication of three-dimensionally doped structures by maskless direct deposition through
standing waves of laser light. 2)

and adsorbate bonding relevant to layer stacking or surface reactions, a variety of desorption methods (temperature programmed desorption, electron-stimulated desorption, photo-stimulated desorption) are widely used;
however, stimulation by elevated temperature, electron
beam or photon activates several surface layers or the
whole sample. Therefore, in order to discuss adsorbates
on a surface, careful examination is necessary to clarify
whether the observed species desorbs from the topmost
surface or the deeper layers. Although diverse approaches have been adopted to check this, the contribution of
desorption from deeper layers other than the topmost
layer is still controversial. Slow metastable atom beams
at a thermal velocity are ideal probes to selectively stimulate only the topmost surface.
This new desorption phenomenon was discovered
recently and used for the co-adsorption system of alkali
metal and water on a Ni single crystal surface.4) The
observation also extends to hydrogen-terminated silicon
surfaces, self-assembled monolayers and adsorbate-covered magnetic surfaces.5)
Most electron spectroscopies owe their surface sensitivity to the short escape depth of ejected electrons –
typically less than ten atomic layers – while the primary
beams, such as electron beams and x-rays, can penetrate
much deeper. However, since slow metastable atom
beams exhibit extremely high surface sensitivity,
metastable-atom deexcitation spectroscopy is suitable
for measuring the electronic states of topmost surfaces,
which are directly involved in the surface reaction.5)
Materials Science Outlook 2006

The electronic states of clean metal surfaces and
semiconductor surfaces were observed at the early
stage, and then the chemical aspects of interest, such as
molecule-adsorbed surfaces, were highlighted while elucidating the electronic states of topmost surfaces covered with ultra-thin insulator films, organic molecules,
and, particularly, self-assembled monolayers. High spatial resolution observation of topmost surface electronic
states was recently realized by combining an emission
electron microscope. 6)
Spin-relevant information for surface electrons can
be extracted by polarizing the spin state of metastable
atoms.7) Spin-polarized metastable-atom deexcitation
spectroscopy is successful for clean surfaces of ferromagnetic metals and has been used for discussions
regarding the spin polarization of organic molecules
adsorbed on magnetic surfaces.8) Further tests to attain a
spatial resolution have been conducted intensively, and
spin-polarized scanning images are now being successfully obtained. Spin-polarized metastable atom beams
are also adopted for the desorption measurement, which
has revealed the effect of spin polarization of surface
electrons on the ion desorption probability of adsorbates
on the magnetic surface.5) It has also been proved that
the surviving probability of metastable atoms scattered
at magnetized ferromagnetic surfaces is influenced by
the spin polarization of topmost surface.9)
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3. Future Trends
3.1 Nanofabrication Technology
While conventional lithography using ultraviolet light
or electron beams has a relatively long history, atomic
beam lithography has appeared so recently that nothing
about fundamental phenomena is illuminated – i.e., the
kinds of reactions taking place during exposure to atomic beams or the kinds of products that are formed. Since
the dissociation process of alkanethiol distributed in
nanodroplets of He by electron beam irradiation and
desorption of ions from alkanethiolate-SAM surface
under He* irradiation 10) are only known to be investigated, explication of the exposure process of SAM resists
under metastable atom beam irradiation is still one of
the most important subjects of atomic beam lithography.
At present, the minimum size of atomic beam fabrication is about 50 nm. It will be possible to reduce the size
closer to that of the ultimate limit – the size of resist
molecules – by improving the parallelness of atomic
beams, increasing the beam intensity and developing the
etching process for hard-contrast. To accomplish this
advance, a new atomic beam optic using a cylindrically
symmetric inhomogeneous magnetic field and a divergence correction technique using the laser optical pumping method should be developed, which parallelizes
atomic beams. It is also imperative to survey new resists
with a higher resistivity to etching treatments and a high
sensitivity to the metastable atom beam exposure and
the etching process suitable for it. In regard to long-term
prospects, the atomic beam holography holds great
potential not only for the maskless exposure of resists,
but also for the clean and etching-free fabrication without damages because it can draw any kind of shapes, in
addition to lines and dots, if highly coherent atomic
beams of elements contained in the device become available.11)

Finally, aiming to extend the element-specific spin
measurement, the spin-polarized ion scattering spectroscopy is also feasible due to the production of polarized ions from polarized atoms.
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3.2 Nanocharacterization Technology
The application of atomic beams to desorption measurements requires an improvement in mass resolution
by using short-pulsed metastable atom beams for popularization, and thus the realization of short-pulsed atomic beams is needed. This technique can also be utilized
for the soft ionization process of polymer molecules in
the mass spectrometry and its development is expected
to benefit the advance.
For future applications to exploit spin-polarized
metastable atom beams, the spin-polarized metastableatom deexcitation microscope needs to be developed
based on combining the beam and an electron emission
microscope. Since a scanning type microscope has
already been implemented, the projection type is anticipated to materialize shortly. It has been demonstrated
that even when superposing a certain magnetic field, the
electronic spin at the topmost surface can be measured
by liberating it from the limitations of electron spectroscopies. A further increase in the magnetic field will
extend the possibility of exploring new properties, such
as the metamagnetism of the topmost surface layer.
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Section 3. Nanosimulation
Takahisa Ohno, Taizo Sasaki, Yoshihiko Nonomura,
Hu Xiao and Hidehiro Onodera
Computational Materials Science Center, NIMS
1. Introduction
When materials are reduced to nanometer size, they
acquire the ability to express novel properties and functions that differ markedly from those in large size bulk
materials. In view of this, nanoscience and nanotechnology are attracting an extremely high degree of interest.
It is generally difficult to understand the behavior of
nanoscale materials in detail with experimental means
alone. In recent years, however, backed by the growth of
experimental technology as well as advances in computer power and simulation technology, an attractive and
stimulating situation has arisen in which experimental
technology and computing technology are converging
on a single point. That is, the size of materials that can
be experimentally created and measured has reduced to
nanometer scale, while, on the other hand, the size of
materials that can be modeled for numerical analysis is
progressively rising to nanometer scale.
Computational techniques are classified in Fig. 1, in
accordance with the size of the target material and the
timescale of phenomena. These techniques include firstprinciples calculations, which target the electronic quantum states; molecular dynamics and Monte Carlo simulations, which deal with the collective motion of atoms
and molecules; the finite element method and statistical
thermodynamics calculations, which deal with bulk
materials; and the phase-field method, which deals with
the meso-scale linking micro- with macro-scales. To
understand the structures and properties and investigate
Macro-scale

Meso-scale

Finite element
method
Statistical
thermodynamics
method

Time

Phase-field method
Cellular automaton
method

Atomic-scale

Molecular
dynamics method
Monte Carlo
method

Atomic
state

Quantum
mechanics

Space

Fig. 1 Time and space scales of computational science methods.
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the novel functions of nanometer size materials (nanomaterials) and nano-composites, it is important that we
upgrade the various computational techniques for different scales and develop nanosimulation technology linking them efficiently. Below, the present situation and
prospects for key simulation methods will be surveyed.

2. Advanced First-Principles Nanosimulation
The Density-Functional Theory (DFT), seen as synonymous with first-principles calculation, is one of the
theories that deal with Coulomb interactions between
electrons. In real calculations, methods such as the LocalDensity Approximation (LDA) or the GeneralizedGradient Approximation are used, and much success has
been achieved in explaining and predicting properties
without experimental knowledge.1) On the other hand, it
has been also known that the energy gap of semiconductors or insulators as well as magnetic properties given by
these methods differ from experimental data. This is
because the motional relationship between electrons
(electron correlation) is not adequately taken into account
in the approximations mentioned above. Currently, a theory that can describe the electron correlation more accurately is being desired.
The theories to directly deduce the electron correlation with large-scale simulation are the first-principles
Monte Carlo (MC) methods. Of these, the diffusion MC
method,2) in particular, boasts the smallest approximation to the electron wave function and currently has the
highest precision. Since it requires a tremendous volume
of numerical computing, it has long been researched in
the USA, where computer resources are abundant.
Nevertheless, it has also made a large contribution to the
development of theoretical methods and applications in
Europe, particularly in the UK. Research in this area
used to be sparse in Japan, but in recent years it has
been promoted mainly by NIMS, and a new interpretation has recently been established in our understanding
of the electronic structure of atoms.3, 4) In addition, as
one of researches to obtain significant results with less
expensive computation, the transcorrelated method and
other theories have also been attempted in Japan, and
their applications have been started.5) While these theories mainly start from inter-atomic bonding and the electron correlation in the ground state, there are also several examples of research on the electron correlation theo155

ry that focuses on the excited state, which is closely
related to optical and electromagnetic properties. One of
the typical examples is the perturbation theories on the
electron interaction such as the GW approximation.
While its applications are progressing widely in Japan
and overseas, research on the validity of the approximation is also being perfomed. In the research on the electron correlation, the model-type approach (which
abstracts the non-uniformity of materials at 1nm or less)
has a long history, but in recent years, many attempts
have been made to evaluate the physical parameters
based on the first principles computations, both in western countries 6, 7) and in Japan (including NIMS). 8)
Besides these, an extension of DFT, as well as the Exact
Exchange method and various other research and development, is also being promoted. Many current theories
concerning the electron correlation require vast computer resources in order to gain sufficient precision, and
their applicable scope is also limited. In future, there
will be moves to construct a standard theory that could
well be called “post LDA”.9)
As for large-scale computational techniques, order-N
methods, hybrid methods and others have been proposed since the 1990s. Nanomaterials including DNA
and biomolecules are large-scale systems consisting of
several thousand atoms or more. However, it is difficult
to apply conventional first-principles simulation techniques to such large systems that contain more than several hundred atoms, as the computational time increases
as N3 in proportion to the number of atoms N in the system. The order-N method is a computational technique
in which the computational cost is proportional to the
number of atoms N, and so offers great potential for
large-scale numerical analysis. Order-N methods can be
broadly classified into two kinds. One is based on the
moment expansion, which includes the Fermi operator
expansion method 10) and the Bond order potential
method,11) in which the linearity of computational cost is
achieved by using a finite number in the moment expansion of energy or force. The other method is based on
the variational principle, which includes the density
12)
13)
matrix method and the localized orbital method.
Linear scaling is achieved by using localization of the
density matrix and the Wannier function. The largescale numerical analysis method is being developed
energetically in Japan and in western countries. At
NIMS, we are aiming to apply the order-N method
based on the density matrix method to an actual system
14)
for the first time, and have demonstrated the possibility of its application to a Ge cluster-system (including
about 10, 000 atoms) on the Si (001) surface (Fig. 2).
Besides these, a large-scale analytical method based on
the Bond order potential method 15) and a method for
high-precision, large-scale computing by dividing the
target system into small partial areas 16) have also been
developed. Further application of the order-N method to
various fields is expected, such as the creation of surface nanostructures, catalytic activation of metallic clusters, and enzymatic reaction of biomolecules.
The hybrid method is another multi-scale technique.
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Fig. 2 Ge cluster on an Si (001) surface (calculated up to a maximum 22, 948 atoms).

This method divides a large-scale system into several
regions spatially, applies the most suitable technique for
each region, and analyzes the whole system simultaneously. For regions requiring analysis of electronic state,
the first-principles MD or Tight Binding (TB) MD
method is applied. For regions in which there is little
change in electronic state and sufficient description by
inter-atomic potential is possible, the classical MD
method is applied. The finite element or other method
can be used to describe macro regions where the continuum approximation is sufficient. In order to seamlessly
merge different techniques at the boundaries of different
regions, several connecting schemes have been proposed.17, 18) The hybrid methods have been applied to
research on various systems, such as the mechanical
characteristics of crack propagation, etc., dynamic
processes on solid surfaces, and enzymatic reaction in
biomolecule systems. NIMS recently announced its
quantum-classical hybrid method program, CAMUS.
For materials, and particularly nanoscale materials, it
is extremely important to analyze and predict physical
properties and their functions, and to clarify the relationship between structures and functions. This is the
key to the progress of nanotechnologies. Electronic conductivity is one of the important functions displayed by
nanomaterials. In a CMOS transistor, the thickness of
the SiO2 gate insulating film is only several nanometers,
and current leakage through the film causes a serious
problem. The use of single molecules or atomic wires
has been proposed as one way of making electronic
devices smaller. Numerical analysis of electronic conductivity requires electronic state analysis in an open
system, which differs from that usually applied for periodic systems. For this, a method using the LippmannSchwinger equation 19) and a method using the non equilibrium Green function (NEGF) 20) have been proposed,
among others. Analysis of electronic conductive properties through atomic and molecular wires is being actively pursued in Japan and overseas. At NIMS, we have
developed the Lippmann-Schwinger method and the
NEGF method, investigated the electronic conductivity
properties in atomic wire, organic molecules,21) carbon
nanotubes,22) etc., and clarified the dependence on contact geometries as well as electrode materials, etc. (Fig.
3). Meanwhile, from calculations of the electronic states
of DNA, it has been shown theoretically that when
hydrating water molecules are removed (dried) from
metallic ions, such as Mg and Zn around a DNA chain,
Materials Science Outlook 2006

Fig. 3 Current-voltage properties of benzene molecules sandwiched between gold electrodes.

hole carriers are introduced into the DNA chain, resulting in electronic conduction, and the possibility of nextgeneration nanodevices using DNA has been proposed.23)
The dielectric response of a material depends on the
frequency of electric filed, and in the operating frequency area (1 MHz to several hundred GHz) of CMOS,
both electronic states and phonons contribute to the
polarization of materials. Most of the high-dielectric
materials being studied as insulating gate films for nextgeneration CMOS are highly ionic materials, such as
metal oxides and metal silicates. Polarization caused by
phonons is large for these materials. Thus, contributions
from both the electronic part and the phonon part need
to be analyzed in order to calculate the dielectric
response of the materials in theoretical terms. The contribution to polarization from the electronic part can be
analyzed via the time-dependent perturbation method
using random phase approximation, and that from the
phonon part using phonon analysis and Berry phase
polarization theory.24, 25) At NIMS, we have analyzed the
electron and phonon contributions to the dielectric
response of HfO2, which is coming under attention as a
next-generation gate insulating film material, and have
clarified the effects of oxygen vacancies and N impurities.26)
The time-dependent DFT (TDDFT) method 27) formulated by Gross in 1984 has been used to calculate the
adsorption spectra of various gas molecules with the
scope of the linear response theory in recent years, and
the results have proved to be very accurate. Using
TDDFT, moreover, we can analyze the real-time
dynamics of both electron and phonon systems after
electron excitation. At NIMS, we have applied this
method to the photoisomerization reaction of photochromic molecules, which is a candidate for application to optical switch or memory. The results agree well
with experimental results.28)
Some of the calculation techniques used to analyze
the structures and functions of materials shown in the
above have been disclosed to the public as the outcome
of the IT program project “Frontier Simulation Software
for Industrial Science” of the Ministry of Education,
Materials Science Outlook 2006

Culture, Sports, Science and Technology.29)

3. New Function Investigation: the Strong Correlation Modeling method
The importance of many-body interactions that cannot be described by mean-field one-body approximations has increasingly been understood through studies
on critical phenomena in classical systems. K. G.
Wilson30) proposed the renormalization-group theory
that treats such many-body effects analytically, and won
the Nobel Prize in Physics in 1982. In realistic threedimensional systems, however, it is difficult to obtain
quantitatively accurate results. In quantum systems,
much attention has been paid to strong-coupling effects
since it became clear that cuprate high-temperature
superconductivity cannot be understood within the
mean-field theory. Moreover, vortex states in cuprate
high-temperature superconductors also cannot be
explained by the mean-field theory. Large-scale numerical simulation is the only scheme that can quantitatively
deal with strong-coupling effects in many-body systems.
Modeling is indispensable in numerical simulation, and
modeling that captures the essence of physical properties is the key.
Since there are no language or cultural barriers in the
computational codes used in numerical research, no pronounced difference are seen between Japanese and foreign research trends. In the present section, a number of
research trends in computational techniques are surveyed with no distinction between domestic and overseas research. Japan has been playing a significant role
in this research field.
The Markov-process Monte Carlo method is a computational technique that generates macroscopic equilibrium states of many-body systems by repeated local
transition of states. Since it was first proposed in 1953,31)
this method has produced a great number of fruitful
results in short-range classical systems in which the
transition probability is only determined by local states.
Since the second half of 1980s, the cluster algorithms32,33) that update the states of multi-particle clusters
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collectively and efficiently, the extended ensemble
methods34-36) that replace the distribution functions with
those extended in energy space in order to overcome
energy barriers efficiently, and other new computational
techniques have been proposed, and numerical simulations have been significantly accelerated.
Generally speaking, the whole Hamiltonian has to be
diagonalized even for the determination of the local
transition probability in quantum systems. Nevertheless,
in 1976 it was shown 37) that quantum systems with
short-range interactions can be mapped onto classical
systems with short-range interactions by introducing an
extra virtual dimension called as the Trotter dimension,
and that Markov-process Monte Carlo calculations similar to those in classical systems become possible.
However, at that time some systems with different
Trotter numbers had to be calculated for extrapolation.
Then, in the 1990s, cluster algorithms were generalized
to quantum systems,38, 39) and formulation based a priori
on the limit of infinite Trotter number40) was proposed.
These new schemes resulted in significant acceleration
of simulations in quantum systems. As a new trend in
recent years, we may cite the international joint research
ALPS project,41) which tries to create a standard package
of simulation codes that used to be developed individually by researches.
In systems including frustration or in electron systems, the quantum Monte Carlo method has fundamental difficulty known as the negative-sign problem.
However, as long as the ground state of a one-dimensional quantum system is considered, systems of any
desired size (including infinite systems) can be calculated with ample precision using the density-matrix renormalization-group (DMRG) method42) proposed in 1992.
This method is summarized as follows: First, the density
matrix of a finite quantum system is diagonalized and
the bases that give larger eigenvalues (namely the states
with lower energies) are selected. Second, two particles
are inserted into the center of the system characterized
by restricted number of bases, and diagonalize it again.
By repeating this procedure, the system size is gradually
and systematically enlarged without increasing the number of bases. Quite recently, even physical quantities at
finite temperatures and time evolution of the system
have become treatable within the framework of this
method,43) which brings renewed interest to this method.
NIMS has played leading role in research on vortex
states in high-temperature superconductors based on
large-scale Monte Carlo simulations of the frustrated
XY model. Nonomura et al. have investigated the vortex
phase diagram in terms of defects introduced by stoichiometry adjustment or heavy-ion irradiation, and
showed the existence of the vortex slush phase 44)
induced by point-like defects and the Bragg-Bose glass
phase45) induced by columnar defects. Hu et al.46) have
proposed an analytic scheme based on the density functional theory as a complementary approach for investigating the low-field region in which Monte Carlo simulations are difficult, and obtained the vortex phase diagram in the magnetic field parallel to superconducting
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Fig. 4 Spin arrangement of copper oxide ferrimagnetic material
Sr8CaRe3Cu4O24.

layers.
In low-dimensional magnetic materials, quantitative
accuracy of the spin-wave theory or other analytic theories are questionable, and Monte Carlo simulations play
an important role in precise analysis of experimental
data. Kohno et al. have compared experimental data on
magnetization and magnetic susceptibility of a ladderlike magnet Cu2CdB2O647) and a quasi one-dimensional
magnet Cu3(P2O6OH)2,48) both obtained in NIMS, with
the results of quantum Monte Carlo simulations and
evaluated the spin-spin coupling constants very accurately.
In theoretical research for new materials whose spin
structure has yet to be determined experimentally, the
approach fusing the first-principle and quantum Monte
Carlo calculations becomes quite powerful. Wan et al.
have investigated the copper oxide ferrimagnetic material Sr8CaRe3Cu4O24 recently synthesized in NIMS49) clarified properties of this new material50, 51) in the following
way: First, the magnetization structure in the ground
state and the energy gap between the excited states were
evaluated by the first-principle calculation, and an effective spin model (Fig. 4) was composed on the basis of
these results. Second, temperature dependence of the
magnetization was evaluated by the quantum Monte
Carlo calculation based on the effective spin model, and
estimated the values of exchange interactions that reproduce experimental data with high accuracy. Finally, on
the basis of the first-principle calculation of the material
after chemical substitution of atoms, they have pointed
52)
out the possibility that this material might behave as
so-called half metals, namely metallic for up-spin electrons and insulating for down-spin electrons.
Although ladder-like magnetic materials including
four-body interactions cannot be calculated by the quantum Monte Carlo method owing to the negative sign
problem, Hikihara et al.53) have obtained its ground state
using the DMRG method. They have also calculated54)
the charge and magnetization induced on the edges of a
carbon nanotube using the DMRG method by regarding
a ribbon-like two-dimensional system as a one-dimenMaterials Science Outlook 2006

sional system with complicated interactions. Possibility
of breakdown of the GLW scheme describing the phase
transition between two ordered phases and a novel
quantum critical point in two dimensions owing to
strong quantum fluctuation in two-dimensional strongly-correlated quantum systems was predicted recently55)
and has attracted much attention to this research field.
Tanaka et al.56) have shown that a novel Berry-phase
term appears in the π-flux state of two-dimensional antiferromagnets when the Neel and VBS orderings are
competed, which has enlightened significant suggestions on the new quantum critical point. They have also
discussed57) effects of non-magnetic impurities in onedimensional spin-Peierls materials using the similar theoretical approach and have found a guiding principle for
the survey of superconducting materials.
Trends toward international joint research and standardization of computing codes symbolized by the
ALPS project are expected to intensify in the field of
strong-coupling modeling in the near future. The
approach to fuse multiple numerical methods similarly
to our study on Sr8CaRe3Cu4O24 will become increasingly important for new function investigation.

4. Multiscale Structures and Property Simulation
Methods
Based on the growth of computational techniques in
materials science in recent years, trial and error methods
of material development are shifting towards theoretical
material design methods, and this field is now entering a
new stage in which practical use is taken into account.
Phase diagrams are indispensable as a basic informationl for materials development, and they have been
determined experimentally for many systems. Although
it is not possible to determine all phase diagrams of
multi-component systems experimentally, a phase-diagram calculation technique called CALPHAD
(CALculation of PHAse Diagram) has made great
progress in recent years due to the sophistication of
thermodynamic modeling and the higher performance of
computers.58) Commercial software packages such as

Thermo-calc,59) ChemSage, F*A*C*T, and Pandat are
sold as systems equipped with a thermodynamic database, an equilibrium calculation function and a construction function, and such software is being used for
the development and analysis of materials because they
can reproduce, with high precision, phase diagrams of
complicated multi-component alloy systems for practical use.
One task for now is to expand the thermodynamic
database. In this respect, a Pb-free solder alloy data60)
base, an Fe-S-base multi-component alloy system database, and other databases indispensable for developing
advanced materials have been developed.61) There have
also been advances in the Cluster Variation Method
(CVM), which deals with non-uniformity (short range
ordering existing in solid solution alloys 62) and phase
diagram calculation using the first-principle method,63)
and it is now possible to make highly accurate predictions concerning stable phases in a state of equilibrium.
However, for the prediction and control of microstructure, information on equilibrium structures based on
phase diagrams alone is insufficient, and a technique for
predicting time-dependent structural changes is needed.
The phase-field method 64) is a method of analyzing the
structural formation process. Here, the shape of
microstructures is expressed by many variables such as
chemical composition and order parameters, and time
and space changes in microstructures are calculated on
the basis of their evolution equations.
Research on the phase-field method is evolving laterally across various materials science and engineering
fields. The specific targets of calculation are now broadening virtually across the whole field of materials science, with a principal focus on microstructure such as
dendroid growth, diffusion phase decomposition
(nuclear formation, spinodal decomposition, Ostwald
growth, etc.), order-disorder transition, various domain
growth (dielectric materials, magnetic materials), crystal
transition, martensite transition, shape memory, crystal
growth and recrystallization, dislocation dynamics, and
fracture (growth of cracks).65-70)
Koyama, et al. have successively clarified the dynamics of various structural formation processes in real

Fig. 5 Formation of a FePt nanogranular structure and the order-disorder transition
process of the FePt phase.
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materials using the phase-field method, and it is now
becoming possible to predict structures in practical alloy
systems. Fig. 5 shows a 2-dimensional calculation of the
formation process of FePt nanogranular structures70) during holding at 923K. The black and white granular areas
are the FePt phase, the degree of whiteness indicating
the degree of L10 order. This shows that ordering progresses in line with particle growth.
The phase-field method can handle sizes from nano
to meso scale, and in order to link this to the scale of
actual products, it must be coupled with some other
technique such as the finite element method. When analyzing changes of internal structure using FEM as the
core method, material parameters such as the recrystallization rate constant and the recovery velocity are missing. If these material parameters can be theoretically
obtained as a function of chemical composition based
on the phase-field method, the MD method, etc., then
the prediction of macro-structures is expected to
progress dramatically.
As shown above, considerable progress can be seen
in our ability to predict the formation processes governing the internal structures of dynamic materials. On the
other hand, predicting properties is indispensable as a
material design tool that will be of use in actual material
development. In recent years, physical property calculation using structural form data (such as magnetic hysteresis analysis based on micro magnetics, polarization
hysteresis analysis based on polarization domain structures of ferroelectric materials, and stress-strain curve
calculation using internal variables theory and the
homogenization method) is also being promoted.
Koyama et al. have calculated magnetic properties (hysteresis) by using quantitative information on structural
form obtained from phase-field simulation as boundary
conditions for Landau-Lifshitz-Gilbert equations.70) Fig.
6 shows the results of magnetic hysteresis calculation
using information on order variables. Here, (a) and (b)
correspond to cases in which the FePt phase order is
hypothetically set at s=0 and s=0.8, respectively. This
graph reproduces well the impact of order on magnetic
hysteresis.
It is thought that, by juxtaposing structural predic-

tions based on the phase-field method with property calculations based on structures, it will soon be possible to
efficiently investigate the conditions under which structures with the requisite properties exist within the series
of structural formation processes.

5. 10 PFlops Computer Development
The largest supercomputer in Japan, the “Earth
Simulator” (which started operation in March 2002), has
a peak performance of 40 TFlops (40 tera floating operations per second), and was ranked as the fastest computer in the world for about 2 years. However, its world
ranking in November 2004 fell to third behind
BlueGene/L (91 TFlops) and Columbia (60 TFlops) in
the USA, and as of November 2005 it had fallen to 7th
fastest in the world. Spurred by the emergence of the
Earth Simulator, the USA has strengthened its supercomputer development (the ASC Program) under the
guidance of the Department of Energy (DOE). As a
result, the US occupied the world’s top 6 places as of
November 2005, and by 2010 it plans to develop a
BlueGene/Q computer with a capacity of several PFlops.
Research and development on nanosimulation technology with the aim of advancing nanotechnology is also
being promoted vigorously in countries around the
world. In the USA, the National Nanotechnology
Initiative (NNI) is in progress as a federal level R&D
program on nanotechnology, and nanosimulation technology is being developed and diffused with its focus on
the Computer Science Division of the National
Nanotechnology Infrastructure Network (NNIN). In
Europe, the European Commission has launched its
“European Research Authority (ERA) Scheme”. Among
others, the Nanoscale Quantum Simulations for
Nanostructures and Advanced Materials (NANOQUANTA) Project has been launched for nanosimulation technology development as one aspect of research investment for ERA construction.
For Japan to lead the world in pushing back the barriers of science, technology and industry, it will be important to achieve a science and technology computing

Fig. 6 Results of magnetic hysteresis calculation for the FePt nanogranular structure obtained
in Fig. 5.
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environment (supercomputing environment) with the
highest performance in the world, to carry out whole
system simulation of complex and diverse phenomena
in a broad range of fields, advanced data mining, etc.,
and thereby to aim for “intelligent production” and “scientific future design”. At present, the development of a
general-purpose 10 PFlops computer system offering
the world’s most advanced and highest performance is
planned under the guidance of the Ministry of
Education, Culture, Sports, Science and Technology,
and is due to start operation in FY2010. Software development will be indispensable to making maximum use
of the 10 PFlops computer, and in particular, projects for
simulation technology development in the nano and bio
fields have been launched. NIMS is also promoting the
development of a “nanosimulation method for investigating new functions” as a medium-term project.

6. Conclusion
The greatest expectation now placed on nano-biomaterials lies in the expression of innovative functions and
the free design and control of those functions.
Pioneering nanosimulation methods need to be developed in order to elucidate the correlation between electronic states, properties and functions, and tasks of
pressing urgency include the development and upgrading of ultra-large-scale computing, multi-function analysis (multi-physics), strong correlation modeling, and
multi-scale methods.
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Chapter 2. Nanomaterials
Section 1. Nanotubes
Dmitri Golberg
Nanoscale Materials Center, NIMS
1. Introduction

2. Overseas Research Trends

The nanotube’s seamless molecular cylinder, with a
diameter down to one nanometer or less, has continuously remained at the forefront of nanomaterials
research. Numerous exciting physical, chemical and
functional properties of these tiny objects have been
documented. For example, a standard carbon nanotube
(CNT) made of a wrapped graphene sheet possesses an
unlimited aspect ratio, carries a huge current density of
~109 A/cm2, exhibits ballistic electron transport, has the
highest Young modulus among all materials on earth, ~1
TPa, is 100 times stronger than the toughest steel but
just 1/5 the weight, and exhibits the superb thermal conductivity of ~4000 W/m K.
Needless to say, these intriguing properties are attractive for many applications; however, to date difficulties
in the synthetic processes have significantly hindered
real practical usages. Nanotubes can exist in singlewalled (SWNT) or multi-walled (MWNT) geometries.
It has been shown that C SWNTs can be metallic or
semiconducting depending on their helicities and diameters. Unfortunately, both types of CNTs are typically
grown together in bundles; however, to create innovative NT electronics, it is necessary to manipulate metallic and semiconducting CNTs separately. If this
becomes possible, metallic NTs could readily function
as downsized leads in nanoscale circuits, whereas semiconducting tubes could perform as miniaturized
Schottky-type field-effect transistors.
Another long-standing problem is the purity of a
resultant CNT powder with respect to catalytic metals
and the remaining non-nanotube species. The CNT’s
overall yield and length have generally been limited to a
micrometer scale range and a millimeter scale range in
some advanced processes.
CNTs are not the only possible nanotube morphology.
Inorganic nanotubes may form in other than graphite
layered compounds, like boron nitride (BN) and metal
sulfides, and in non-layered compounds, e.g., metal
oxides, nitrides, borides, carbides, and selenides. In
many respects, the latter NTs have more diverse properties and new functions compared to the standard CNTs
and should not be underestimated.

2.1 Carbon Nanotubes
The latest breakthroughs related to CNT research can
be divided into three major categories: (i) synthesis; (ii)
selection/manipulation, and (iii) property highlights.
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2.1.1 Synthesis
Very recently, Baughman’s group at the University of
Texas (USA) accomplished the long-standing goal of
the nanotube community – the production of strong
CNT sheets composed of trillions of individual MWNT
fibers at rates above 7 meters per minute by cooperatively rotating CNTs in vertically oriented nanotube
arrays (forests).1) The group produced transparent sheets
up to five-centimeters-wide and one meter-long during
catalytic chemical vapor deposition (CVD) using an
acetylene gas as the carbon source (Fig. 1). These sheets
were initially formed as a highly anisotropic, electroni-

Fig. 1 (a) Photograph of a self-supporting 3.4-cm-wide, meterlong C MWNT sheet that has been hand drawn from a catalytic
CVD grown nanotube forest at an average rate of 1 m/min. Its
transparency is illustrated by the visibility of the NanoTech
Institute (University of Texas, USA) logo seen behind the sheet;
b) SEM micrograph of a two-dimensionally re-reinforced structure fabricated by overlaying four nanotube sheets with a 45º shift
in orientation between successive sheets (From Ref. [1], reproduced with the permission from AAAS).
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cally conducting aerogel that can be further destified.
The mechanical tests performed on the sheets revealed
superior properties to those made of steels.
This finding could definitely bring to reality the
dream of cosmic lifts or solar sails mounted in space
and made of long and tough CNT fibers and/or sheets.
For example, 1 km2 of a solar sail made from these
sheets would weigh only 30 kg.
One of the most successful commercial processes for
producing large quantities of C SWNTs emerged from
Rice University (Smalley’s Group, USA), and dubbed
HiPco.2) This method is able to produce around 450
mg/h CNTs that have no more than 7 mol.% of iron
impurities. In the modern HiPco process, the SWNTs
grow in high-pressure flowing CO gas on catalytic clusters of iron. Importantly, the catalyst is formed in-situ
by thermal decomposition of iron pentacarbonyl. It is
worth noting that such SWNTs are frequently used for
laboratory studies around the world.
Nowadays, C MWNTs are routinely produced using
CVD and plasma-enhanced CVD (Cambridge group of
Milne et al.).3) Using this method, vertically aligned
strands of MWNTs are made on substrates, which are
suitable for use as the electron emitters and/or cold cathodes in high-power, light-weight microwave amplifiers
for telecommunication satellites.
2.1.2 Manipulation
Starting from carboxy-functionalized SWNTs, and
with assistance from octadecylamine porphyrins, the
initial attempts to separate metallic nanotubes from
semiconducting C nanotubes were launched in the early
2000s.4)
It is noteworthy that the two internationally recognized groups recently accomplished important achievements in this field. Strano’s group at the University of
Illinois-Urbana/Champaign (USA) relied on covalent
and non-covalent chemistries that are selective to C
SWNTs of a particular electronic type.5) A Karlsruhe
group (Germany) pioneered alternating current dielectrophoresis, which was found to effectively separate
semiconducting vs metallic nanotubes. 6) The latter
method took advantage of the difference between the
relative dielectric constants of the two tube types with
respect to the solvents. This resulted in the opposite
movement of metallic and semiconducting tubes along
the electric gradient.
To date, the major advances in the length and diameter separation of CNTs were made by Zheng and coworkers7) using a DNA wrapping procedure followed by
ion exchange chromatography.
2.1.3 Properties
The Avouris group at IBM Watson Research Center
(USA) has continuously exploited the optical performance of CNTs.8) Last year, the group found the new excitation mechanism whose efficiency increases ~1000
times compared to a common recombination of independently injected electrons and holes.8) The mechanism
relies on weak electron-phonon scattering and strong
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electron-hole binding caused by the one-dimensional
confinement.
The most recent aspects of electron transport in CNTs
were the key subjects of Dai’s group at Stanford
University (USA),9) Johnson’s group at the University of
10)
Pennsylvania (USA), Rao’s group at the University of
11)
California (USA), Gomes-Herrero’s group at the
12)
University of Madrid, Bachtold’s group at the Institute
for Microelectronics in Barcelona (Spain), 13) and
Kouwenhoven’s and Dekker’s groups at the Delft
University of Technology (Netherlands).14) In the years
2005-2006, significant breakthroughs were made in
understanding metal leads/NT contact physics,13) strongly correlated electron systems within CNTs, 9, 10) and
Kondo14) and Aharonov-Bohn effects.12) However, the
practical aspects of NT-based electronics so far have
been lingering far behind these fundamental findings.
The issues of NT mechanical behavior were studied
intensively by Ajayan’s group at the Rensselaer
Polytechnic Institute (USA).15, 16) In the November 2005
issue of Science, the group reported on super-compressible foam-like behavior of MWNT strands, as presented
in Fig. 2.15) Interestingly, in the most recent report by
Huang et al. in Nature17) it was additionally demonstrated that C SWNTs are extremely ductile at high temperatures. They can be stretched to ~280% elongation,
which is suggestive of superplastic behavior, before
known only in metals. Importantly, such superplasticity
was a universal phenomenon in all carbon NTs, including single-, double- and MWNTs. Both discoveries
notably stimulated CNT nanocomposite research in
2005-2006.
The Trinity College Dublin group (Ireland),18) through
functionalization of CNTs with polymer chains, significantly improved their dispersion and was able to
remarkably increase the Young modulus, tensile strength
and toughness of a polypropelene, by factors of 3, 3.8
and 4, respectively.
Unless the interfaces between CNTs and the matrix
are carefully engineered, poor load transfer between

Fig. 2 A schematic illustration showing compression testing of
aligned C MWNT films; a nanotube array is compressed to folded springs and then regains free length upon release of the compressive load; b) SEM image of a compressed film (From Ref.
[15], reproduced with permission from AAAS).
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NTs and matrix results in slippage and reduced composite performance with respect to stiffness and strength.
Interestingly, this interfacial shear results in novel viscoelastic CNT composite behavior with up to 1400%
increase in the damping ratio of epoxy/MWNT composites.19) By taking advantage of the superior properties of
MWNTs, the same group created multifunctional conductive brushes with bristles made of tubes, and demonstrated these excellent functions in nanoparticle cleaning
and movable electrochemical contacts/switches.16)
New functions of CNTs were revealed just last year.
A water fluid flow through nanotubes was found to be
four/five orders in magnitude faster than predicted by
the conventional fluid flow theory.20) Very weak interactions between the water molecules and the nanotube
walls resulted in an almost frictionless flow. This effect
is envisaged to be of prime importance in chemical or
biological membrane sensors and drug delivery systems.
2.2 Boron Nitride Nanotubes
BNNTs have electronic properties that are independent of chirality and diameter, as opposed to their carbon
counterparts. A wide band gap of ~5.5 eV provides stable insulating properties at room temperature.21) In addition, BNNTs do not oxidize in air up to ~1000ºC, which
is extremely useful for high-temperature applications.22)
BNNTs are chemically stable and may serve as first
nanoscale piezoelectrics.23) Growing these nanotubes is
challenging, however.
In 2005, the researchers from Michigan Technological
University (USA) found a way to grow BNNTs using
plasma-enhanced pulsed-laser deposition at temperatures as low as 600ºC.24) The NTs grew on substrates creating nearly oriented arrays.

3. Research Trends in Japan
3.1 Carbon Nanotubes
3.1.1 Synthesis
A new efficient CVD synthesis of SWNTs, in which
the activity and lifetime of an iron catalyst are dramatically enhanced by water, was developed at the Research
Center for Advanced Materials at AIST, Tsukuba, led by
Sumio Iijima.25) Stable growth resulted in SWNT vertically aligned forests with heights up to 2.5 millimeters.
SWNTs can be easily separated by cutting the bottom
catalyst layers. The product had 99.98% purity.
Moreover, patterned, highly ordered structures made of
SWNTs were fabricated (Fig. 3).
Endo’s group at Shinshu University, Nagano,26) fabricated a “buckypaper” made of sole double-walled C
nanotubes using a combination of molybdenum and iron
catalysts during catalytic chemical vapor deposition. It
is suggested that double-walled CNTs may eventually
substitute SWNTs on the market as their mechanical
properties, thermal conductivity and structural stability
are superior due to their coaxial structure.
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Fig. 3 SEM images of organized carbon SWNT structures grown
by novel water-assisted CVD growth. a) SEM image of SWNT
cylindrical pillars with 150-mm radius, 250 mm pitch, and ~1
mm height. Inset: SEM image of the root of a pillar. Scale bar, 50
mm; b) SEM images of SWNT sheets 10 mm thick. (From Ref.
[25], reproduced with permission from AAAS).

3.1.2 Manipulation
Large-scale separation of SWNTs was achieved in a
joint effort between several Japanese institutes and universities 27) that utilized a dispersion-centrifugation
process in a tetrahydrofuran solution of amine, which
made metallic SWNTs highly concentrated to 87%. The
key point was found to be amines, which adsorb metallic SWNTs more strongly, while the weakly adsorbed
amines can be easily removed after the separation.
3.1.3 Properties
Along with the ongoing work on special CNT encapsulating structures, so-called “peapods”, pioneered by
Sumio Iijima’s (AIST) and Hisanori Shinohara’s groups
(Nagoya University), and the so-called “nanohorn”
structures (AIST, NEC), notable breakthroughs were
made last year in regard to CNT polymer composites.
28)
Aida et al. (Aida Nanospace Project, ERATO-SORST,
Japan Science and Technology Agency) dispersed
SWNTs in polymerizable ionic liquids and obtained a
120-fold enhancement in polymer bucky plastic.
Delicate mechanical tests on individual CNTs became
possible thanks to the special SEM-AFM setup developed by Nakayama et al. at Osaka Prefecture
University.29) The group continuously produces cuttingedge data on mechanics and on-demand manipulation of
CNTs under precise control of all structural parameters
before, during and after testing.
3.2 Boron Nitride Nanotubes
The activities on novel inorganic nanotubes, particularly the BN system, have been primarily concentrated
in Bando’s group at NIMS, and Oku’s group at Osaka
University. Last year, the Bando group first reported on
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soluble BN nanotubes30) (Fig. 4), that made possible for
the first time the preparation of BNNT reinforced poly31)
mer films (Fig. 5).
In addition, chemical peeling and branching of
BNNTs using chemistry methods have also been pioneered (Fig. 6).32) It is worth mentioning that BNNTs

were found to be useful in nanobiology fields (Fig. 7);
in fact, various proteins were observed to be steadily
immobilized on BNNT surfaces33) opening opportunities
for the smart applications of these unique materials in
medicine and biology.

4. Future Outlook

Fig. 4 World’s first dilute solution of boron nitride nanotubes (in
chloroform) prepared at NIMS through wrapping BNNTs with a
conjugated polymer, PmPV, poly[m- phenylenevinylene -co-(2,5diotoxy-p- phenylenevinylene)] (From Ref. [30], reproduced with
permission from the American Chemical Society).

The applications of NTs for the good of humanity
look more and more positive for the years ahead. A
decade ago, all NT related works were focused on sole
synthesis and microscopic characterization; nowadays
many laboratory devices, e.g. field-effect transistors, gas
sensors, optical guides and mechanical actuators, are
routinely created (see, for example, every issue of the
high-ranked Nano Letters journal). It is worth noting
that all these ultimate devices work properly at the laboratory level. The issue is now to decrease NT production
costs in order to make these devices serve on a real
basis, scale-up the NT fabrication and find novel alternative nanotubes with superb functions to those of standard CNTs.
A convincing example of the strong possibility to
successively accomplish the latter goal is the most

Fig. 5 Fully transparent BNNT-containing polymer films (polystyrene) produced for the first time;
a) photograph of the films with different BNNT loading fractions. The yellow on the right-hand side
film originates from added PmPV; b) TEM image of straight BNNTs evenly distributed within a
polysterene matrix.

Fig. 6 TEM images of BNNTs obtained via a solvothermal reaction in a dimethyl sulfoxide solution
chemically peeled (a) and branched (b) for the first time. The relevant structural models are shown
for clarity. (From Ref. [32], reproduced with permission from Wiley-VCH).

166

Materials Science Outlook 2006

Fig. 7 Ferritin protein molecules immobilized on a PAHE-(1pyrenelbutyric acid N-hydroxysuccinimide ester) functionalized
BNNT. The molecules are visible on the image due to their iron
cores. (From Ref. [33], reproduced with permission from the
American Chemical Society).

recent publication on the effectiveness of sunlight conversion into electrical energy as an appealing option for
reducing global reliance on fossil fuels by the TiO2 nanotube mats.34) So far, solar cells have traditionally been
manufactured using Si technology. The process requires
a significant input of energy that is never recovered during use. Making electron-collecting layers of the cells
out of ordered TiO2 NTs significantly reduces unwanted
electron scattering and recombination, thus producing a
much larger current from incoming light energy.
This is the last, but not the least, example of the richness of the nanotube field for the needs of cutting-edge
nanotechnologies and advanced materials science.
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Section 2. Fullerenes
Kun’ichi Miyazawa
Fuel Cell Materials Center, NIMS
1. Introduction
Kroto et al. discovered C60 in their 1985 experiment
of laser vaporization of graphite. 1) This new third
allotrope of carbon, ”C 60”, added to diamond and
graphite, has a soccer ball shape with twenty hexagons
and twelve pentagons. The molecules with the closed
hollow cage structure of carbon, like C60, are called
fullerenes. C60 has the highest symmetry of icosahedral
point group (Ih) in three-dimensional Euclidean space
and a diameter of 0.71 nm. 2)
Since C60 crystals exhibit semiconducting properties,
a lot of research aiming to fabricate new electronic
devices has been carried out so far. Above all, the name
C60 has become widely known as a promising new material since the discovery of the superconductivity of C60
3)
doped with potassium. It is known that C60 doped with
Cs and Rb exhibits the highest Tc (33K) 4).
Aside from C60, various higher fullerene molecules,
like C70, C82, C84, are known to be prepared. Furthermore,
endohedral fullerenes – i.e., fullerenes with enclosed
atoms, and derivatives of fullerenes with various substituent groups – have markedly increased the number
of fullerene species. 5~7) It is becoming possible to synthesize a large number of new nanocarbon materials by
combining different species of fullerene molecules, such
as fullerene nanotubes whose walls are composed of C60
and C70. 8)
It has become much easier for us to obtain fullerene
molecules during the two decades since the discovery of
C60. This article reviews the attempts that have been
made around the world toward the synthesis and purification of fullerenes.

Fig. 1 Optical micrograph of C60 crystals (Reprinted with permission from Nature Vol. 347 (6291) 354-58, 1990. Copyright:
Macmillan Magazines Ltd.). 10)

C60 was the major component of the above extracted
material and about 2 ~ 10 % C70 was contained in the
material. Another method used to obtain C60 was to sublime C60 from the soot in a vacuum or an inert atmosphere at 400ºC. 10)
In the arc discharge method, high quality graphite
rods are heated by a high current of 140 ~ 180 A. 11)
Helium gas is also used instead of argon gas. 11) The
fullerene extraction can be carried out using toluene or
11,12)
carbon disulfide instead of benzene.
The solubility of C60 is 1.7 mg/mL in benzene, 2.8
mg/mL in toluene and 7.9 mg/mL in CS2. The arc discharge method is widely used in the synthesis of endohedral fullerenes, such as Dy@C82. 13)

3. Combustion Synthesis of Fullerenes
2. Arc Discharge Method
The mass production of fullerenes was initiated by
the arc discharge method of Krätschmer et al. Fullerenes
are extracted from the soot produced by evaporating
graphite electrodes in an atmosphere of about 100 Torr
helium. 9~10) A wine-red to brown liquid was prepared by
dispersing the soot in benzene, and a residue of dark
brown to brown crystalline materials was obtained by
gently heating the liquid that was separated from the
soot. About 100 mg of purified material was obtained in
a day. 10) The crystalline material showed rods, platelets
and star-like flakes (Fig.1).
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Soon after the discovery of C 60 , Gerhardt et al
observed ionic species like C60+, C60– and C70+ in the mass
spectra of premixed benzene-oxygen flames formed at
low pressure. 14) This result indicates a method to produce fullerenes through the combustion of hydrocarbons. The combustion method synthesizes fullerenes by
burning gases, such as premixed benzene and oxygen, at
low pressure. 15) The gases are diluted using rare gases,
like argon, and are then introduced into a burner and
burned to obtain the soot containing fullerenes. The
mass production of fullerenes became possible using the
combustion synthesis method. A company in Japan
Materials Science Outlook 2006

4. Purification Methods of Fullerenes

Fig. 2 Reduced-pressure, premixed combustion fullerene synthesis apparatus developed by Takehara et al. (Reprinted from
Carbon, Vol. 43, H. Takehara, M. Fujiwara, M. Arikawa, M.D.
Diener and J.M. Alford, Experimental Study of Industrial Scale
Fullerene Production by Combustion Synthesis, pp.311-319,
Copyright (2004), with permission from Elsevier). 17)

started to sell fullerene extract prepared by the combustion method at 500 yen per gram. 16) The ratio of C60 and
C70 (C70/C60) obtained by the combustion method is 0.26
~ 5.7 in molar ratio and is quite different from that of
the arc discharge method. The C70/C60 ratio depends on
the burning conditions of the combustion chamber,
including pressure and temperature. 15)
Takehara et al. developed an apparatus that can produce fullerenes at multitons per year (Fig.2). 17) This
apparatus has a porous refractory plate burner in its
combustion chamber, and a soot collection chamber is
connected to the combustion chamber. A special filter
bag is used to collect the soot and the whole system is
designed to allow continuous fullerene synthesis.
An optimum C/O (~1.15) ratio was found when producing the soot using a premixed toluene/ oxygen
flame. With an increasing C/O ratio, the fullerene content decreased, while the total-soot yield increased. 17)
Further, the C70/C60 ratio became smaller with a lower
C/O ratio and higher temperature, such as in the arc discharge method. 17)

Fig. 3 (a) Structural formulae for p-Bu t-calix[8]arene
(R=But) and (b) ‘ball and socket’ nano-structure (Reprinted
with permission from Nature Vol. 368 (6468) 229-31
1994, Copyright: Macmillan Magazines Ltd.). 21)
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Ajie et al. reported that column chromatography
using alumina and hexane gave an excellent separation
for a mixture of C60 and C70 and that purities of 99.85%
11)
and >99% were obtained for C60 and C10, respectively.
Cox et al. reported a good separation of C60 and C70,
using a high performance liquid chromatography
(HPLC) with silica (dinitroanilinopropyl (DNAP) sili18)
ca). Owing to the recent progress of silica-based column materials, it has become possible to isolate and
purify fullerenes using toluene as the mobile phase. 12)
Various experiments have been performed to improve
the separation efficiency of fullerenes by changing the
substituent groups that chemically modify the silica
gels. Hydroxyphenyltriphenylporphyrin-bonded silica
(HPTPP) is known as a superior immobile phase. 19)
Since the immobile phases for purifying fullerenes are
costly, more efficient and cheaper immobile phases are
desired.
A simple fullerene purification method by filtering,
which utilizes powdery or fibrous active carbons, was
reported. C 60 with a purity higher than 99 % was
obtained with yields higher than 90 % using powdery
active carbon and eluent toluene for a C 60 and C 70
fullerene mixture (C60/C70/C>70 = ~70/23/7). 16)
20)
Purification methods of fullerenes by recrystallization
21)
and use of inclusion compounds like calixarene are
also known. Calixarenes are cyclic oligomers of phenol–formaldehyde condensates, as shown in Fig. 3(a).
Atwood et al. prepared complexes of C60 and p-Butcalix[8]arene (Fig. 3(b)) in a toluene solution of unpurified fullerene mixture and p-But-calix[8]arene and succeeded in extracting pure C60 (>99.5%) by treating the
complexes with chloroform and recrystallization. 21)
They also found that p-But-calix[8]arene has a higher
affinity for C60 than C70. 21)

5. Summary
Figure 4 shows that the number of publications on
C60 per year compiled from the Web of Science (The

Fig. 4 Number of papers on C60 per publication year.
169

Thomson Corporation). It is seen that the number of
papers jumped up for several years from ~1991 when
the superconductivity of C60 was reported.
The price of fullerene mixture is decreasing owing to
the development of the combustion synthesis method.
However, pure fullerenes necessary for basic studies
remain costly and this may hinder the progress of
fullerene research. Further development in the purification technology of fullerenes is necessary to promote the
fundamental studies of fullerenes and their wide industrial application.
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2. Nanomaterials

Section 3. Nanosheets
Takayoshi Sasaki
Nanoscale Materials Center, NIMS
1. Introduction

2. Synthesis of Nanosheets

Nanosheets refer to a class of two-dimensional
nanoscale materials, which are characterized by their
high anisotropy (a thickness in nanometer scale and a
lateral size in micrometer range or larger). There have
been reports on a range of materials under the heading
of nanosheets: metals such as Au or Pt, oxides like
Ga2O3 and TiO2, and chalcogenides such as MoS2. In
addition to the highly anisotropic morphology, they are
attractive because of their colloidal nature, which is
beneficial in their application as a building block for
further material syntheses. Furthermore, nanosheets
often exhibit novel physical properties, e.g., size-quantization effects associated with their ultrathin feature in
nanometer scale.
Nanosheets are relatively new when compared with
other nanomaterials, such as nanotubes and nanoparticles, and their investigation is still in the infancy stage
with the main stress on syntheses of new nanosheets.
Some research activities have started to focus on understanding their physical properties, their functionalizations, and their application as a nanoscale module to fabricate new nanostructured materials. This section provides an overview of the recent progress in nanosheet
research in two categories: (1) synthesis of new
nanosheets, and (2) functionalization and application.

There are two different approaches for the synthesis
of nanosheets: (1) anisotropic crystal growth using precursor molecules or ions as a source, and (2) delamination of a layered host compound into its single layers.
These approaches may be regarded as a bottom-up and
break-down process, respectively. The former approach
involves spontaneous two-dimensional growth of crystallites in the vapor or liquid phase, or anisotropic
growth promoted in a limited space, such as liquid-liquid interface or interlayer gallery of a layered compound. Products developed by the former routes are
usually several ten nanometers in thickness. The latter
process involves the exfoliation of a layered compound
into its elementary layers, which is typically driven by
intercalation of the bulky guest species.1) The resulting
single layer, or nanosheet, has a thickness of around 1
nanometer that is comparable to the dimension of a molecule. The exfoliation reaction itself has been known for
smectite clay minerals, which easily produce a translucent dispersion when put in water. In the last decade, a
number of layered host compounds other than clay minerals have been delaminated thanks to progress in softchemical processing to attain exfoliation. Success in the
delamination of some functional materials, e.g., layered
titanates and layered perovskites, has stimulated significant interest in this fascinating class of nanomaterials.

Table 1 Layered compounds that have been delaminated.
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Fig. 1 Structure of typical nanosheets.

Table 1 lists the layered compounds that have been
delaminated and Fig. 1 illustrates the structure of typical
nanosheets.
2.1 Research Activities Around the World
A number of research groups from Japan, Korea,
China, and India have reported the synthesis of a wide
range of nanosheets – for example, Au, Pt, MgO, WO3,
C, SiC, ZnS – through the process categorized as (1).2-16)
Chemical vapor deposition, vapor-phase growth or
hydrothermal methods are employed in these reports.
Synthesis through exfoliation can be described in a
more systematic way. (The delamination of clay minerals is not described here because it is known to be a naturally occurring phenomenon.) Groups from the US,
Germany, and Italy have pioneered the delamination of
other layered materials. They reported that layered transition metal dichalcogenides, such as TaS2,17) and layered
zirconium phosphates of α-Zr(HPO4) nH2O18) yielded a
colloidal suspension in a solution with suitable electrolytes. However, these works encountered difficulties
in obtaining a clear picture of the delaminated products
due to limited techniques at that time. The report19) on
the successful exfoliation of layered perovskites of
KCa2Nb3O10 by Professor Jacobson’s group (University
of Texas, US) is one of the first papers to clearly
demonstrate the formation of functional nanosheets. To
follow up on this inspiring achievement, several groups
from the US, Japan and Korea started to study the
delamination of various types of layered perovskites.
Among them, Professor Mallouk’s group (Penn. State
University, US) conducted a systematic investigation,
and succeeded in the synthesis of a variety of perovskite-type nanosheets based on titanium, niobium,
and tantalum oxides.20,21) The group also reported the
delamination of several types of layered niobates and
titanoniobates.22) Considerable attention was paid to the
exfoliation of layered double hydroxides because it can
lead to cationic nanosheets. Two groups from France
and the UK are pioneers in this area and demonstrated
that delamination can be attained by a two-step process
involving the intercalation of fatty acid salts or amino
acids and the subsequent treatment with organic polar
solvents.23,24)
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2.2 Research Activities in Japan
Groups from Nagasaki University, Kyoto University,
and the Tokyo Institute of Technology have reported the
synthesis of nanosheets of TiO2, ZrO2, ZnO, GeO2 etc.
through processes categorized as (1) 25-28) – for example,
two-dimensional growth in a lamellar phase of surfactants. Professor Shirai at Tohoku University has reported the synthesis of Pt nanosheets with a thickness of 2-3
nm.29) The synthesis involves the intercalation of PtCl4into the graphite gallery, its reduction with H2 gas, and
subsequent removal of graphite template.
Intensive research activities on layered host compounds have been carried out in Japan, and a number of
groups have studied the synthesis of nanosheets via
delamination. Groups at Waseda University directed by
Professors Kuroda, Sugahara and Ogawa have studied
the delamination of layered niobates and layered
titanates.30-32) One of the highlights is the synthesis of
oversized nanosheets by exfoliating K4Nb6O17 crystals.30)
The obtained sheets are several tens of micrometers in
lateral dimensions, which is much larger than conventional nanosheets of mostly 1 micrometer in width
derived from polycrystalline samples. Dr. Ooi and collaborators at AIST have carried out pioneering work
on the delamination of birnessite to yield MnO 2
nanosheets.33) Dr. Hibino at AIST has reported detailed
studies on the exfoliation of layered double hydroxides.24,34)
2.3 Research Activities at NIMS
The Soft Chemistry Group reported the synthesis of
titanium oxide nanosheets in the mid ‘90s,35,36) which
was attained by exfoliating a layered titanate of lepidrocrocite type upon treatment with quaternary ammonium
ions. Since then, this group has extended target materials to layered manganese oxides, layered double
hydroxides, etc.37-39)

3. Functionalization and Applications of the
Nanosheets
Nanosheets often exhibit novel physicochemical
properties associated with their ultrathin two-dimensional structure, which is now being investigated intensively from various standpoints. For example, the exfoMaterials Science Outlook 2006

liated titania nanosheet shows intense UV absorption
with molar extinction coefficients of >104 mol-1 dm3 cm-1
and its absorption edge is blue-shifted due to the sizequantization effect. Nanosheets can be regarded as inorganic macromolecules with their own properties. These
nanosheets are very attractive as a building block of
nanostructured materials. For example, they can be
organized into a nanostructured self-assembled system
or can be combined with a range of materials, such as
functional molecules, metal complexes and polyions.
3.1 Research Activities Around the World
Several groups have investigated the liquid crystal
properties of colloidal nanosheets. Dr. Davidson’s group
in France reported intriguing behavior whereby the
sheets are aligned parallel in the aqueous phase at a distance of several hundred nanometers.40) The structure of
the unilamellar titania nanosheet has been analyzed by a
group from the US.41)
Nanosheets undergo restacking when electrolyte
solution is mixed with a colloidal nanosheet suspension.
Through this synthetic route, a variety of nanocomposites can be easily prepared. A typical example of this is
the synthesis of polymer-nanosheet nanocomposites,42)
and a range of nanosheets, including clay minerals, have
been incorporated in the nanocomposites.
Layer-by-layer deposition of the nanosheets via electrostatic self-assembly has been demonstrated for the
first time by two US groups. They reported the fabrication of multilayer ultrathin films of clay sheets or zirconium phosphate sheets with organic polycation.43,44) This
synthetic strategy is very promising in that the nanostructure can be tailored with a precision of nanometer
scale, which may be comparable to beam epitaxy techniques. Thus, extensive research activity has been
stressed on the material design through this approach.
Professor Mallouk at Pennsylvania State University
reported the fabrication of functional nanosystems,
which show high charge separation capabilities or
molecular recognition abilities.45,46)
3.2 Research Activities in Japan
Many groups at the University of Tokyo, Kumamoto
University, Shinshu University, Tokyo Institute of
Technology, and NIMS have studied the electric, magnetic, photochemical, electrochemical, and catalytic
properties of various nanosheets. 47-50) A group at the
University of Tokyo has carried out the first-principle
calculations to estimate and predict the physical properties of nanosheets. 51) Professor Nakato at the Tokyo
University of Agriculture and Technology has reported
rheological and liquid-crystalline aspects of colloidal
nanosheets, such as Nb6O17.52)
Materials synthesis using nanosheets as a building
block has started to attract significant attention. Groups
at the University of Tokyo, Nagoya University and
Chuo University reported the synthesis of various
nanosheet films via electrostatic self-assembly,
Langmuir-Blodgett deposition, and electrophoresis. The
groups reported that the films may be useful as photoMaterials Science Outlook 2006

electric conversion devices and sensors.53,54)
3.3 Research Activities at NIMS
The Soft Chemistry Group carried out various measurements of physical properties and structural analysis
of titania and manganese oxide nanosheets, and found
many interesting behaviors – e.g., enlargement of
bandgap energy due to size-quantization, photocurrent
generation in response to visible light, and structure
transformation very different from that of the bulk
phase.55-60) Furthermore, the group reported that the flocculation of nanosheets induced by the addition of electrolytes can lead to various useful materials, such as
photocatalysts, fluorescent materials, electrode materials
and nanoporous materials.61-65) The group also reported
the synthesis of multilayer ultrathin films of titania or
manganese oxide nanosheets,66-69) which show high photoinduced hydrophilic conversion or electrochromic
properties,70,71) respectively.

4. Summary
Nanosheets are newly emerging materials. Only a
limited range of materials has been explored to be synthesized in the form of a nanosheet. It is expected that a
richer lineup of nanosheets will be attained through further synthetic efforts. Detailed investigations of the
physical and chemical properties of nanosheets will also
be held in the future. The recent success in fabricating
various materials by using nanosheets as a building
block will inspire further research activities in this field.
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Section 4. Organic and Polymer Materials
Izumi Ichinose, Masayoshi Higuchi, Takashi Nakanishi and Kazushi Miki
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1. Introduction
At the core of the materials industry are the organic
and polymer materials, which support all Japanese manufacturing industries. The value of product shipments
from the chemical industry in FY2004 was around 24
trillion yen with their added value (around 11 trillion
yen) accounting for overall 11.2% of manufacturing
industries. This figure is close that for the automobile
and other transport machinery manufacturing industries
(14 trillion yen, 13.9%). 1) In the chemical industry,
research and development costs are conspicuously large
compared to those of other materials industries.2) The
performance of organic materials is often critical to the
development of electronic appliances or liquid crystal
and other display elements, while in cosmetic or fiber
products, the “texture” and other characteristics of polymers are often directly linked to sales. For these reasons, organic and polymer materials require constant
upgrading of performance while keeping in step with
research and development in other fields.
On the other hand, organic and polymer materials
make up a treasure trove of new nanomaterials. In dendrimers, and other shape-regulating polymers, supermolecules and gels, hitherto unknown material properties have been discovered. There are even reports of
micro- or nanoporous coordinate compounds that can
store acetylene at a density 200 times greater than the
normal compression limit of this gas.3) In this Chapter,
research papers on organic and polymer materials in
Japan and overseas will be surveyed, and these research
trends will be analyzed from the viewpoint of new
materials, new functional units, or nanomaterials.

2. Organic and Polymer Materials as New Materials
In “Kobunshi”, the journal of the Japanese Society of
Polymer Science, a special feature on “The science of
gel structure” was planned in FY2005. Polymer gels
that display stimulus responsivity, motion function and
other unique characteristics have been developed, and
these have been receiving attention as advanced materials in recent years. These materials have a variety of
applications including as actuators, artificial organs,
regenerative medicines, and drug delivery systems. In
particular, a number of aspects of research on biofunctionality are being promoted. Yoshida, et al. have sucMaterials Science Outlook 2006

ceeded in developing a gel that displays self-excited
oscillation in the presence of ATP. This kind of gel
might be expected to operate as artificial muscle or as
biomachines in the absence of external stimulation.4) On
the other hand, Aida, et al. have manufactured nonvolatile gels from carbon nanotubes and ionic liquids,
and have applied them to actuators that operate in air for
long periods.5)
A noteworthy means for manufacture of polymers is
by bacterial culture. Proteins with specific amino acid
sequences can be synthesized relatively easily using
genetic engineering. Also, if optimum culture conditions
can be established, large-volume synthesis using coliform bacteria is possible, and applications as materials
can be expected. Recently, an investigation on peptides
that specifically adhere to polymer materials has been
attempted using such a method, and an advanced selective adsorption has been achieved using proteins containing only several tens of amino acids.6) In mammal
immune system, it is well known that an antibody (a
protein) that couples with specific antigens is created.
Similar molecular recognition could arise between peptides and practical materials. In another research topic, a
protein called resilin has been mass-produced using
gene recombination technology, and its material properties have been evaluated.7) Resilin is a protein that supports dynamically the leaping motion of fleas and the
wing fluttering of flies, but if the precursor of lecithin is
synthesized using bacteria, it displays outstanding elasticity even surpassing that of natural rubber through
photoinitiator cross-linking.
Regarding trends in polymer materials research, the
main topics extracted from meetings hosted or co-hosted by the Society of Polymer Science in FY2005 are
summarized in Table 1. In the field of polymer materials
for medicine, there has been vigorous debate on cell
segregation using micro or nanofibers, the development
of biomeasurement technology using probe microscopy,
and others. The scope for application of optical functional polymers, meanwhile, is broadening as flexible
optical materials to replace glass. Main topics in the latter field include laser oscillation materials, holographic
recording replay technology, and high refraction index
thermosetting resins, among others. Additionally, while
polymer microparticles are already applied in a broad
range of products, research on functionalization through
surface decoration and hybridization is also making
steady progress. Cosmetics that produce interference
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Table 1 Main topics related to polymer materials.
Research Field

Main Topics

Polymer materials for medicine

Cell segregation using micro-/nano-fibers, Biomeasurement
technology

Optical function polymers

Laser oscillation materials, Holographic recording Replay
technology, etc

Polymer microparticles

Cosmetics, Pastes, Toners, Coating materials

Energy-related polymer materials

Solid polymer fuel cells, Plastic solar batteries

Environmentally-friendly
polymer materials

Biodegradable plastics, Bioplastics

Reference: Meetings hosted or co-hosted by the Society of Polymer Science, Japan in FY2005

Table 2 Specific themes newly adopted by the Symposium on Macromolecules (September 2005).
Specific Theme Name
Science and technology pioneered by microparticles
Next-generation photonic polymers

Special form polymers
Superhierarchical control and innovative functions of nextgeneration conjugate polymers

Synthesis and electronic/optical functions of organic
Structure and properties of self-organizing polymers
electronic materials
Functions, properties, evaluation methods and theories of
Energy storage/conversion and polymers
interfaces
New functions of gels and their expansion to next-gen- Structure control and functional expression using external
eration materials
fields (magnetic field, electric field, light)
Chemistry of dimension-regulating polymers aiming for the
Polymers that support nano and microtechnology
creation of new functions
DNA/RNA as versatile polymers
Ionic liquids and polymers
Precision bio-interface polymers
Polymers that support an advanced resource recycling society

color, conductive paste, high performance toners and
coating materials can be cited as examples of application of this technology. Topics in energy-related polymer materials include examples of high-performance
solid polymer type fuel cells and plastic solar batteries.
Finally, in the field of environmentally friendly polymer
materials, biodegradable plastics and biomass-derived
plastics (bioplastics) are being actively researched.
Table 2 summarizes specific theme names (symposium names) recently adopted by the Symposium on
Macromolecules in FY2005. In the sessions on “Nextgeneration photonic polymers” and “Organic electronic
materials”, many research results on new materials
derived from organic and polymer systems were reported. There were also many research reports that focused
on biomaterials, including “DNA/RNA as versatile
polymers” and “Precision bio-interface polymers”.
Themes on material systems that have been attracting
interest in recent years include “Superhierarchical control and innovative functions of next-generation conjugate polymers” and “Chemistry of dimension-regulating
polymers aiming for the creation of new functions”.
There is also growing interest in developing new functional polymers and in formative technology for more
efficiently expressing their functions in line with their
respective purpose.

176

3. Polymers as New Functional Units
Developmental research on new polymer materials
that make use of organic synthesis remains as vigorous as
ever. With dendrimers, for example, it is now easy to
obtain polymers that display diversity using the library
synthesis method.8) Dendrimers and other materials that
have nucleic acid bases at their termini are worthy of
scrutiny as new bio-related materials. Recently, moreover, interesting polymer materials have been developed
in which stress and distortion can be negated by irradia9)
tion with light. By introducing multiple thiol moieties at
the inside of an oligoethylene glycol cross-linked polymer, light irradiation causes a recombination reaction in
the polymer’s principal chain, whereupon internally
accumulated stress and distortion is reported to disappear.
The mechanism of this stress relaxation is also used for
shape memory polymer materials induced by light.10)
With respect to this feature, there is increased research
attempting to elucidate the rheology and crystallization
of polymer materials at the nanometer scale.11-13) In that
work, progress in scanning probe technology has played
a major role in elucidating properties at the interfaces and
surfaces of polymer materials.
Fig. 1 shows examples of organic and polymer materials being researched at the National Institute for
Materials Science. One-dimensional polymer complexes
consisting of metallic ions and bifunctional ligands are
interesting as component elements of nanomaterials, and
Materials Science Outlook 2006

microscopy, it was confirmed that alkyl chains face each
other while the fullerene section is ordered. For control
of ordering of functional units, the design of organic
molecules is of the utmost importance.

4. Nanostructuring of Organic and Polymer Materials

Fig. 1 (a) One-dimensional polymer complex, (b) Cadmium
hydroxide nanostrand (positively charged cadmium atoms shown
in yellow), (c) Organization of a fullerene derivative on solid surface.

attempts are being made to organize them within the
nanopores of solid surfaces and mesoporous materials.14)
Additionally, inorganic nanostrands exist as a group of
materials lying between polymers and metal oxides. For
example, cadmium hydroxide nanostrands are formed
when hexagonal clusters with a diameter of 1.9 nm are
aligned, and their length can extend to several micrometers. With these nanostrands, about 30 % of the surface
cadmium atoms are positively charged and can powerfully adsorb DNA and other anionic polymers. Inorganic
nanostrands of this kind are being widely researched as
component elements of nanocomposite materials. 15)
When using organic molecules as functional materials,
they occasionally need to be arranged on substrates or
other surfaces. Fig. 1 shows research by Nakanishi, et
al., who introduced an alkyl chain into fullerene molecules and arranged them one-dimensionally on a
graphite surface.16) From observations based on probe

In the field of research on organic and polymer materials, structure control on a nanometer scale is now
attracting a great deal of interest. Attempts are being
made to develop new functions and uses via thin film
lamination, aggregate structure control of microparticles, patterning on solid surfaces, or three-dimensional
fine processing.
DNA of a desired base sequence can now be obtained
easily using automated synthesis, and the cost of commissioning synthesis is now in the region of 100 yen per
base. Recently, DNA nanostructures have been used as
units for design, and there has been an increase in its
application as a template for nanowiring technology.
Using the folding of single-chain DNA, it has proved
possible to design complex shapes (squares, discs, triangles, star-shapes, etc.) at the 100 nm scale.17) Using
DNA, programs can even be created to write letters on
substrate surfaces. In the case of RNA, nanoscale ladder- or mesh-like structures can be prepared by controlling the complex reaction of magnesium ions. There has
even been a report of technology that position-specifically fixes proteins on nanopatterns obtained via DNA
self-organization.18) These could become important technologies for manufacturing biosensors and electronic
devices.
As an example of the formation of graded structures,
Fig. 2 introduces research on cellulose surface decoration. Cellulose is a natural polymer that has the largest
yield of biomass produced through photosynthesis on
earth, and a broad range of uses is expected based on its
recyclability. In cellulose, straight chain polymers gather together to form nanofibers which aggregate forming
microfibers, which in turn generate an even more com-

Fig. 2 Cellulose surfaces coated with biomolecules.
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plex network structure. When an extremely thin oxide
gel film is formed around nanofibers of approx. 20 nm
(the smallest unit), the surface alone can be activated
chemically without destroying the nanofiber structure.
In other words, it is possible to fix biomolecules at high
density and uniformly on nanofibers that have a large
specific surface area. When biotin molecules are fixed
on cellulose using a titania layer of around 5 nm, it has
been reported that streptavidin can be adsorbed efficiently in picomolar concentrations 19). Moreover, the
fixed streptavidin does not degenerate even when
released into the atmosphere because of the high hygroscopicity of cellulose.

5. Research Trends in Organic Electronic Materials
In the commercialization of flat panel displays, electronic paper, etc., research and development is underway on organic electronic materials with a focus on
their material properties as display media. Organic electronic materials have extremely large industrial potential, and the range of research is rapidly expanding with
the conversion of biomaterials to electronic materials,
single molecule device creation, the use of the printing
process and self-organization, etc.
Converting biomaterials to electronic materials is one
of the challenging tasks of nanoscience. Belcher, et al.
succeeded in using a virus (M13 phage) to couple ZnS
and CdS along the top of the proteins that comprise its
outer shell.20) M13 phage has an elongated shape with a
diameter of 6.6 nm and a length of 880 nm, so that
semiconductor nanowires with controlled shape and size
have been prepared. By using genetic engineering, further modifications can be made to the virus, and even
more complex device structures can easily be prepared.
Single molecule device research is in a chaotic state
where molecular structures and processes are being
sought, and preparation of such a device remains a challenging task for nanoscience. As an example of this,
research on the process of arranging conductive polymers over large surface areas at the molecular level is
being promoted.21-22) By causing iodine to be adsorbed in
advance along the crystal direction of a metal substrate
surface, thiophene polymers can be made to grow in the
crystal direction using an electric field polymerization
process. In this way, nanowires with a width of 0.3 nm
and a length of around 100 nm can be manufactured.
Meanwhile, it has also been shown that nanowires can
be created composed of single thiophene copolymers by
the use of two different types of thiophene conductor in
the previous process.
In the manufacturing process of organic electronic
materials, printing technology using ink jet printers and
the like is frequently used as a highly consistent method.
Manufacturing processes using solutions can reduce
costs, and are also suited to the preparation of large surface area flexible displays and others. Recently, manufacturing of silicon thin film transistors using a liquid silane
precursor material (cyclopentasilane) was reported.23) The
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mobility of the polycrystal silicon film obtained was 108
cm2V-1s-1 surpassing reported values for conventional
amorphous Si TFT mobility (1 cm2V-1s-1).
Recently, large-scale integration technology for
nanostructures that use printing processes has been
undergoing a major expansion. Rogers, et al. report on
technology that uses the adsorption properties of PDMS
and other elastomers to strip off nanostructures formed
on substrate surfaces, and then attaches a different substrate surface (the transfer printing method). 24) The
advantage of the transfer printing method is that materials of various structures can be constructed in stages on
the same surface. Using flexible PDMS, it is even possible to achieve transfer printing on spherical bodies.
Rogers, et al. have already succeeded in forming p-n
junctions using this method.
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2. Nanomaterials

Section 5. Advances in Ceramic Processing and
Multifunctional Ceramics
5.1. Ceramic Nanoparticles
Takamasa Ishigaki and Ji-Guang Li
Nano Ceramics Center, NIMS
1. Introduction
Nanoparticles offer one possibility for the breakthrough needed to advance the conversion of substances
to materials. The present situation, however, is that the
properties of nanoparticles have not yet been harvested
to their best. To harvest the properties of nanoparticles
effectively, it will be important to achieve control of
crystallinity and surface properties as well as homogeneity of crystallite size and chemical composition.
Nanoparticle synthesis of ceramic materials has conventionally been achieved by solution processes. Taking the
example of luminescence properties, major factors that
have hindered functionalization of the solution synthesized oxide nanoparticles include low crystallinity,
quenching by surface hydroxyl groups, and incomplete
composition control (doping concentration, surface segregation), among others. Moreover, the existence of surface hydroxyls is known to have a big impact on dispersion of the nanoparticles in a solvent. In this paper, the
author will firstly describe the methods of nanoparticle
synthesis and their characteristics, and state the requirements for nanoparticle synthesis. Next, research examples that illustrate ways of meeting these requirements
will be shown, with the aim of finding indicators for the
materialization of highly functional nanoparticle.
The powder preparation processes can be broadly
divided into gas-phase, liquid-phase, and solid-phase
synthesis.
The gas or vapor method can be further divided into a
chemical method and a physical method, depending on
whether it is accompanied by a chemical vapor reaction.
In nanoparticle synthesis using the chemical vapor deposition (CVD) method, electric furnace heating, chemical flames, plasma, lasers, and others are used as heat
sources, and particles are synthesized via the processes
of uniform nucleation and growth from a supersaturated
state under high-temperature chemical reaction. In the
physical method, meanwhile, raw solids are heat-evaporated, and nanoparticles are synthesized through the
rapid quenching of the vapor produced thereby. As with
the chemical method, resistance heating, electron beam
heating, plasma heating and laser heating may be used
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for evaporation of the raw materials.
The liquid phase method involves precipitating the
ions and molecules present in a liquid into a solid-phase,
achieved by creating a supersaturated state for the solvent, and thus nanoparticles are formed through nucleation, growth and stabilization. A supersaturated state
may be created via the coprecipitation method, alkoxide
method, hydrothermal synthesis or sol-gel when using
the chemical method, or, when using the physical
method, via the spray pyrolsys method, freezing method,
emulsion method or flame spray method, among others.
Among all the methods for ceramic nanoparticle synthesis, the liquid phase method is most widely used.
Comminution is the principal physical way of making
microparticles from solids, but it is rather difficult to
make nanoparticles.
In nanoparticle synthesis, the particle size, morphology and chemical composition need to be precisely controlled. By definition, monodisperse particles with controlled particle size should have a coefficient of variance
of no more than 10% within size distribution. However,
many nanoparticles are still in a state far from monodispersion. Morphology and chemical composition have a
major impact on particle arrangement and functionalization. Moreover, if the aim in nanoparticle application is
to prepare arrays or dispersoids and make them highly
functional, the properties of particle surfaces then need
to be controlled.

2. Research Trends in Japan and Overseas
Research and development in nanoparticles has been
actively pursued ever since the basic properties of
nanoparticles were elucidated and their potential application to new areas was pointed out by the ultrafine particle research in the 1980s, as represented by the
Exploratory Research for Advanced Technology
(ERATO) “Hayashi Ultrafine Particle Project” implemented in 1981-1986.1) However, the present situation is
that no distinguished progress has been made in finding
concrete applications. In this paper, the author will report
on representative examples from recent researches that
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have succeeded in controlling particle size, morphology,
chemical composition and surface properties, which are
very important in actual applications of nanoparticles.
2.1 Nanoparticle Synthesis by the Spray Pyrolysis and
Flame Spray Methods
The most basic factor in materializing nanoparticles is
probably high-speed synthesis of uniform nanoparticles.
No matter using the vapor method or the liquid phase
method, state of the generated particles is determined by
homogeneous nucleation and subsequent heterogeneous
condensation. Various notations have been proposed for
the speed of homogeneous nucleation and the speed of
particle growth through heterogeneous condensation, but
they invariably contain the item of “reaction species
concentration” or “degree of supersaturation”. To put it
extremely simply, to synthesize nanoparticles with a
high level of homogeneity, synthesis should proceed in a
system of dilute starting materials. However, it is clear
that a dilute reaction system is incompatible with highspeed synthesis.
In the “Nanoparticle Synthesis and Functionalization
Technology Project” (led by Professor Kikuo Okuyama
2)
of Hiroshima University) implemented by the New
Energy and Industrial Technology Development
Organization (NEDO) in FY2001-2005, technology for
high-speed production of single-figure-nanometer-size
particles, which is so-called as “single nanoparticles”,
was stated as the first target to be attained. Various methods of nanoparticle synthesis were studied in the
research throughout the implementation period, and the
spray pyrolysis method produced important results. This
method, in which droplets are blown into an electric furnace and the solution is evaporated and decomposed to
produce microparticles, is a high-speed process, but is
usually suited to microparticle of around sub-micron to
micron size. It also proved difficult to control aggregation of the generated particles. Therefore, spray pyrolysis was attempted under reduced pressure to reduce crystallite/particle size. Moreover, when the spray pyrolysis
method was used with salt added as flux, the synthesis
of nanoparticles with sizes of several nm to 100 nm and
with little aggregation became possible (Fig. 1).3) With
this method, an advantageous state of homogeneous
nucleation and particle growth control is obtained within
the several microns of droplets of raw materials containing flux. By simultaneously carrying out salt flux
removal and dispersion, it is also possible to prevent reaggregation. Another advantage of the salt added spray
pyrolysis method is that sizes of the generated particles
do not depend on droplet diameter or quantity, making
large-volume synthesis of 100 g/hr or more possible.
The CVD method based on chemical reactions of the
vaporized materials is also suited to large-volume synthesis of nanoparticles. For oxide nanoparticle synthesis
by the CVD method, the selection and economy of raw
materials sometimes cause problems, but the flame
spray method could be seen as solving this point. With
this method, a metal salt solution is dissolved in a large
volume of ethanol, xylene or other organic solvents, and
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Fig. 1 Y2O3-ZrO2 powders synthesized via the spray pyrolysis
method.3) (a) and (b) are powders prepared using the conrentional
aerosol decomposition method, while (c) and (d) are SEM and
TEM photographs of powders prepared using the salt-assisted
aerosol decomposition method. Nanoparticles in (d) are obtained
by washing the large salt-containing particles in (c) and removing
the salt.

oxide nanoparticles are synthesized by the vapor oxidation of metals vaporized by a combustion flame.
Nanoparticle synthesis on a practical scale, using the
flame spray method for advanced control of crystallite
size, has been reported by the group directed by
Professor Pratsinis of the Swiss Federal Institute of
Technology.4, 5)
2.2 Achieving Complete Dispersion with the Supercritical Hydrothermal Method
In order to provide nanoparticles for practical application, perfect dispersing at high particle concentrations is
necessary. For dispersion and aggregation control of
nanoparticles, methods of simultaneously manipulating
the synthesis and dispersion of particles (such as the
reverse micell method) are now being extensively studied. There are some problems with this method, such as
that re-aggregation occurs when micells are removed
and that there is a limit to particle concentration. Furthermore disadvantages shared by this method and the liquid
phase method are that the products have low crystallinity, yielding a major problem that heat treatments with
the intention of crystallization causes aggregation to
occur. With the hydrothermal method, which precipitates
particles from high-temperature, high-pressure water,
nanoparticles with relatively high crystallinity can be
synthesized. The outcome obtained by Professor Ajiri
and his collabovatovs of Tohoku University, who succeeded in perfect dispersion of nanoparticles using the
supercritical hydrothermal method (one method of
hydrothermal synthesis), is now coming under some
attention.
Supercritical fluids are in a state that exceeds the limits of temperature and pressure at which gases and liquids can coexist (i.e. the critical point; with water this is
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374°C and 22.1MPa), and show characteristics that differ from those of normal gases and liquids. When supercriticality is achieved, hydrocarbons and water form a
homogeneous phase. In nanoparticle synthesis, therefore, this made it possible to modify particle surfaces
with organic substances acting as dispersants and to create a state of perfect dispersion, that is, nanoparticles
synthesis with in-situ surface modification.6)
2.3 Present Situation of NIMS
– Synthesis of nanoparticles with non-equilibrium
composition using the thermal plasma method –
NIMS is currently engaged in nanoparticle synthesis
using thermal plasma. When effectively utilizing the
high temperatures of 10,000°C or above and the high
chemical reactivity as well as the intrinsic rapid quenching process of the thermal plasma in material processing,
it is possible that nanoparticles having introduced nonequilibrium in morphology, crystal structure or chemical
composition are synthesized. Nanoparticles are produced
through a process of rapid quenching and condensation
after liquid precursors are supplied into the thermal plasma in a form of mists (mist-like droplets of around
10µm in size) and instantaneously evaporated. With this
process, the authors’ research group has reported phenomena such as high concentration doping of Fe3+ into
TiO2 far exceeding the equilibrium composition (Fig. 2),
and sharp red luminescence of Eu3+ doped titanium oxide
due to lattice doping without surface segregation.7,8)
Also, with this thermal plasma method, though similar to the spray pyrolysis method and the flame spray
method described in 2.1, highly crystalline nanoparticles
with little surface residues can be synthesized, since the
synthesis temperature is far higher than those in the two
methods. As high crystallinity is related to functionalization and the surface control for dispersion, the thermal plasma method is expected to make a significant
contribution to nanoparticle applications.

3. Future Research Trends

nanoparticles, it is thought necessary to structure
nanoparticles in forms of 1) dispersoids, 2) fillers, and
3) patterns.
In the case of the red, green and blue fluorescent particles used in plasma displays, for example, fluorescent
particles of several micrometers in diameter produced
via the solid-phase method by comminution are currently used. However, when using even smaller fluorescent
nanoparticles of several tens of nanometers with excellent dispersion, resolution dramatically improves and
light scattering decreases, as a result of which high energy efficiency can also be expected. Similarly, the
absorption properties of GHz band electro-magnetic
wave absorbers used in mobile devices dramatically
improve with the use of magnetic nanoparticles completely dispersed in plastic.
Consequently, whether using the liquid phase or
vapor method, the most important tasks at present are
crystallinity, advanced functions through composition
control, aggregation prevention through surface property control, and preparing complete dispersoids. In-situ
dispersion is expected to become an important key word
regardless of the synthesis method used. Moreover, if
functionalization of structures with controlled dispersion can be confirmed, it will be possible to determine
the speed at which nanoparticles need to be produced.

4. Conclusion
When looking forward to the materialization of
nanoparticles, the advantages of nanoparticles may be
described from two points of view. One is the so-called
“nanosize effect” expected in physical properties such
as luminescence or chemical properties such as catalytic
activity. The other is the resource effect, which reduces
the volume of materials required for functionalization.
In both cases, the fundamental is to homogeneously produce highly functional materials in large volumes, and if
this is achieved, the materialization of nanoparticles
would be possible.

When aiming for applications using highly functional
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Fig. 2 A high-concentration iron doped TiO2 nanoparticle.7) The
lattice spacing of 0.324nm corresponds to the (110) plane of
rutile-type titanium oxide. The differences in contrast are caused
by the layered defects formed by aligned oxygen vacancies.
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5. Advances in Ceramic Processing and Multifunctional Ceramics

5.2. Advanced Non-Oxide Ceramics
Hidehiko Tanaka and Naoto Hirosaki
Nano Ceramics Center, NIMS
1. Introduction
The most important examples of advanced non-oxide
ceramics are silicon carbide (SiC), silicon nitride (Si3N4)
and Sialon (Si3N4-AlN-Al2O3 solid solution), aluminum
nitride (AlN), and boron nitride (BN). As materials with
high covalent bonding properties, the sintered compacts
of them are characterized as having high strength at
high temperature in excess of 1,200°C. When energy
conservation triggered by oil crises became an issue of
global concern in the mid-1970s, these materials were
seen as substitute materials for metals in internal combustion engines, and research was started with a view to
raising yield temperatures and enhancing energy efficiency. An SiC powder sintering process was developed
in the United States in 1975 and the Si3N4 sintering
process in Japan in 1975-77, while various nitride
ceramics were discovered in the UK and Japan in 1976.
Thanks to lively R&D activity thereafter, non-oxide
ceramics became established as “fine ceramics” or engineering ceramics. Supported by national projects in various countries, material fabrication technology now
achieved conspicuous progress, and these have now
assumed importance as key materials for the precision
machinery industry. Although the sales turnover of engineering fine ceramics declined in 2001 owing to the
industry-wide recession, it has increased steadily since
then (Figs. 1-4).1)
In recent years, new uses have been discovered for
non-oxide ceramics as opto-electronic materials and
eco-friendly materials, and research has once again
become active. The targets include materials for semiconductor fabrication devices, SiC single crystals for
power devices,2) and diesel engine particle filters (DPF).
These offer large markets as advanced industries, and
development is proceeding apace. Meanwhile, it has

Fig. 2 Fine ceramics sales by sector.

Fig. 3 Fine ceramics raw material production value.

Fig. 4 Non-oxide raw material production value (Figs. 1-4 cite
data from the “2005 Fine Ceramics Industry Trend Survey,
November 2005”, Japan Fine Ceramics Association 1)).

been discovered that oxynitride ceramics possess phosphor (fluorescent) properties. Combined with GaN blue
LEDs, these are attracting attention as white light
sources, and new research and development has started
in this field.

Fig. 1 Sales trends in fine ceramics.
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2. Global Research Trends
2.1 Global Research on Non-oxide Engineering Ceramics
Global policies for energy conservation have
spawned a succession of US and European national
projects for the development of ceramics to replace metals in internal combustion engines. To list the main
examples, in the United States, the Ceramic Application
in Gas Turbine Engine (CATE) Project (1970-1980) was
started, while the Department of Energy (DOE) and
Detroit Diesel Allison (DDA) of GM have researched
ceramics for gas turbines of buses and trucks. The
Advanced Gas Turbine (AGT) Project (1979-87) and
the ATTAP Project (1987-92) were both carried out by
DOE, GM and Garret Ford. Automotive gas turbine
components were developed in West Germany (19741982) in a project by the Ministry of Research and
Technology, VW, DM, and MTU. Finally, a project for
ceramic gas turbine development in the UK (19851989) was carried out by RR, a project for ceramic gas
turbines for aircraft and vehicles in France (1985-1989)
by ONERA, and the KTT development project in
Sweden (until 1980) by United Turbine and Volvo.
In the fields of aeronautics and space, Ceramic
Matrix Ceramic Fiber Reinforced Materials (CMC)
3)
have been researched and developed. Carbon fiber
reinforced carbon matrix is known to have been actually
used for heat insulation on the US space shuttle. In this
field, ceramics are used in applications such as heat
insulation materials and window glass. On the subject of
safety, the fracture mechanics of ceramics have grown.
On the other hand, problems of environmental compatibility are leading to the spread of diesel vehicles in
Europe. A large market has opened up for vehicles fitted
with SiC filters for the removal of carbon particles in
exhaust gas (DPF). In either case, Japan and the USA
will probably follow suit. DPF using SiC are produced
by Japanese concerns.4)
2.2 Global Research on Functional Non-oxide Ceramics
In recent years, research on opto-electronic properties
in nitrides, oxynitrides and other crystals including
nitrogen has been gathering attention. Phosphors used
for white light emitting diodes, tipped as lighting
sources for the future, require to be excited by visible
light. Moreover, since they are irradiated for long periods by excitation light at high luminance, they also
require high durability. Existing phosphors mainly are
oxide and sulfide host crystals activated by rare earth
ions, their visible light excitation is low and there are
also problems with their durability. Thus, research and
development on high performance phosphors using
nitrogen-containing crystals (which have a track record
as heat-resistant materials) as hosts was started in
around 2000.
Silicon nitride grain boundary phase crystals are candidate materials for phosphor hosts. For example, it has
been confirmed that many grain boundary phase crystals
such as Y5(SiO4)3N, Y4Si2O7N2, YSiO2N and Y2Si3O3N4
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and others can be converted to phosphors. Meanwhile,
the group of R. Metselaar, H.T.J.M. Hintzen, et al. have
attempted to investigate nitride hosts, and have discovered that BaSi7N10 activated by M2Si5N8:Eu (M=Ca, Sr,
Ba) and Eu2+ become red phosphors with visible light
excitation. The adoption of these is now being studied
by white LED makers in Japan and overseas. Another
leading phosphors host is α-sialon, which is mainly
being researched by NIMS.

3. Domestic Research Trends
3.1 New Growth in Non-oxide Engineering Ceramics
and Their Expansion to Functional Ceramics
Research on fine ceramics was carried out as a
national project under the system of foundation technology for next-generation industry (1981-92, the Ministry
of International Trade and Industry (MITI)). For Si3N4
and SiC, particularly, research focused on advanced
basic technologies such as raw-material powder synthesis, powder processing, sintering and component creation. MITI then initiated the Synergy Ceramics Project
(1994-2003) to develop new ceramics by fusing various
characteristics and functions. Material creation technology was developed using sophisticated nano-micro
structure control technologies, and this resulted in the
development of new Si3N4 and SiC (including oxide)
materials featuring high strength, toughness, elasticity,
high (low) thermal conductivity, thermal shielding, and
abrasive resistance, among others. 5) The concept of
nanoceramics to strengthen ceramics by dispersing
nanoparticles was proposed at the same time.
Furthermore, the Ceramics Gas Turbine Technology
Development (CGT) Project was started by NEDO, an
organ of MITI (1998-1999), a practical ceramic gas turbine for 300-kW class cogenerators was developed, and
the target thermal efficiency of 42% (the world’s highest) was achieved.
Thanks to this national project-type research and
development, Japan’s ceramics manufacturing technology has achieved conspicuous growth. The development
of ceramics as key materials for advanced industry is
currently in progress, and overwhelming international
competitiveness has been gained in this field. From
around 2001 the development of ceramics changed its
direction somewhat, targeting carbon materials,
nanocarbon, diamonds and biomaterials. Many of these
are non-oxide ceramics (Fig. 5).
3.2 Present Situation of Non-oxide Engineering Ceramics Research by NIMS
At NIMS, the priority is on developing high-function
and performance engineering ceramics, in which it has a
long record of accumulated research. These materials
are now finding new uses in semiconductor fabrication
devices and precision machinery components. NIMS
has developed a low-temperature sintering process for
SiC ceramics with the aim of developing technology for
manufacturing large materials at lower cost. The use of
183

Fig. 5 Research and development related to fine ceramics (reproduced from “Policy evaluation on “Measures for technology development
related to fine ceramics” (post-evaluation)”, Fine Ceramics Office, Ministry of Economy, Trade and Industry 6)).

Fig. 6 Inorganic non-oxide high-purity powder synthesized from
organic raw materials.

low-temperature sintering has made hot isostatic pressing (HIP) easier and made it possible to produce dense
SiC sintered poreless-materials. Meanwhile, since ultrahigh purity is demanded of materials used in semiconductor fabrication furnaces, high-purity SiC powder has
been synthesized using organic matter as a starting
material (Fig. 6). NIMS has also succeeded in synthesizing silicon nitride nanoceramics by combining highenergy grinding and plasma sintering, and has elucidated the mechanism of superplasticity.
3.3 Present Situation of Non-oxide Functional Ceramics
Research by NIMS
NIMS has succeeded in synthesizing visible light
excitation phosphors with high luminescence efficiency
and excellent stability, using silicon nitride based crys184

tals as hosts, by applying its own research on silicon
nitride, which it has been developing for many years as
a heat-resistant material. Since nitride and oxynitride
lattice involves nitrogen, they have the following characteristics compared to oxides.
(1) Excellent durability: Host crystals developed as
heat-resistant materials are characterized as having
excellent stability due to strong chemical bonding,
and having few temperature degradations in luminescence. They are particularly suited to use in
LEDs that are exposed to high-energy excitation
light for long periods.
(2) Visible light excitation: With the introduction of
nitrogen, covalent bonding increases, and the excitation and luminescence wavelength become longer
than with oxides. As a result, it is possible to obtain
phosphors that emit yellow and red colors using blue
LEDs.
(3) Great freedom of material design: Sialon and several
other hosts are solid solutions, and a broad range of
composition is possible. Consequently, excitation
and luminescence properties can be controlled.
As a result of its investigation of materials, NIMS has
succeeded in developing various color-emitting phosphors, as shown in Fig. 7. In the diagram, the red color
is provided by CaAlSiN3:Eu2+, yellow by α-sialon:Eu2+,
green by β-sialon:Eu2+, and blue by La-JEM:Ce3+. These
are phosphors in which optically active Eu2+ and Ce3+
ions have formed solid solutions on nitride and oxynitride crystals. By placing luminescence ions in different
host crystal environments, various colors can be emitMaterials Science Outlook 2006

radiation materials and SiC wafers are being discovered.
A SiC-based DPF has also started to be used for ecofriendly technology. For all of these, the future market is
huge, and research has once again become active.
There is little significance in dividing material
research into separate categories for materials and application fields. In its basic processes, advanced ceramic
material development has also been founded on the conventional basic technologies of powder synthesis, powder processing and sintering, and processing technology.
It is thought that NIMS needs to continue this research
and development, using technology that it has been
researching for a considerable period of time.
Fig. 7 Sialon phosphors developed by NIMS.

References
ted. Red, yellow and green phosphors are characterized
by being excited and made luminescent by the light of a
450nm blue LED. By combining them with a blue LED,
we have succeeded in the trial manufacture of white
LED lamps that have natural color reproducibility close
to that of solar light. Also, since blue phosphors can be
excited by ultraviolet rays and the light of a 405nm purple LED, they are suited to use in lighting devices that
use these as light sources.

4. Future Research Trends and Conclusion
Research on non-oxide engineering ceramics progressed between the late 1970s and the late 1990s
thanks to government projects in countries around the
world. In Japan, the biggest projects were promoted by
MITI (now the Ministry of Economy, Trade and
Industry (METI)). In a bid to increase heat efficiency as
part of energy conservation policies, many research
institutes and private firms cooperated in research and
development of highly heat-resistant non-oxide ceramics as alternative materials to metals. As a result, MITI
succeeded in manufacturing a practical-level CGT.
Thereafter, the number of companies and researchers
engaged in manufacturing non-oxide ceramics tended to
decline. Nevertheless, the important thing is that process
element technology, originally developed with support
from national projects, is now being used for production
in the ceramics industry, and that Japan has thereby
acquired high production technology and international
competitiveness that cannot be matched by other countries.
Functional non-oxide ceramics are a new field in
which research has only just begun. Since crystals containing silicon-base nitrogen and carbon are highly
diverse in chemical coupling and crystal structure, they
are expected to grow beyond optical functions and produce electronic materials, as well as catalytic and other
functional materials, just as oxide ceramics have done.
Today, the production value of non-oxide ceramics as
raw materials for semiconductor fabrication machinery
and precision industry products is growing. Moreover,
new materials such as nitride phosphors, AlN electron
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5.3. Superplastic Ceramics
Keijiro Hiraga
Nano Ceramics Center, NIMS

Superplasticity is defined as the ability of a material
to exhibit large tensile elongation (Fig. 1) typically larger than 200% (three times the original length).1) This
ability has been found in fine-grained metallic and
ceramic materials and in some amorphous metals, and it
offers a unique opportunity for net-shaping these materials. Although superplastic net-shaping has become a
practical technology in metallic and amorphous materials,2) it has not yet in ceramic materials owing to the
problems described below. Studies on superplasticity in
ceramic materials have been basic: more than 99% of
research papers have been written by researchers
belonging to universities or national institutes.
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Fig. 2 Trends of studies on superplastic ceramic materials: (1)
superplastic deformation and cavitation behavior, (2) microstructural control and synthesizing techniques, (3) net-shaping and
joining technology and (4) high-strain-rate superplastic materials.

Fig. 1 Demonstration of superplasticity in a ceramic material
(ZrO2(3Y)-MgO•nAl2O3-Al2O319)).

2. Research Trends
2.1 Trends over the Last Twenty Years
Superplasticity in ceramic materials (Y2O3-stabilized
tetragonal polycrystals, Y-TZP) was discovered by
Wakai et al.3) in 1986. After this discovery, superplasticity was found in other oxide materials, such as Y-TZPbase or Al2O3-base composites; and in non-oxide materi4)
5)
als, such as SiC-dispersed Si 3N 4, SiALON and β6)
Si3N4. In relation to these materials, studies have concentrated on (1) superplastic deformation and cavitation
behavior, (2) microstructural control and synthesizing
techniques, (3) net-shaping and joining technology, and
(4) high-strain-rate superplastic materials.
The number of research papers published in this field
is plotted in Fig. 2, where N represents every two years
and the point (N, Y + 0.5) represents the number of
papers published in the years Y and Y + 1. The total
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number increases from the discovery by Wakai et al. and
peaks around 1997. Research projects carried out in
Japan and other countries contributed to this trend.
Including the discovery by Wakai et al, Japanese universities and institutes have played a central role in superplastic ceramics research and related issues, such as
powder processing and the analyses of grain-boundary
nanostructures and chemistry. Japanese researchers have
contributed to 40% of the papers as authors or coauthors.
Most of the papers concern (1) deformation and cavitation mechanisms - more than 90% of the papers relate
to the former, and (2) microstructural control and synthesizing techniques. Limited papers have been published on subjects essential for industrial applications,
namely (3) net-shaping and joining technology and (4)
high-strain-rate superplasticity. An increase in the total
number of papers from 2004 - 2005 is due to re-activation in the subjects (1) through (3) and activation in (4).
2.2 Superplastic Deformation and Cavitation
Since a ceramic material can be assumed to be an
aggregate of rigid grains – even at high-temperatures
where superplasticity appears – grain-boundary sliding,
grain switching and grain rotation accommodated by
diffusion have been regarded as the main mechanisms
Materials Science Outlook 2006

of superplastic deformation. Detailed information has
recently been obtained by three-dimensional simulations
on such grain movement.7) For accommodation, diffusion occurs along the gradient of local stresses exerted
by loading and the slowest step of the diffusion process
controls the rate of deformation. Conclusive details of
the rate-controlling mechanisms, however, have not necessarily been obtained for some materials – a typical
example of which is Y-TZP. This situation is different
from that of metallic materials and is due to the lack of
reliable diffusion data for analysis and the fact that diffusivity in ceramic materials is highly sensitive to trace
additives or impurity ions.
Superplastic deformation is accompanied by grain
growth and intergranular cavitation. The former phenomenon is accelerated by deformation (dynamic grain
growth) and enhances the latter phenomenon that occurs
due to the breakdown of accommodation at multiple
grain junctions or phase boundaries.8) The latter is an
explanation of models for creep cavitation in coarsegrained materials where the movement of grains is different from that in fine-grained superplastic materials.
Because of this difference and the little research pertaining to this issue, there are many ambiguities in the
details of cavitation mechanisms in superplastic ceramics. From an engineering point of view, grain growth
and cavitation should be suppressed, since both phenomena inhibit successive superplastic deformation and
degrade post-deformation strengths.
2.3 Microstructural Control and Synthesizing Techniques
Existing knowledge about superplastic deformation
and the relating phenomena lead to the following guides
for enhancing superplasticity: grain-size refinement,
grain-boundary dragging or pinning for suppressing
grain growth, doping of aliovalent cations for enhancing
diffusion, and a reduced number of sintering defects for
suppressing cavitation damage. In addition, experimental studies have indicated the importance of processing:
superplastic properties depend strongly on processing,
even for a fixed combination of chemical compositions,
grain size and starting materials. 9) The processingdependence relates to such factors as the extent of
homogeneity in the microstructure, size distribution of a
dispersed phase and sintering defects, and the extent of
contamination. To control these factors, recent studies
have examined new powder-processing methods, such
as high-energy mixing, colloidal processing and spark
plasma sintering (SPS). By using the above-described
knowledge and processing methods, excellent superplasticity has been attained in Al2O3-, Y-TZP- and Si3N4base materials.
In light of the fact that superplastic properties are
highly sensitive to some minor additives or impurity
elements, recent studies give a new explanation based
on a first-principle molecular-orbital calculation for
model clusters.10) For monolithic Y-TZP, this approach,
combined with high-resolution transmission electron
microscopy, has been very successful in discovering the
close relationships between tensile ductility and the
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covalency of the constitutive ions,11) and between the
level of flow stress or diffusivity and the ionic bonding
12)
strength among the constitutive ions. The newly
obtained information is expected to be a theoretical
guide to the design of minor elements.
2.4 Application to Forming and Joining
13)
14)
Net-shaping and joining are the most expected
applications for superplasticity in ceramic materials. For
the former, there have been many demonstrations showing that the superplastic net-shaping of ceramic materials is practically possible using techniques, such as
punch-stretching (Fig. 3), deep-drawing, gas-pressure
bulging and sinter forming. For the latter, there have
been an increasing number of basic studies in recent
years.
There are two major problems that have limited the
industrial use of superplastic net-shaping and joining of
ceramic materials. First, superplasticity in most ceramics occurs at a very low strain rate around 10-4 - 10-4 s-1,
even at high-temperatures of 1400 - 1650 ºC. At a strain
rate of 10-4 s-1, for example, it takes about 3 hours to
elongate a material with an initial length of 10 mm to a
final length of 20 mm. Such a long forming time is not
attractive to the industry. In addition, the high temperatures limit the materials and the lives of tooling. Second,
despite many demonstrations of superplastic net-shaping, studies have been limited on the issues practical for
industrial applications: tooling, the materials and design
of forming dies, lubrication, and loading methods for
suppressing cavitation damage. After overcoming these
problems, superplastic net-shaping was established as
an industrial technology in metallic materials and
should thus be in ceramic materials.

Fig. 3 Example of superplastic shaping from a flat disc to a hemisphere (Al3+-doped 3Y-TZP).

2.5 High-Strain-Rate Superplasticity
High-strain-rate superplasticity (HSRS) is defined as
superplasticity at strain rates higher than 10-2 s-1 and
essential for diminishing the forming time. For an elongation of 10 mm in the above-described example, it
takes only 100 s at a strain rate of 10-2 s-1. In ceramic
materials, superplasticity at 10-2 s-1 was first recorded for
an Al2O3-dispersed Y-TZP15) and a SiO2-doped Y-TZP.16)
It was not until 199917) that research was started in order
to attain intentional HSRS in new ceramic materials.
Such research has attained HSRS in monolithic Y-TZP
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doped with (CaO, TiO 2), 17) Al 2O 3, (MgO, TiO 2) 18) or
(Mn3O4, Al2O3), in a Y-TZP-base composite dispersed
with MgAl2O4 and in a tri-phase composite (ZrO2(3Y)19)
MgO•nAl2O3-Al2O3 ).
There are differences in HSRS properties between
9)
monolithic and composite materials. In monolithic YTZP, while the maximum strain rate available to superplastic tensile loading remains around 10-2 s-1, HSRS
appears at a relatively lower temperature of 1350 - 1450
ºC. In composite materials, although a higher temperature of 1450 - 1650 ºC is necessary for the occurrence of
HSRS, the maximum strain rate and tensile ductility
reach 10-1 - 100 s-1 and 2500%, respectively. For nonoxide materials, a strain rate of 10-2 s-1 in compression
was attained at 1450 - 1600 ºC in β'- and α-SiALON.20)
3. Research at NIMS
In both oxide and nitride materials, NIMS has been a
pioneer in the development of new superplastic materials. The following was first attained by NIMS: substantial superplasticity in Al2O3, HSRS at relatively low temperatures in Y-TZP doped with Al2O3, (MgO, TiO2)18) or
(Mn3O4, Al2O3) and HSRS at 10-1 - 100 s-1 19) and a large
tensile ductility of 2500% in the above-described composites (Fig. 1). NIMS also developed superplastic β6)
Si3N4 with a grain size of 200 nm. It was followed by
the development of a superplastic nanomaterial where
the sizes of β-Si3N4 grains were reduced to about 70
nm.21) The work was accomplished with close cooperation between studies on deformation or cavitation mechanisms and studies on powder processing.
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4. Future Trends
The keys to applying superplasticity to industry are
plastic forming technologies for ceramic materials, and
high-strain-rate superplasticity. Emphasis will be placed
on these issues in coming research. Signs of this trend
have already appeared in the following studies: the synthesis of nanoceramics using high-energy mixing and
SPS,21) high-strain-rate superplastic shaping using an
SPS machine,20) low-temperature HSRS and suppressed
grain growth attained by the control of residual pore
numbers in a perform,22) and the comparison of superplastic shaping and numerical simulation.23)
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5.4. Advanced Preparation and Applications of Nanopore
Arrays
Satoru Inoue
Nano Ceramics Center, NIMS
1. Introduction

2. Overseas Research Trends

Porous ceramics that possess interconnected
nanopores have been fabricated in various procedures
and have been applied to catalysts supports, filters, etc.
In the glass technology field, the preparation procedure
for porous silica glass through phase separation in a
sodium borosilicate system is very popular. The glass of
a phase separation composition is heated under a temperature critical for its conversion into phase separated
glass. This then forms into porous silica glass after
leaching out of borate rich phase by acid solution. The
hollow glass fibers drawn and heat-treated under the
phase separation temperature range can be converted
into hollow fiber filters after removing borate rich
phase. The hollow silica glass fibers are heat-resistant
oxide fibers that have gone through various filtering
processes. The sintering of glass powder around a softening temperature is applied to prepare porous glass
with rather large pores of micrometer sizes. Such sintered glass is generally prepared from recycled bottles
and sheet glass, and is used for cleaning water. The
phase separation treatments determine the pore size,
ranging from several nanometers to several hundred
nanometers, and the sintering processes of glass powder
determine the pore diameter, ranging from tens of
micrometers to several hundred micrometers. These fabrication methods can be applied to the random nanopore
distribution in glass, but cannot produce ordered
nanopore arrays. Molecular sieves are prepared through
the crystallization of oxides and can give ordered
nanopore structures, but the nanostructures are determined from the crystal structures and cannot be modified freely.
The anodic alumina is well known as a porous ceramic that possesses an ordered nanometer size pore
arrangement. The anodic oxidation technique was developed to improve the chemical durability of aluminum
metals and to prepare the durable colored aluminum
window frames, and has been established as a mass production technique. But the anodic oxidation technique
has not yet been thoroughly researched as the preparation method for nanopores and has many possibilities to
be applied to various functional porous materials.

Backed by recent worldwide nanotechnologies
research, many techniques have been proposed to develop nanostructures by controlling the size and arrangement of nanopores. In the field of glass materials,
NANO GLASS research has been newly developed and
several new methods for building nanostructures have
been invented. Most of the new methods are applied to
the preparation of photonic crystals. In these methods,
the nanometer size voids, nanocrystals or nanoglassy
phase droplets are prepared within glass to build up
photonic crystal lattices. Nanovoids can easily attain
large refractive index differences from the glass matrix
and are suitable to build up the beautiful photonic crystal lattices, leading to encouraging research on the techniques for arranging nanovoids regularly in glass.
The most promising techniques are the methods
based on the lithographic technique popular in the production of IC tips. The first real photonic crystal was
prepared by researchers at the University of
Southampton and was built by making nanometer size
holes at the precise positions on the silica glass film
synthesized with a CVD technique. 1) The machined
holes, in other words, air cylinders, worked as the photonic crystal lattices and the glass film itself played the
crystal field. The employment of voids makes it possible
to fabricate beautiful interfaces and to attain large differences in the refractive index, leading to the production
of good photonic crystals giving sharp photonic effects.
In United States universities, glass materials research is
going into the alternation of generations of academic
staff and professors leading the research field in the
world are retiring in near future. The young professors
in materials science are developing their research on
computer simulations, computational materials science
and spectroscopy; while young researchers are working
actively on new nanoactuators and nanomachines using
various probes, electron beams, laser beams, etc., and
are not focusing on the industrial production techniques
of materials.

3. Domestic Research Trends
In these years, the Japanese government has been
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encouraging nanotechnology research by providing special research funds for various projects. The nanostructure production techniques have been in progress these
years. Some examples are listed below.
3.1 Anodic Oxidation Technique
Research has been conducted on the techniques used
for the preparation of alumina nanopore arrays of several nanometers ~ several hundred nanometers in diameter
by anodic oxidation of aluminum. The anodic oxidation
technique is one of the industrial mass production techniques and is the only technique that can generate
nanostructures with nanometer pore diameters in the
micrometer range – i.e., high aspect ratio nanopore
structures. The self-assembling effect of the anodic oxidation process makes it possible to build such nanostructures. In the application of anodic oxidation techniques, Professor Masuda’s group at the Tokyo
Metropolitan University has been carrying out pioneering and unique research. Masuda et al. developed a
unique technique to improve the periodicity of nanopore
arrangements by pressing a nanoindentor on aluminum
metal to leave dimple lattice acting as the starting point
2)
of anodic oxidation. NIMS has developed unique techniques to anodize metal thin films on the glass surface
into nanopore array alumina thin films. These techniques have been applied to preparations of various
functional materials. The details are given in section 3.4.
3.2 Vapor Phase Deposition Technique
The chemical vapor deposition technique (CVD) and
the sputtering technique are popular vapor deposition
techniques. In the CVD technique, the products from the
reaction between source gases condensate on a substrate. In the sputtering process, the target made of
source material is bombarded by the accelerated ions
and the ions coming out from the target condensate on a
substrate. The nanostructures or the nanometer size dots
are compiled by repeating the condensation using various gas sources or targets with the aid of masking techniques, self-cloning phenomena, etc. The vapor deposition techniques can be controlled to give precise patterns, but it is difficult to increase the efficiency of the
reaction to enhance the deposition rate.
3.3 Etching Technique
There are two groups of techniques: direct etching
methods, and etching methods using high-energy beam
irradiation damage as reaction triggering points. Direct
etching methods are driven by the ablation using an
electron beam or a high power excimer laser beam.
Indirect etching methods use an SOR high power X-ray
beam or a fast heavy ion beam to give damaged points,
which are removed by chemical etching by acids.4) In
these etching methods, lithographic techniques using
masks are employed to attain the precise patterning and
high production rates. Furthermore, recent advances in
ultra short pulse lasers (e.g., femtosecond laser) are
leading to direct nanomachining. But it is not easy to
begin research on these methods because these etching
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methods require huge electron accelerators, fast ion
beam generators, or high power laser facilities. These
methods only work well in nanometer order machining,
and don’t work well in the machining of the high aspect
ratio structures, such as pores of the nanometer order
diameter with the micrometer order depth.
3.4 Current Activities in NIMS
A new method has been developed to produce a
nanopore array standing on a glass surface. The process
is illustrated in Fig. 1. Firstly, the aluminum thin film is
prepared on the ITO film on a glass substrate by sputtering or physical vapor deposition. Secondly, the aluminum thin film is anodized in an acid solution to convert it into alumina, which possesses nanopore arrays of
uniform diameter with micrometer size depth standing
normal on the glass substrate.5) The ITO film or transparent conducting thin film is employed to anodize all
the aluminum thin film. Furthermore, the anodic alumina on a glass substrate can be etched into through holes
by acids, which is different from ordinary anodic alumina grown on aluminum metal sheets. The thicknesses of
the pore bottom anodic alumina layers on a glass are
thinner than those of the pore side walls and the acid
etching can remove all the bottom layers into the
through holes. The anodic oxidation process is one of
the self-assembling processes and can produce nanometer size pore arrays without masks. Moreover, the highfield anodic oxidation method has been developed to
fabricate the pores of sub-micrometers ~ a micrometer
in diameter which are difficult to prepare by machining.6) Fig. 2 shows an SEM photograph of a typical alumina nanostructure prepared by the new high-field
anodization technique. The new technique can cover the
preparation of pores of several nanometers ~ a microm-

Fig. 1 Procedure of the new metal thin film anodic oxidation
technique to prepare an alumina nanopore array.
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between the compounds and anodic alumina. The introduction of TiO2, magnetic compounds or dielectric compounds are expected to provide photo catalytic function,
ultra high density magnetic recording, and photonic
crystal-like functions, respectively.7)

4. Future Trends

Fig. 2 Ideally ordered alumina nanopore array prepared by the
high-field anodic oxidation technique.
(lower photo; alumina nanotube array prepared by acid etching of
the alumina skelton of the nanopore array shown in the upper
photo)

eter by applying the anodization field of 10V ~ 400V.
Though the nanoindentation technique invented by
Professor Masuda et al. works well on the regularity of
pore array arrangements, the high-field anodization
technique can attain the orderly arrangements of pores
without masks, indentors, etc., and is suitable for industrial production. In the new method developed at NIMS,
various compounds or metals can be introduced into the
pores by sol dipping or electro deposition, giving various functionalities to the nanostructures. Furthermore,
the nanotube or nanorod arrays standing on the glass
can be fabricated by utilizing the difference in solubility

4.1 Overseas Research Trends
Nanomachining techniques using electromagnetic
waves, electron beams, fast heavy ion beams, etc., have
been studied extensively to improve the accuracy of
machining worldwide. Advances in the facilities’ specifications, such as ultra short pulse lasers and nanomanipulation techniques, are necessary to support breakthroughs in nanomachining techniques. Femtosecond
lasers representing the current ultra short pulse lasers
have been researched extensively for the miniaturization
of facilities and the increment of output power, leading
to new models on the market. In the field of manipulators, new techniques or facilities have been developed
based on various ideas originating from the semiconductor industry, which is working extensively to increase
the density of the integrated circuits. In Japan, the numbers of national research organizations and company
research centers that are establishing nanofoundries have
been increasing recently. The methods to prepare
nanopore arrays are related to the methods for nanomachining. Advances in nanomachining techniques will be
the driving force behind advances in nanopore array
preparation techniques. But nanomachining techniques
cannot be applied to the preparation of nanopores of
high aspect ratios or deep nanopores, such as several
nanometera in diameter and a micrometer in depth,
because nanomachining is basically designed to cover
nanometer order machining.
4.2 Research Trends in NIMS
NIMS has started research on the advancement of
new anodic oxidation techniques of metal thin films

Fig. 3 Schematic illustration of the intelligent anodic oxidation apparatus.
Materials Science Outlook 2006
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(Section 3.4). The research will develop the new intelligent anodic oxidation techniques, which can be applied
to build elaborate and unique 3-dimensional nanopore
structures. Fig. 3 displays the illustration of the facility
for intelligent anodic oxidation. In the past, traditional
anodic oxidation was designed and optimized only for
the preparation of oxide protection films on aluminum
surfaces or colored window frames, and has been carried out under restricted running conditions. But the
anodic oxidation can be applied to a preparation of more
unique and complex nanopore structures under various
conditions by expanding the traditional anodic oxidation
to the preparation techniques of the nanostructures. The
main targets of the research are the techniques to convert metals other than Al into porous oxides, using the
anodic oxidation of multilayer metal thin films8); to
change the diameters of nanopores in the depth direction
by multi step anodization processes; and to modify the
shapes gradually by anodization under continuous alternation of various conditions. The project on the development of new nanopore structures consists of establishing extended anodization by fine-tuning the voltage/current, and stating the electrolyte solution and
advanced processes to introduce the compounds into
nanopore arrays. The Functional Glass Group is going
to develop new industrial mass production technologies
to fabricate nanostructures possessing dimensions ranging from nanometers to micrometers.

3) for example: S. Kawakami,T. Kawashima and T. Sato: Appl.
Phys. Lett. 74 (1999) 463.
4) for example: K. Nomura, T. Nakanishi, Y. Nagasawa, Y.
Ohki, K. Awazu, M. Fujimaki, N. Kobayashi, S. Ishii and K.
Shima: Phys. Rev. B 68 (2003) 64.
5) Song-Zhu Chu, K. Wada, S. Inoue and S. Todoroki: Chem.
Mater. 14[1] (2002) 266.
6) S. Z. Chu, K. Wada, S. Inoue, M. Isogai and A. Yasumori:
Adv. Mater. 17 (2005) 2115.
7) S. Inoue, S. Z. Chu, K. Wada, D. Li and H. Haneda: Sci.
Tech. Adv. Mater. 4 (2003) 269.
8) S. Z. Chu, S. Inoue, K. Wada, S. Hishita and K. Kurashima:
Adv. Funct. Mater. 15 (2005) 1343.

5. Conclusion
Among the traditional techniques for preparing
nanopores, a method exists to produce porous materials
consisting of randomly distributed uniform pores that
have been applied to catalyst supports and various filters; and an anodic oxidation method to fabricate porous
alumina thin films consisting of uniform nanopore
arrays that have been applied to colored aluminum window frames. Additionally, recent advances in nanotechnologies for the development of high performance multifunctional materials are triggering developments in
new nanomachining techniques and new anodic oxidation techniques as nanopore preparation methods. While
nanomachining techniques were advancing along with
developments in new style machining methods, new
anodic oxidation techniques were developed by changing traditional techniques to be more accurate and elaborate. It is pointless to rank these methods because each
plays its own part in nanopore preparation; therefore,
these new methods are supporting the development of
nanotechnologies and are expected to be the driving
force behind producing new materials.
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Chapter 3. Nanotechnology-Driven Materials
Research for Information Technology
Section 1. Multifaceted Development of Semiconductor
Materials
1.1. Materials Development for Next-Generation
Semiconductor Devices
Toyohiro Chikyow
Advanced Electronic Materials Center, NIMS
1. Introduction
Today, materials development for silicon-based semiconductor devices is moving beyond the hp45 nm node,
creating a pressing need to develop new gate oxidelayer materials and metal gate materials.1) HfO2 is the
mainstream gate oxide-material,2) but development of
new materials, looking two or three generations down
the road, is also beginning.3)
Metal gate materials development and work-function
control are the issues of urgent for gate materials.1)
Current materials under consideration are metal nitrides,
such as TiN, but development of various metal gate
materials, in view of future work-function tuning, is
moving ahead.4) From the perspectives of high-speed
operation and operation in high-frequency , the use of
SiGe channel in MOSFETs is being examined because
of its high mobility and excellent performance in highfrequency region.5) In the future, as the application of
GaAs and other compound semiconductors comes more
fully into view, convergence will progress between silicon semiconductor materials and compound semiconductor materials. In the area of lithography microfabrication, new technologies using excimer lasers and
immersion techniques are being developed and, as an
even more advanced technology, methods that use
extreme ultraviolet (EUV) light are being explored.6)
And as for interlayer insulating film materials, some
investigations are looking at porous SiO2 or organic
materials, but conclusions is not cleared yet.
Another area for materials research concerns copper
interconnections in integrated circuits, which are forecast to reach their limit in a few years in terms of data
transfer (bit rates) with the predicted increases in signals
and transmitted information within future devices. To
address this, optical interconnections are starting to be
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examined. This in turn is pushing up the timeline for the
development of microscopic light emitting device and
photo detectors as well as production methods for optical interconnections.
In terms of device structures, planar structures have
been the mainstay of MOSFET design, but three-dimensional structures will be needed soon to achieve even
higher density packing. This necessitates materials
development to realize these structures and process
development to produce these structures. In view of the
overall situation, there will undoubtedly be increasing
pressure on semiconductor device materials development to come up with a variety of materials in a very
short timeframe (Figure 1).

2. Global Trends
Since the development objectives for silicon semiconductor devices are considered by roadmap committees for international semiconductor device development, the major development trends are common to all
countries.1) Nevertheless, when viewed individually,
each country’s development priorities are shaped by its
core products. For example, American development is
characterized by high-speed device development, with
an emphasis on the high-speed operation of central processing units (CPUs), where development in Japan is
distinctly oriented toward power saving devices.
2.1 Silicon Semiconductor Materials Research in the
U.S.
The main players in semiconductor materials
research in the U.S. are corporations such as Intel and
Texas Instruments, SEMATECH — an R&D consortium, and universities. Corporations address issues from
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Fig. 1 Development topics required for next-generation semiconductor devices.
(taken from materials prepared by the Semiconductor Industry Research Institute, Japan).

a one-to-three-year outlook, SEMATECH7) investigates
issues that are three to five years down the line, and universities perform R&D from an even longer perspective.
Most development in silicon semiconductor devices
is focused on gate oxide ; materials development in the
U.S. is carried out from a high-speed operation standpoint. Candidate materials are naturally required to have
a high dielectric constant of 20 to 30, but it is also
important that any candidate material be amorphous. An
amorphous material is necessary because even a slight
roughness in the film will trigger a dielectric breakdown
when a high voltage is applied to the gate; therefore,
films that are even at the atomic level are required. As a
result, research into gate oxide layers focuses on producing stable, amorphous, high-dielectric films by mixing many oxides with HfO2.
Most research into gate materials, on the other hand,
is looking at TiN and other nitride materials. What is
characteristic about this is the gate structure, which
becomes, from the top, TiSi2/polycrystal silicon/TiN/gate
oxide layer/silicon. It is conjectured that this structure
arose because of the difficulty of microfabricating the
entire gate with TiN with today’s etching process. At the
same time, research developing completely new devices
has recently been going on , driven by the oncoming
convergence between silicon devices and nanomaterials.
As examples like these indicate, silicon semiconductor
device development is transcending its traditional
bounds and involving a large number of research institutions and universities. As it does this, it is beginning to
take the shape of a coordinated, government-directed
megaproject.8)
2.2 Silicon Semiconductor Materials Research in Japan
The majority of silicon semiconductor materials
R&D in Japan is done with CMOS-type power saving
devices in mind. The main players in Japanese R&D are
corporate laboratories, Semiconductor Leading Edge
Technologies (Selete)9) — a research consortium that
operates with corporate investments, and MIRAI10) — a
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national research project. More recently, High-k Net, a
virtual independent industry-university collaboration
network, is drawing attention as a research organization
discussing significant findings.
For the most part, research has narrowed down the
possible gate oxide-layer materials to HfO2, and the
actual device structure most studied is a metal
gate/HfO2/SiO2 (or SiON)/Si structure. Interest is now
turning toward the production processes for this structure, and research is actively looking into atomic-layer
deposition (ALD). At the same time, more and more
research is concentrating on the reliability of gate oxide
layers.
In the area of metal gate development, the central
subjects of ongoing research are nitride materials such
as TiN or TaN, metal silicon materials such as NiSi2, and
materials using these in high-melting-point, transition
metals. The research objective in this area is to control
the threshold voltage of CMOS devices by controlling
the work function. Research is also starting to study
optical interconnections and interconnections formed
with carbon nanotubes. However, there is little research
related to the intermixing of silicon semiconductor
devices and nanomaterials that is seen in the U.S.: silicon semiconductor devices and nanomaterials continue
to be researched as separate entities.
2.3 Semiconductor Materials Research in Europe
In Europe, corporations such as STMicro and
Infinion, research consortiums such as IMEC11) (Leuven,
Belgium) and Leti12) (Grenoble, France), and universities
associated with these consortiums are leading the way in
development of silicon semiconductor devices. IMEC in
particular is conducting research and development
through international collaborations, and IMEC partners
include several Japanese corporations. IMEC is said to
be the most successful independent industry-university
collaboration organization.
Research proceeds systematically in Europe, with
universities conducting extensive basic research, conMaterials Science Outlook 2006

sortiums doing collaborative research looking at implementation in five years, and corporations engaging in
applied research. What is distinctive about the European
approach is that consortiums function as a sort of training ground for researchers; graduate students are free to
use consortium facilities. Thus, there is a fully formed
path from basic education at universities to research and
training at consortiums and practical development at
corporations.
The silicon integrated-circuit research topics found in
Europe do not differ from those in the U.S. or Japan.
HfO2 is the gate oxide-layer material of choice, and
interest is high in TiN and other nitrides as metal gates.
But since many graduate students with R&D experience
in cutting-edge materials are gaining practical education
and then moving into the private sectors, a revival in
European silicon semiconductor devices is thought to be
not far off.

3. Domestic Trends
The majority of silicon semiconductor materials
R&D in Japan is done with CMOS-type low-power
devices in mind. Research is divided into corporate
development, consortium development, and research at
universities, which give peripheral-technology support
and undertake future-oriented technical development.
For the most part, research has narrowed down the
possible gate-oxide layer materials to HfO2, and the
actual device structure most studied is a metal
gate/HfO2/SiO2 (or SiON)/Si structure. Interest is now
turning toward the production processes for this structure, and research is actively looking into atomic-layer
deposition. The focus of materials development is shifting to metal gate materials. Currently, the central subjects of ongoing research are nitride materials such as
TiN or TaN, metal silicon materials such as NiSi2, and
materials using these in high-melting-point, intermetallic compounds. The research objective in this area is to
control the threshold voltage of CMOS devices by controlling the work function.
3.1 Gate Oxide-layer Materials (standard)
A large amount of research is considering HfO2 materials for use as gate oxide materials in next-generation
integrated circuits. The reliability of HfSiOx oxide ,
which are close to implementation, is now being examined. HfO 2 is favored as the next material, but
researchers are experimenting with implanting about 1
nm of SiO2 between the HfO2 layer and the silicon layer
for control of the silicon interface. In addition, universities are looking at successors to HfO2, such as La2O3,
that do not form SiO2 at the interface with silicon.
3.2 Metal Gate Materials
TiN and other nitride materials are being examined as
replacement materials for the polycrystal silicon gates
that have been used up to this point. These nitride materials have a work function of about 4.5 eV and a Fermi
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level that approaches the center of the silicon bandgap
via the gate oxide layer. It is possible to control the
work function of this material somewhat by adding As
or B. Metal silicides such as NiSi2, which are similar in
nature with nitrides materials, are also being researched.
Gate materials beyond the hp 32 nm node will need precise, but far ranging, work-function control. As a result,
attempts are being made to control work functions by
using alloys that combine materials with high and low
work functions or to control work functions by layering
materials with different work functions.
3.3 Interlayer Insulating Film Materials and Multilayer
Interconnection Materials
Research dealing with interlayer insulating film
materials, a backend process, is studying ways of using
porous SiO2 in place of conventional SiO2 in order to
lower the dielectric constant. What is important, however, is the mechanical strength of the interlayer insulating
film as well as development of a diffusion barrier material that prevents the diffusion of metals when copper or
other interconnections are used. Also, in advance of the
future increases in transmitted information, the evolution from copper and other metal interconnections to
optical interconnections is being investigated. This evolution will require the production of microscopic light
sources and light detectors on silicon chips.13)
3.4 NIMS Research
NIMS is moving ahead with materials development
for next-generation integrated circuits using combinatorial techniques in the areas of gate oxide- materials,
metal gate materials, and interlayer insulating film
materials (Figure 2). Combinatorial techniques are particularly beneficial from the perspective of consolidating basic material data because they permit the systematic exploration of material combinations and production requirements. These techniques led to the successful development of materials that maintain a stable
amorphous structure with a high dielectric constant in
HfO 2-Al 2O 3-Y 2O 3 three-element oxides (Figure 3). 14)
More recently, Pt-W composite inclined films have been
produced on a HfO2/SiO2/Si(100) substrate. The control
over the metal’s work function and the electrical characteristics of the metal/gate oxide layer interface have
been studied systematically, and findings about the
physics of the metal/gate oxide layer interface have
been announced (Figure 4).
Also ongoing are development of future interlayer
insulating film materials and nanoscale light sources for
optical interconnections and experiments with incorporating molecules of nanomaterials in silicon devices.
This systematic knowledge about these materials has
been put in a database and is being applied to the “material informatics”, a future materials development technique.
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Fig. 2 Material development with combinatorial techniques and application to the exploration of gate
oxide-layer materials.

Fig. 3 Completely amorphous HfO2-Al2O3-Y2O3 gate oxide-layer
material developed by NIMS.

Fig. 4 Production of a continuously inclined Pt-W composite film
and control of its work function.

4. Future Trends

constant of LaSiOx is also near 10, which means a high
dielectric constant is expected to be maintained throughout the layer. Atomic vacancies occur in the gate oxide
layer due to the post-heat treatment atmosphere, and
these vacancies become fixed charges, which have a
profound effect on electrical characteristics. Thus,
development is needed of a high dielectric material with
resistance to this type of post-processing. Research is
also looking at the use of high dielectric nano sheets that
are manufactured in a completely different way from
conventional materials.

As semiconductor device materials increase in diversity, there is more and more pressure to develop gate
oxide-layer materials and metal gate materials that control the work function. At the same time, the importance
cannot be neglected of establishing the reliability of
materials so that more than 100 million devices formed
on a substrate are certain to operate. To this end, development of new materials and guidelines to ensure their
reliability are required as is research into enhancing the
quality of current materials to lower these risks.
4.1 Gate Oxide Layers
Gate oxide layers are expected to be based on HfO2
materials as the industry migrates from the hp 45 nm
generation to the 32 nm generation. But for generations
beyond the 32 nm node, materials will be needed that
can be grown as gate oxide layers directly on silicon
without forming a SiO2 layer at the silicon interface. At
the present time, candidates for such materials include
La 2O 3. The dielectric constant of La 2O 3 is about 30,
which is close to that of HfO2. Furthermore, LaSiOx is
formed at the La2O3/silicon interface, and the dielectric
196

4.2 Metal Gate Materials
Research is currently focused on using either nitride
materials such as TiN or metal silicides, typified by
NiSi 2 , for metal gate materials. However, future
demands for lower power devices will require lower
gate voltages. In this case, two types of metal gate materials will be required, one for n-channels, that control
the work function, and one for p-channels. To accomplish the work-function control, metal alloys or layered
films will be sought.
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4.3 Optical Interconnection Materials and Nanosize
Light Sources
Future integrated circuits will be handling large volumes of information at high speeds as the amount of
transmitted information escalates. As part of this transition, implementation of optical interconnections will be
needed to replace today’s copper interconnections. This
will require technology to fabricate optical waveguides
on interlayer insulating films as well as the development
of nanolasers to convert electrical signals to optical signals and optical detectors to convert light information to
electrical signals. Research and development into forming three-dimensional layered films at precise locations
is particularly urgent for nanolaser light sources because
such three-dimensional layered films are necessary for
their implementation.

Surf. Sci. 223 (2004) 229.

5. Conclusion
Semiconductor device materials are increasing in
diversity. There is an enormous scope for materials
research: gate oxide-layer materials, metal gate materials, new channel materials, interlayer insulating films,
waveguide materials for optical interconnections, and
materials for microscopic light sources and light detectors. All these issues need to be resolved as soon as possible and practical materials made available. Another
critical aspect is ensuring the reliability of these materials so that large numbers of devices are certain to operate once integrated. What is important is to systematically arrange data on all these materials and construct
frameworks so this data can be used for the development of the next generation and subsequent generations
of semiconductor device materials.
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1. Multifaceted Development of Semiconductor Materials

1.2. Nanoscale Structures for Next-Generation
Semiconductor Devices
— Fabrication of 3D Nanostructures and Development
of Nanoscale Evaluation Technologies —
Naoki Fukata and Takashi Sekiguchi
Advanced Electronic Materials Center, NIMS
1. Introduction

2. Global Trends

Technical progress in silicon integrated circuits (Si
VLSI) has, up to the present time, been driven by the
miniaturization, or scaling, of gates, oxide layers, and pn junctions in metal-oxide semiconductor field-effect
transistors (MOSFETs), which are the building blocks
of VLSI. Advances in performance and integration
through conventional scaling of device geometries are,
however, now reaching their practical limits in planar
MOSFETs. To overcome the limiting factors in planar
MOSFETs, vertical structural arrangements (Figure 1)
have been suggested as the basis for next-generation
semiconductor devices. Before such vertical structures
are employed in the future, two important development
themes need to be addressed: (1) fabrication of threedimensional nanostructures and, in particular, onedimensional semiconductor nanowires — the structural
elements of such vertical architectures, and (2) measurement technologies with nanoscale precision.
There are two approaches to fabricating semiconductor nanowires: top down and bottom up. Our discussion
here will focus on research results obtained using bottom-up approaches, where research has advanced
notably in recent years.

2.1 3D Nanostructure Fabrication and Device Applications
“Top down” and “bottom up” are the two main
approaches to synthesizing structures, such as semiconductor nanodots, nanoparticles, nanowires, and
nanorods, that promise to be the structural elements of
next-generation semiconductor devices. Though topdown techniques are more prevalent, recent research has
turned toward semiconductor nanowires with onedimensional structures formed with bottom-up
approaches. The interest stems from hopes for its application in surrounding gate transistor (SGT) using
nanowires (Figure 1).1–2)
An SGT, as Figure 1 shows, employs a structure
where the source, gate, and drain electrodes are stacked
vertically, thereby encompassing the thin conduction
channel formed with a nanowire. Not only does this
architecture allow for higher transistor densities and
shorter channels, it also permits efficient control of carrier densities in the channel since the gate’s electric field
can be applied from all directions around the channel.
This architecture, then, holds promise for an extremely
low-power FET with increased mutual conductance and
better short-channel effects and subthreshold properties.
A key research theme to achieve this structure is the
development of methods of forming and aligning semiconductor nanowires and controlling their properties.

Fig. 1 Structural comparison of a current planar n-channel FET (left) and a next-generation, vertically oriented surrounding gate transistor.
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Fig. 2 Growth model of a silicon semiconductor nanowire using the vapor-liquid-solid (VLS) growth mechanism.

Semiconductor nanowire fabrication research to this
point has examined nearly all materials made from
Group IV silicon (Si), germanium (Ge), and their mixed
crystals3–10) and materials made from Group II-VI and
Group III-V compound semiconductors.11–14) Mainstream
nanowire fabrication employs bottom-up methods, such
as chemical vapor deposition methods or laser ablation,
which use a growth mechanism known as vapor-liquidsolid (VLS) (Figure 2).15–16) Generally speaking, VLS
methods grow the nanowire through a catalytic reaction
with a nanosize metal particle. Thus, the wire diameter
is adjusted by controlling the size of the seed metal
nanoparticle. In the initial research stages, growth was
achieved only perpendicularly to the catalytic metal particle placed on the substrate. Recently, however,
attempts are being made to grow nanowires horizontally
to the substrate.17)
Efforts are underway to fabricate simple devices and
logic circuits built through a bottom-up assembly of
semiconductor nanowires. A group at Harvard
University, for example, has reported synthesizing p-n
diodes, FETs, and bipolar transistors as well as AND,
OR, NOR, and other logic circuits using bottom-up
assembly.18–21) A group at Lund University have also
reported creating resonant tunneling diodes using a heterostructure and single electronic devices from quantum
22–23)
dots with similar techniques.
2.2 Nanoscale Measurement Technology
Absolutely essential to the quantitative investigation
of nanostructures is the development of measurement
technologies with high spatial resolution at nanometer
levels. This requires not only technology capable of
nanometer positioning and nanometer composition
observations; it also demands multifactor characterizations of several physical nanoscale properties — namely
electrical, optical, magnetic, mechanical, and chemical
characteristics.
A recent trend has been to obtain measurements of
individual nanostructures or measurements at arbitrary
positions within nanostructures by combining probe systems capable of nanoscale electrical and spectroscopic
measurements. For example, Raman spectroscopic
measurements are combined with atomic force microscopes (AFMs). This specific tools make it possible for
near-field spectroscopy, which enhances an electric field
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that locally excites a nanosize metal particle or metal
probe tip, for investigating optical characteristics. This
is one of the fastest growing evaluation technologies
because it promises to deliver spectroscopy with
nanometer precision once the sizes of metal particles
and the diameters of metal probe tips reach the
nanoscale.

3. Domestic Trends
Researchers in Japan as well are focusing on vertically assembled structures for next-generation semiconductor devices and are actively engaged in synthesis of
three-dimensional nanostructures that will form the
structural elements of these devices. Compared to
research levels worldwide, however, there is little
research in Japan on semiconductor nanowires utilizing
one-dimensional structures, although there is extensive
research in carbon nanotubes. There is a need, when
looking at semiconductor processes, to prioritize
research on semiconductor nanowires as SGT structural
elements.
Examples of domestic research on semiconductor
nanowires include a Hokkaido University group that is
making considerable headway with nanowires built
from compound semiconductors. This group’s research
covers fields from growth control to physical property
characterizations.24) The control over growth positions
and diameters of silicon nanowires reported by a Sony
group in 1997 has been lauded as an example of pioneering research.25) An Osaka University research group
was later successful in producing silicon nanowires 3
nm in diameter that were seeded from a nanosize metal
catalyst formed on a hydrogen terminated silicon substrate.26) Nevertheless, the research related to silicon
nanowires has been on the growth of nanostructures and
has not been extended to property characterizations or
functional manifestations.
At NIMS, research is looking at the fabrication and
characterization of silicon nanowires with a view to
their application in nanodevices as well as the synthesis
of silicon nanowires. For instance, NIMS researchers
have created silicon nanowires several millimeters or
longer in length and are performing composition analyses of surface oxide films27) and measuring thermal con199

Fig. 3 STEM and TEM images of a silicon semiconductor nanowire synthesized with laser ablation.
Images (a) and (b) are TEM images immediately after synthesis and (c) is an image after thermal oxidization at 1000ºC. Image (d) is a model depicting the enlargement of the surface oxide layer after thermal oxidization and the accompanying shrinkage of the silicon crystal region in the center. Chart (e) is
the result of studying, from the changes in the silicon optical phonon peak observed with Raman scattering measurements, the aspect of the shrinking silicon crystal cores and the increasing phonon confinement with increased thermal oxidization temperatures (red dashed line: low-frequency shift) and the
aspect of compressive stress from excess oxidation (blue dashed line: high-frequency shift).

ductivity with infrared absorption measurements. The
authors have used laser ablation to achieve mass formation of silicon nanowires and control over the wire size.
This has led to success in observing confinement of
phonon in silicon nanowires as well as in stress control
within the nanowires utilizing thermal oxidization (Fig.
3).28) In researching p-type silicon nanowires in particular, we successfully detected substitutional boron atoms
in silicon nanowires with Raman scattering measurements. In n-type silicon nanowires, we have successfully investigated the state of dopant electrons in crystal
areas with electron spin resonance measurements at 4.2
K and detected the spectrum of the conducting electrons. These results demonstrate it is possible to dope
nanowires with boron and phosphorus atoms in an
active state within the nanowire and offer important
guidelines for future SGT research.
Development domestically of nanoscale assessment
technologies is tracing the same lines as elsewhere in
the world. In addition to structural characterizations of
nanostructures, an important issue is the ability to
simultaneously measure multiple properties in individual nanostructures and at arbitrary points inside nanostructures.
An example of research in this area is by an Osaka
University group that is using near-field optical measurements with silver nanoparticles and metal nanochips
for strain measurements of strained silicon on silicongermanium, detection of DNA molecules, and characterization of single-wall carbon nanotubes.29) At present,
the group has achieved a spatial resolution of around 30
nm with its measurement techniques.
NIMS, as well, is conducting cutting-edge nanoscale
electrical measurements using multiprobe STMs.
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Furthermore, the authors’ own group is undertaking
observations and evaluations of subsurface nanoscale
structures, evaluations of wide-gap materials, and evaluations of defects and impurities with cathode luminescence measurements, which uses a field-emission electron gun as the excitation source.30)

4. Future Research Trends
Top-down techniques, such as electron beam lithography, are unlikely to relinquish their dominant position
among semiconductor processes for quite some time. In
the future, however, it will be necessary to adopt bottom-up techniques. Fabrication of semiconductor nanostructures, in particular, is anticipated to make use of bottom-up techniques when assembling the structural elements of the next-generation semiconductor devices
mentioned previously.
Bottom-up techniques, however, face numerous challenges before they can be employed at a practical level.
For instance, at issue for semiconductor nanowires used
as SGT structural elements is contamination of crystals
by the metal seed catalyst used in the VLS growth stage.
To overcome this problem, metal-catalyst-free fabrication will be needed along with development of new
growth and alignment processes that can be scaled to
allow control over sizes and positions with nanoscale
precision. Moreover, surface and interface accuracy will
likely become a magnitude greater in importance than at
present because of the larger percentage of surfaces and
interfaces than in conventional devices.
Further research areas seen as necessary are those
that address problems inherent to nanoscaling related to
Materials Science Outlook 2006

doping to produce certain properties — namely the
appearance of statistical fluctuations accompanying the
reduction in geometries, the actualization of carrier dispersion caused by the dopant atoms themselves, and
other issues.

5. Conclusion
Semiconductor nanowires with one-dimensional
structures have been highlighted for their potential as
structural elements in surrounding gate transistors,
which have been proposed as the next-generation semiconductor device. So far there have been reports of various types of nanowires created with bottom-up processes that use a nanosize metal catalyst template.
Nanowires as fine as 3 nm have been realized by controlling the size of the metal catalyst. Researchers have
also reported prototype devices, including simple p-n
diodes, FETs, and bipolar transistors, that have been
assembled from nanowires.
It follows that researchers must press forward with
nanostructure fabrication and development of new
processes capable of integration on par with top-down
techniques such as electron beam lithography. Also
essential is the development of high-resolution, highperformance nanoscale measurement technology and
the characterization of nanostructure properties. A third
necessity is enhanced structure functionality through
feedback to structural control premised on these prior
developments.
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1. Multifaceted Development of Semiconductor Materials

1.3. Atomic Switches
Tsuyoshi Hasegawa
Nano System Functionality Center, NIMS
1. Introduction
Today, we are approaching the limits of functionality
gains in semiconductor transistors obtained through
scaling. Consequently, attempts have been made to
enhance device performance with alternatives to scaling
by incorporating new physical parameters and new
functions in device development.
This chapter provides an overview of devices that
realize on-off switching operation by controlling the
movement of metal atoms or ions as well as a look at
the future prospects for these devices. As devices are
scaled down to nanometer levels, the on-resistance of
metallic devices is, at best, in the vicinity of tens of
ohms — several magnitudes lower than that in semiconductor devices, which is typically on the order of tens of
kiloohms. This lower resistivity offers the potential of
developing new device types that would be unrealistic
with semiconductor devices.
Eigler et al. coined the term “atomic switch,” the
focus of this chapter, in 1991. This group was successful
in using a scanning tunneling microscope (STM) to
move a xenon atom reversibly between the STM tip and
a nickel surface by controlling a voltage applied
between the probe and the sample.1) A schematic diagram of this switch is shown in Figure 1. The resistance
between the probe and the sample changed significantly
depending on whether the xenon atom is on the probe or
on the sample surface. Although it was conducted in an
ultra-high vacuum and at extremely low temperatures (4
K), this experiment was revolutionary the first prototype
of an atomic switch.
Later, Smith et al. created an atomic-scale metal contact switch and achieved control over its quantum state
by precisely controlling the contact state between the
probe and the sample.2) More recently, atomic switches
have been developed that operate by simply controlling
a voltage applied between electrodes without using a
STM or other moveable mechanism. This has prompted
hopes for practical atomic switches.
In this paper, I will report on the current developments of and future outlook for all devices, not just
nanoscale devices, that rely on the movement of atoms
between electrodes to switch between on and off states.

202

Fig. 1 The atomic switch developed by Eigler et al.

2. Global Trends
A research group in the U.S. has reported a method of
controlling the formation and the removal of an atomicscale metal contact using an electrochemical reaction.3)
This method manipulates the potentials between a
probe, the sample, and a reference electrode that are
immersed in an electrolytic solution, as shown in Figure
2. Varying the electrodes’ potentials controls the deposition and dissolving of metal atoms, thereby either building up or removing a narrow metallic constriction
(bridge) between the probe and the sample. This finding
illustrates the potential for atomic-scale contacts realized through precise control over potentials.
Recently, a German group that has been immersing
microelement structures in electrolytic solutions has
reported well-defined experimental results.4) The group’s
methodology demonstrated the operation of an atomicscale switch as a three-terminal device where the reference electrode resembles a gate electrode.
Although both of these experiments required an electrolytic solution — meaning they cannot be immediately
put into practice as a solid-state device, they are worthy
of evaluation nonetheless because of their ability to control the formation and removal of nanoscale metallic
constrictions without need of a STM or other moveable
mechanism.
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Fig. 2 A switch that operates by way of an electrochemical reaction in a fluid.

3. Domestic Trends

Fig. 3 An atomic switch that bridges a nanogap with metal atoms.

In Japan, a group from NIMS is developing an atomic switch in which a metallic atom bridge is formed and
eliminated in a nanoscale gap between two electrodes.5)
A schematic diagram of this switch is shown in Figure
3. The device features a solid-electrolyte electrode and
an inert metal electrode separated by a gap of about 1
nm. Depending on the polarity of the bias applied
between the electrodes, either metal atoms precipitate
from the solid electrolyte and bridge the gap, thus
switching the device on, or else the metal atoms dissolve again into the solid electrolyte and eliminate the
bridge, thus switching the device off. Switches are being
scaled down to nanometer geometries by employing
tunneling currents to drive the local precipitation and
dissolving reactions of the metal atoms. It is hoped
establishing integrating technologies and prototyping
logic gates and other basic circuits will give rise to practical applications.
The NEC Corporation and NIMS are jointly developing gapless-type atomic switches based on this technology.6) This group has already prototyped a one kilobit
nonvolatile memory chip using this type of atomic
switch and is now verifying the chip’s operation. 7)
Development of atomic-switch applications in programmable logic devices is underway and the operation of
basic switching circuits in programmable logic devices
has been proven experimentally.

Fig. 4 Switch size versus on-resistance.

4. Future Research Trends
The ability to form metallic bridges between electrodes using solid-electrochemical reactions was actually reported 30 years ago.8) This discovery, however,
came at a time when semiconductor devices were in
their prime and it was believed device performance
gains could be reaped almost perpetually through
advancements in scaling. Hence, no devices using such
metallic bridges reached the market.
Devices using metallic bridges are now returning to
the spotlight, as we are on the verge of hitting the scalMaterials Science Outlook 2006

ing limits of semiconductor devices. The characteristics
of such devices — nanoscale element geometries and
extremely low on-resistance (Figure 4) — not only spell
lower power consumptions and higher densities, they
also permit the development of entirely new types of
devices.
For instance, applying atomic switches in the switching circuitry of the programmable logic devices mentioned above can shrink the switching circuit area to
one-thirtieth of the area used when implemented with
semiconductor devices. This, in turn, can produce chips
that are one-tenth of their current size. There is also
potential for subdividing logic cells by embedding multiple switches because their on-resistance is so small.
This could potentially lead to a dramatic increase in the
amount of programming possibilities (the number of
functions that can be implemented) in logic cells, which
is expected to enable the development of cell-based
integrated circuits (CBICs). A CBIC is a next-generation
programmable logic device with processing power on
par with an application specific integrated circuit
(ASIC) (Figure 5). Since single-chip devices capable of
implementing nearly any function at all have a vital role
to play in the realization of ubiquitous computing and
since such functionality is difficult to achieve using only
semiconductor devices, it is believed research into
203
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Fig. 5 Comparative table of device characteristics.

atomic-switch applications will accelerate further.
Additionally, atomic switches have extraordinary
functions not found in conventional semiconductor
devices such as the appearance of quantized conductance and learning functions. There are expectations for
the potential development of crossbar9) and neural circuits, which are expected to be the basis of multivalue
memory, base n (>2) operational circuits, and even new
computer architectures.

5. Conclusion
This chapter has discussed the basics of devices that
are switched on and off by controlling the formation and
the elimination of metallic bridges and has presented the
future prospects for such devices. Element sizes have
already reached nanometer dimensions, and atomic
switches have the potential to resolve most of the problems surrounding semiconductor devices. Research and
development looking ahead to the commercialization of
atomic-switch applications is already underway. We can
anticipate that atomic switches will become one key
technology for the sustainable development of an
advanced information society.
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Section 2. Nano-Structured Ceramic Light-Source Devices
and Materials
2.1. Ceramic Materials for Ultraviolet Light-Emitting
Devices
Takashi Taniguchi and Kenji Watanabe
Optronic Materials Center, NIMS
1. Introduction
Humans, like all living things on earth, have from
time immemorial enjoyed the beneficence of sunlight.
But unlike animals and plants, humans have created
their own light based on knowledge taken from nature
and have been endowed with the wisdom to apply this
light. In former times, people raised torches to light the
darkness, and today our urban areas are brightly illuminated even at night.
We can broadly classify the light humans use into
two categories: “hot” light and “cold” light. The former
is light given off from a flame or an incandescent light
bulb. The light source in this case is also a source of
heat, like a heating element, that emits thermal energy.
The latter is light created by the release of energy that is
equivalent, for instance, to the bandgap in a semiconductor. The source of light in this case is the injection or
introduction of electrical energy in a tiny solid-state
device.
Light from semiconductor devices has many advantages including energy-conversion efficiency, ease of
handling, and maintainability of light-emitting parts. In
our modern lives, we benefit from a great variety of
products — such as all manner of indicator lamps and
signals — that make use of light emitted from semiconductor materials. In recent years, blue light-emitting
devices have been developed to complement the conventional red and green light-emitting devices. The
advent of blue light-emitting devices has given rise to
colorful indicator lamps and smaller, more energy efficient color displays.
Shortening the wavelength at which semiconductor
devices emit light — the development that led to blue
light-emitting devices — has important implications not
only for technical innovation in the information storage
field, such as increasing the density of DVDs and other
optical storage formats; it also has a vital role in
addressing new demands in the field of environmental
conservation, among others, as a replacement for mercury lamps in bacteria removal and sterilization processes, for example.
Materials Science Outlook 2006

Worldwide, research and development is being vigorously pushed forward in the application of semiconductor devices with high emission efficiencies in the 300 to
350 nm range. Another major emerging research theme
is the exploration and development of devices emitting
light in the deep-UV spectrum under 300 nm.
Light is normally radiated from a semiconductor
when an electron in the conduction band energy level
recombines with an electron hole in the valence band
energy level and releases energy in the form of a photon. The nature of this mechanism means the light energy that can be extracted from a semiconductor cannot
exceed the energy gap (the bandgap) between the conduction band and the valence band in the semiconductor. Consequently, wide-bandgap semiconductors are
employed to obtain high-energy, short-wavelength light.
Table 1 lists the known candidate materials for semiconductors from which UV light at wavelengths below 350
nm can be extracted.
Assuming light is emitted by the recombination of
electrons and holes across the bandgap, critical to the
development of UV emitters is controlling the electrical
conduction in p-type materials, containing the free
holes, and n-type materials, where the free electrons
move about, and composing an applicable junction
interface between the two. Also important is reducing
Table 1 Wide-Bandgap Semiconductors.
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residual defects inside the crystals. Defects cause disturbances that degrade the emission efficiency when the
electrons and holes recombine. Furthermore, materials
are classified by their inherent emission properties,
which are determined by the crystalline structure, into
indirect transition types — which have low emission
efficiencies requiring phonon assistance, and direct transition types — which exhibit high emission efficiencies.
This classification is one guide for the selection of lightemitting materials.
As the table indicates, a limited number of materials
exist that are capable of being used as deep-UV lightemitting elements. Research hunting for breakthroughs
(to control conduction and reduce crystal defects, for
example) that open the way to commercial use of these
materials is an expanding field.

2. Global Trends
Japan is at the forefront of development of blue lightemitting devices, thanks to pioneering research into
GaN semiconductivity by Akasaki et al. and Nakamura
et al.1, 2) Semiconductors with GaN crystals mixed with
InN or AlN have been used to produce blue light emissions. AlN, GaN, and InN, which are used as emitting
materials, all have wurtzite crystal structures, in which
mixed crystals of any composition can be formed readily. Thus, it is possible theoretically to adjust the semiconductor bandgap from AlN’s 6.2 eV to InN’s 0.65 eV
by varying the crystal composition.
Semiconductor light-emitting devices are normally
constructed by depositing the device structure on a predetermined substrate using gas-phase synthesis. Thus,
one key technology in the development of high-quality
light emitters is the development of growth substrates
conducive to gas-phase synthesis.
Most fabrications of UV emitting devices with wavelengths under 350 nm now include a high percentage of
AlN. This has been accompanied by a swing in the main
thrust of research and development from GaN crystal
substrates to AlN crystal substrates. This transition has
not been without problems, as control over p-type electrical conductivity, which was possible in GaN-based
compositions, is proving difficult with the increase in
AlN compositions. Boosting emission efficiencies is
another big issue that emission material research based
on AlN is facing at the present time. Figure 1, compiled
by Amano, gives the external quantum efficiencies at
peak wavelengths of Group III nitride semiconductor
3)
LEDs reported as of September 2004. Although the
selection of the underlying layer (GaN or AlGaN) has
some impact, researchers also attribute the sudden drop
in efficiency in the UV region to the degradation in
crystal quality with the increase of the AlN molar fraction.
Researchers in this field have previously observed
280 nm UV light emissions from a structure with an
AlGaN composite p-type crystalline film doped with
Mg acceptors and deposited on a sapphire/AlN sub206

Fig 1 External quantum effects (maximum values) at the peak
wavelengths of Group III nitride semiconductor LEDs reported as
of September 2004.

strate.4, 5) Two pivotal aspects for improving emission
efficiencies are lowering resistance in the p-type crystal
layer and developing high-quality, high-resistance crystal growth substrates.
Amid this, an NTT research team announced in May
2006 the fabrication of a LED exhibiting 210 nm emissions using a Mg-doped p-type AlN material.6) From the
results of this research group, which has been tackling
the quality of AlN thin films for many years, a p-i-n
structure, where a non-doped AlN intrinsic semiconductor layer is sandwiched between a p-type AlN layer and
a Si-doped n-type layer, is being assembled on a
AlGaN-type electrode layer on a SiC substrate. This
research warrants mention for its shortening of LED
wavelengths, although further efforts are expected to
improve emission efficiency.

3. Domestic Trends
It is difficult normally to establish p-type conduction
in wide-bandgap semiconductors. Appropriate selection
of the acceptor element and its placement in the crystal
are critical. Success with p-type crystalline films has
been the key to GaN blue luminescence, and Japan continues to lead this field. Another effective material being
considered for UV light-emitting devices is ZnO, which
has a bandgap of 3.37 eV. The main constitute element
of ZnO is zinc, which resource-wise can be supplied
more abundantly than Ga or In. The difficulty with ZnO,
like other materials, was the establishment of p-type
semiconductivity. Recently, however, a Tohoku
University group has reported that it synthesized a
favorable p-type ZnO crystal, although the synthesis
required special conditions, and developed a UV lightemitting device based on this crystal.7)
Development is progressing with devices emitting
light at even shorter wavelengths in the deep-UV spectrum. These devices are being developed using AlNGaN-InN types of materials where the AlN composition
is high. Hirayama et al. of Riken have discovered that
adding In to a AlGaN composition to form a four-eleMaterials Science Outlook 2006

ment mixed crystal has the effect of reducing the impact
of defects (threading dislocations) in the light-emitting
device that arise from the increase in the AlN composition. This group fabricated a UV LED with a wavelength around 314 nm using InAlGaN as the emitting
layer and is now evaluating the device’s emission efficiency.8) Additionally, although it is a light excitation
method, Kawanishi et al. of Kohgakuin University have
reported 241.5 nm laser oscillations at room tempera9)
tures with an AlGaN active layer.
As mentioned above, an NTT research team has
reported fabricating an LED with an AlN plain p-i-n
structure and observing emissions at a world-leading
wavelength of 210 nm.6)
Coincidentally, looking closely at the elements in the
periodic table finds boron nitride (BN) as the combination positioned in the highest row of the so-called III-V
group compounds like AlN and GaN mentioned above.
The known BN crystal structures are hexagonal boron
nitride (hBN) and zinc-blende-structured cubic boron
nitride (cBN).10) The former is chemically and thermally
stable and has been used widely for many years as an
insulator and heat-resistant material. The latter features
high-density characteristics and is an exceptionally hard
material second only to diamond. cBN is an indispensable material for tools used to machine iron and other
metal materials. Furthermore, cBN is known to have
wide-bandgap energy that surpass the one of AlN, as
shown in Table 1. Synthesis of p-type and n-type cBN
semiconductor crystals and the synthesis of LEDs using
this p-n junction have been reported.10, 11) The downside
for cBN is ascribed two facts that it is an indirect-transition-type semiconductor and fabrication of high-quality
cBN crystals is difficult. Thus, research and development of cBN light-emitting devices is still at the fundamental stage.
With hBN, on the other hand, there was no significant
research looking specifically at its light-emitting properties since there had been no examples of obtaining highgrade single crystals that could pass muster. More
recently, however, pure hBN single crystals were
obtained with high-pressure methods and it was found
they are direct-transition-type wide-band semiconductors (with a bandgap of 5.97 eV). 12) Thus, from the
standpoint of their light-emitting properties, these crystals appear to have promise as deep-UV device materials. NIMS is spearheading research into BN single crystal synthesis and its optical properties.
On another front, applied research both in Japan and
elsewhere is intrigued by the prospect of using diamond,
which is the hardest of all substances, as a widebandgap semiconductor with a strong covalent bond. It
has been known for some time that p-type semiconductivity can be achieved in diamond with the addition of
boron. The largest drawback for diamond had been
achieving n-type semiconductivity through the addition
of a suitable donor. But with the establishment of n-type
semiconductivity in diamond with P doping13) and the
synthesis of p-n junction elements, NIMS researchers
were able to develop an LED exhibiting emissions at
Materials Science Outlook 2006

235 nm, which is equivalent to the band edge of diamond.14) Additionally, AIST research into p-n junctions
based on this NIMS technology obtained the same outcomes in the {100} surface, which is more versatile for
the device processing.15) Both results saw visible light
emissions (so called band A, around 420 nm of a blueviolet color) arising from crystal defects in addition to
the free exciton luminescence. Thus, researchers are
hoping for further improvements in crystal quality.

4. Current NIMS Research
The synthesis of n-type diamond crystals, mentioned
in the previous section, resulting from NIMS research
and development into deep-UV light-emitting devices,
is regarded as a valuable breakthrough, paving the way
to diamond UV LEDs. NIMS obtained the first diamond
UV LED clearly exhibiting deep-UV luminescence in
2001, by forming a high-quality diamond p-n junction
with a homoepitaxial growth process on a {111} diamond surface.14) The emitted UV light showed a sharp
spectrum with a peak wavelength at 235 nm and was
caused by the recombination of free excitons in the diamond. At present, comparatively high operating voltages of 20 to 30 V are required, but it is expected that
they can be reduced through control of the device structure and doping. Diamond is said to be the ultimate
semiconductor material and, although it is an indirecttransition-type semiconductor, the strength of its bandedge luminescence is far greater than that of other indirect-transition-type semiconductors. There are reports
that the intensity of free exciton luminescence increases
non-linearly as excitons condense in high concentrations,16) which creates the possibility of deep-UV emissions at efficiencies exceeding previous expectations.
New developments are expected in the future, such as
attaining more efficient UV emissions with diamond,
that will extend NIMS’s breakthrough in n-type conductivity.
On another tack, as mentioned above, researchers are
developing new deep-UV light-emitting elements after
the discovery of wide-bandgap semiconductor properties in hBN, which had not previously drawn attention
as a light-emitting element. The pure hBN single crystals obtained by NIMS have been observed to produce
colorless, highly transparent, bright UV emissions
(cathodoluminescence ) exhibiting the definite automorphic hexagonal shape shown in Figure 2. Researchers
obtained 215 nm light emissions from crystals excited
by irradiating an electron beam on a parallel plate hBN
crystal cleaved from layered hBN material. The emissions were found to trigger several phenomena inherent
to laser operation and room-temperature laser oscillations were confirmed.12) The next major stumbling block
is likely controlling the electrical conductivity to realize
better light-emitting efficiencies. Still, it is possible that
combining hBN with a cold-cathode element material,
such as diamond or carbon nanotubes, will lead to the
construction of simple, compact deep-UV light-emitting
207

overcome many problems, not the least of which is controlling its electrical conductivity, and it presents many
unknowns. Nevertheless, hBN research is still in the
starting blocks, as there is virtually no past research into
hBN as a light-emitting element. Having said that, hBN
shows a latent potential for greater development in the
future.

6. Conclusion
In this chapter, we presented some R&D trends in
deep-UV light-emitting device materials. While development of bright light-emitting devices in the 200 nm
wavelength range is an unexplored area, if reached, the
knock-on effects would be substantial (for information
storage, environmental conservation, medical applications, and so on). This is obviously a challenging, attractive, and worthwhile research field.
Fig. 2 CL spectrum from a single hexagonal boron nitride crystal.

devices with wavelengths in the vicinity of 215 nm at
present time.
On a third front, NIMS, in its endeavors to apply
ZnO as a UV light-emitting element, is examining the
effects of adding hydrogen in the form of hydrogen
plasma and has observed increases in exciton emission
efficiency caused by the deactivation of defects resident
in the ZnO crystal.17) NIMS is also pursuing an approach
using a wet-chemical process to pattern the ZnO crystal
grains.18)

5. Future Research Trends
The second largest trend in current research around
the world, after synthesis of GaN p-type crystals, is
probably the development of UV light-emitting devices
based on AlN-GaN mixed crystals. Two main research
themes in this area are shortening the emission wavelength and increasing the emission efficiency. Beyond
this, a crucial research topic likely to surface is the
exploration and realization of shallower acceptor levels,
since control of p-type semiconductivity in AlN is a
chief prerequisite to obtaining the shortest possible
wavelength emissions.
Aside from these materials is hBN, a substance with
a long history as an insulating material that offers a
wide range of synthesis options, such as gas-phase deposition and solvent methods, due to its extreme chemical stability. hBN possesses intriguing optical properties, such as a quasi two-dimensional crystal structure
arising from its layered structure and an exciton binding
energy of 140 meV, for highly efficient light-emitting
devices at room temperatures or higher. The potential of
BN — along with diamond, where a breakthrough in ntype crystal synthesis has been made — may well spark
a new line of deep-UV light-emitting device inquiry
separate from the current AlN-GaN materials. Of
course, hBN as a deep-UV luminescence material must
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2. Nano-Structured Ceramic Light-Source Devices and Materials

2.2. Oxide Materials for Optoelectronics
Naoki Ohashi
Optronic Materials Center, NIMS
1. Introduction
The market penetration of flat panel displays (FPDs),
led by liquid-crystal display (LCD) panels, is accelerating. Essential to FPDs and other devices based on the
perception of image displays or visible light is a material known as a “transparent conductor.” Put simply, a
transparent conductor is a conductive material that is
transparent to the human eye.
From a physics standpoint, “transparent” corresponds
to a direct-gap semiconductor with a bandgap of 3.3 eV
or larger. Thus, a transparent body is a material that
does not absorb even the shortest wavelengths of light
(λ = 380 nm) visible to humans. For example, a borderline transparent material, such as rutile-type titanium
oxide crystal, with a bandgap of 3.2 eV, is yellowishwhite because the crystal absorbs light in the blue (violet) spectrum. The complication is that transparent materials tend to be insulators rather than conductors.
Metals, on the other hand, do exhibit good electrical
conductivity but are opaque, having what is commonly
called a metallic luster.a) In this sense, there is something
contradictory about transparent conductors in that they
conduct electricity while remaining transparent. It is
possible, however, to obtain both transparency and conductivity in a material, and thus realize a transparent
conductor, by introducing an extremely shallow donor
level in a material with a wide bandgap in excess of 3.3
eV.
The use of transparent conductors makes it possible
to route electrical signals without obstructing the passage of light. A common transparent conductor is indium-tin oxide (ITO). Semiconductors, such as those used
for transparent conductors, having comparatively wide
bandgaps are known as wide-gap semiconductors.
Gallium nitride is one of most well known wide-gap
semiconductors. Wide-gap semiconductors have
become the subject of much attention in the last few
years because of the prosperity of the FPD industry as
well as the success of the gallium-nitride series of lightemitting diodes (LEDs).1)
There are many transition metal oxides, that,
although not transparent, are good conductors and are
well known for high-temperature superconductivity2)
and the giant magnetoresistance effect.3) Because it is
impossible to describe all these oxides here, I will limit
a

my discussion to oxide materials for optoelectronics,
where transparency and luminescence properties have a
role, focusing in particular on wide-gap semiconductors.

2. Current Research Trends
2.1 N-type Transparent Conductors
Transparent conductors, or wide-gap semiconductors,
can be divided into n-types and p-types. ITO and zinc
oxide are some common materials used for n-type semiconductors, in which electrons are the primary charge
carriers. Thin films of these materials, formed by methods such as physical vapor deposition, serve in FPDs
and many other applications. Low electrical resistivities
of order 10-4 Ωcm have been attained,4) but these transparent conductor applications require more than just
boosting electron concentrations for conductivity gains.
Increased electron concentrations cause the appearance
of metallic characteristics and the reflection of light in
the infrared region. For this reason, thin-film transparent
conductors infused with high concentrations of electrons
can be employed in heat-reflecting glass, as shown in
Figure 1. But as more excess electrons are injected into
a conductor, it will begin to reflect the red portion of
visible light in addition to infrared light. Therefore, the
concentration of injected electrons must be limited to
attain electrodes that are transparent throughout the
entire visible light spectrum.
Transparent electrodes for FPD applications, however, require more properties than just transparency and

Fig. 1 The world of oxide electronics.

Since metals too, if made extremely thin, can pass light, ultrathin-film metals are sometimes used as transparent electrodes.
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conductivity. Uniformity and flatness over a large area
are two. Thus, many ongoing research and development
projects are looking at structural controls to improve
surface flatness in transparent electrode thin films in
addition to achieving better conductivity and transparency.
One area in particular that has gained a lot of interest
recently is growing transparent conductive films on
organic resins. 5) Transparent conductors that can be
deposited on organic materials and the process of such
deposition have become a hot topic around the globe.
This research is indispensable to the study of such applications as flexible FPDs for electronic paper. Several
possibilities have been proposed so far including amorphous zinc-indium oxides.6)
Another research trend concerns alternatives to ITO.
Imbalances between the supply and demand of indium
are being exposed, which impact n-type transparent conductors significantly.7) Due to indium production limitations and increasing demand, some observers are beginning to forecast indium shortages. Indium is not only
necessary for ITO in transparent conductors; it is also a
raw material for gallium-nitride blue LEDs. Japan occupies a large portion of the global consumption of indium
precisely because it deploys hit products such as liquidcrystal displays and blue diodes. In this sense, there is a
high level of consciousness toward ITO substitute materials in Japan. Not to be outdone, European countries
and newly industrialized countries are also aggressively
pursuing ITO substitute materials in hopes of gaining
technical and marketing advantages.
2.2 Transparent Thin-film Conductors
Researchers are beginning to study the application of
transparent conductors, which to this point have been
used simply as good electrical conductors, as materials
for transparent electronic devices.8) One objective of this
research is to replace the current FPD thin-film transistors (TFTs), which are composed of amorphous silicon
or polycrystalline silicon, with transparent oxide TFTs.
At present, light-blocking metal masks, as shown in
Figure 2, are employed in LCDs to avoid light-instigated malfunctions in silicon-based TFTs. Unfortunately,
these masks effectively limit the area of the display
through which light can pass. But if the TFTs were
transparent, more efficient, higher resolving displays
could be realized because light could pass through the
TFTs that drive the liquid crystals. The fabrication of
transparent oxide TFTs on flexible substrates made from
organic materials is also drawing interest.6)
2.3 P-type Transparent Conductors
In contrast to n-type transparent semiconductors,
which are relatively easy to produce, there are few conductive materials that demonstrate p-type transport
through hole injection and are transparent. Materials
gaining attention at the present time are strontium, copper oxide, and other oxides containing copper with a
unit formal charge.9) All of these p-type oxides are materials developed first in Japan. Examinations of these
210

Fig. 2 Transparent transistor.

materials exhibiting p-type conductivity are underway
in various centers around the world. Many countries are
also attempting to obtain p-type semiconductors by
injecting holes in oxides, such as zinc oxide, that are
known to be n-type materials.10)
2.4 P-n Junction Oxides
As mentioned earlier, reports have appeared recently
of LEDs using p-type oxides such as SrCu2O2.11) In addition, investigations of p-n junctions using transparent
oxide conductors have started. Since fabricating transparent semiconductors with good p-type conductivity
from oxides is difficult, researchers are turning their
attention to p-n heterojunctions using p-type nitride
semiconductors and n-type ZnO.12)

3. Future Research Trends
Nanotechnology advancement has been suggested as
one factor having a strong influence on future progress
in oxide materials for optoelectronics. The word “electronics” conjures up materials and structures that are
synthesized via vacuum processes. But with developments in the chemical synthesis of nanomaterials and
nanostructures using wet processes, researchers are eyeing the potential new functions produced from bottomup fabrication processes rather than vacuum-based topdown processes.13) The advancement of oxide electronics
and the progress of the theory of oxides can be said to
be two halves of the same whole. There has been much
activity in theoretical14) and experimental15) investigations of the electrical properties of oxides, and we are
getting a clearer picture of the essential characteristics
Materials Science Outlook 2006

of oxides.

4. Conclusion
The pace of oxide research will inevitably increase
quickly from this point forward. Demand is rising for
further oxide developments as materials for information
display media for the forthcoming era of ubiquitous
information society, as materials for the environmental
and energy sectors in such applications as solar-cell panels, and as a replacement strategy for indium. At the
same time, there are many other effective functions for
oxides — such as piezoelectric characteristics, sensor
characteristics, and magnetic characteristics — beyond
the conductivity functions I have focused on here. Thus,
there are expectations for more novel applications of
oxides brought about by the amalgamation of these
functions with their transparent and conductive properties and transistor properties.

References
1) S. Nakamura, M. Senoh, N. Iwasa, S. Nagahama, T. Yamada,
and T. Mukai: Jpn. J. Appl. Phys. 34 (1995) L1332.
2) J. G. Bednorz and K. A. Muller: Z. Physik B 64 (1986) 189193.
3) S. Jin, T. H. Tiefel, M. Mccormack, R. A. Fastnacht, R.
Ramesh and L. H. Chen: Science 264 (1994) 413.
4) T. Mimami: MRS Bull. 25 (2000) 38.
5) M. I. Ridge, M. Stenlake, R. P. Howson and C. A. Bishop:
Thin Solid Films 80 (1981) 31.
6) K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano and
H. Hosono: Nature 432 (2004) 488.
7) K. Nakajima: Ceramics (Bull. Ceram. Soc. Jpn.) 37 (2002)
675. [in Japanese]
8) G. Thomas: Nature 389 (1997) 907.
9) H. Kawazoe, M. Yasukawa, H. Hyodo, M. Kurita, H. Yanagi
and H. Hosono: Nature 389 (1997) 939.
10) A. Tsukazaki, A. Ohtomo, T. Onuma, M. Ohtani, T. Makino,
M. Sumiya, K. Ohtani, S. F. Chichibu, S. Fuke, Y. Segawa,
H. Ohno, H. Koinuma and M. Kawasaki: Nature Materials 4
(2005) 42.
11) H. Ohta, K. Kawamura, M. Orita, M. Hirano, N. Sarukura
and H. Hosono: Appl. Phys. Lett. 77 (2000) 475.
12) A. Osinsky, J. W. Dong, M. Z. Kauser, B. Hertog, A. M.
Dabiran, P. P. Chow, S. J. Pearton, O. Lopatiuk and L.
Chernyak: Appl. Phys. Lett. 85 (2004) 4272.
13) N. Saito, H. Haneda, T. Sekiguchi, N. Ohashi, I. Sakaguchi
and K. Koumoto: Adv. Mater. 14 (2002) 418.
14) C. G. Van de Walle : Phys. Rev. Lett. 85 (2000) 1012.
15) N. Ohashi, T. Ishigaki, N. Okada, T. Sekiguchi, I. Sakaguchi
and H. Haneda: Appl. Phys. Lett. 80 (2002) 2869.

Materials Science Outlook 2006

211

2. Nano-Structured Ceramic Light-Source Devices and Materials

2.3. Wide-Range Frequency Conversion Device Materials
Sunao Kurimura and Kenji Kitamura
Optronic Materials Center, NIMS
1. Introduction
Quasi-phase-matched (QPM) frequency conversion
devices using nonlinear optics are widely recognized as
small, efficient devices that generate light at a desired
wavelength from a fixed-wavelength laser source.
Because of their inherent versatility, QPM frequency
conversion devices hold promise as ideal sources in a
great number of fields, including instruments for environment measurements (gas and particle monitoring)
using mid-infrared light; optical communication using
near-infrared light; information appliances and biological-measuring instruments using visible light; and ophthalmologic procedures and miniature-scale lithography
using ultraviolet (UV) light. This section describes the
principles of QPM frequency conversion devices and
give the current state of their development.
At high frequencies like light, material characteristics
are determined by the response of electrons, since the
movement of ions within the material cannot track the
electric field of the incident light. At these frequencies,
then, when the incident field is weak, the electron polarization P oscillated by the electric field E(ω) of the incident light can be represented by the following linear
relationship:
P = ε0χ(1)E

(1)

In this equation, ε0 is the dielectric constant in vacuum and χ(1) is the first-order electric susceptibility of the
material. As the field intensity of the incident light
increases, however, the nonlinear component of the
polarization can no longer be ignored. In this case, P
including the nonlinear electron polarization is
expressed as follows:
P = ε0χ(1)E + ε0χ(2) EE + ε0χ(3) EEE + …

(2)

The second and subsequent right-hand terms in this formula produce nonlinear oscillations leading to phenomena that differ qualitatively from linear optics and
makes it possible to convert light frequencies. Several
nonlinear optical effects arising from these terms
include second harmonic generation (SHG), sum-frequency generation, and difference-frequency generation.
Periodically poled frequency conversion devices
(Figure 1) feature dramatically improved frequency conversion efficiencies. Periodic poling refers to the rever212

sal of polarization within a material, which in turn
reverses the sign of the nonlinear optical coefficient, d,
originating from χ(2). Ferroelectrics are usually selected
for the device material because their χ(2) susceptibility
tends to be large due to the large asymmetry of the electron potential. Regions in a ferroelectric having the
same spontaneous polarization are called domains, but
since the spontaneous polarizations are antiparallel
between domains, the domains have no effect on normal
linear optical characteristics. Inverting the spontaneous
polarization, however, changes the sign of the secondorder nonlinear optical coefficient, d, since the coefficient is a tensor of the third rank. Thus, if the spontaneous polarization is reversed spatially, the sign of the
coefficient (± d) between domains can be reversed. A
frequency conversion device employing this periodic
poling is called a quasi-phase-matching (QPM) frequency conversion device. Although the spontaneous polarization in lithium niobate (LiNbO3: LN) or lithium tantalite (LiTaO3: LT) is reversed periodically in space with
an electrode pattern using lithography, transparent
regions in the material can be used because it is possible
to tailor the phase-matched wavelength with pattern
periodicity.1) The principle of QPM is described below.
Consider the situation where SHG occurs with one
incident light wave (the fundamental wave) and one output light wave (the second harmonic (SH) wave). The
speeds of the fundamental wave and the SH wave do not
match in normal materials because of wavelength dispersion caused by the refractive indexes. This means
that the combined SH wave intensity within the crystal
varies periodically with the propagation distance. But if
d — that is, the spontaneous polarization, P s — is
reversed each construction length, lc, within a nonlinear
crystal (a QPM period of Λ = 2lc), the amplitude of the
second harmonic becomes significantly larger (Figure
2). The QPM period, Λ, is determined by the refractive
index of the fundamental wave, nF, and the refractive
index of the SH wave, nSH, and can be calculated with
the formula Λ = 2lc = λF/2(nSH-nF). In frequency conver-

Fig. 1 A periodically poled frequency conversion device.
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Fig. 2 Principle of quasi-phase-matching frequency conversion.

sions, such as optical parametric oscillations (OPO),
that generate long wavelengths, tunable-wavelength
sources can be realized since the generated wavelength
can be selected with the QPM period.

2. Global Trends
2.1 Mid-infrared Frequency Conversion Materials and
Devices
Frequency-conversion with periodically poled structures has been acknowledged for its efficiency because
the method utilizes the largest nonlinear coefficient2)
among inorganic materials: d33 of LN. For many years,
LN and LT were dubbed “frozen ferroelectrics” because
periodic polling at room temperatures with these materials was impossible. A breakthrough came in 1992 when
it was reported that ferroelectric polarization reversal
was possible with high external electric-field magnitudes (approximately 21 kV/mm). 3, 4) Unfortunately,
device thicknesses are generally limited to between 0.5
and 1.0 mm because of the high electric-field magnitude, and the photorefractive damage caused by the
laser convergence restricts the output power. To avoid
this optical damage, high-power frequency conversion
requires large apertures. For more than 10 years,
researchers have been searching for low-coercive-field
materials (where a low electric field can be used for
periodic polling) to fabricate frequency conversion
devices.
Tel Aviv University (Israel) and the Royal Institute of
Technology (Sweden), among others, have been at the
forefront of forming devices from the potassium titanyl
phosphate (KTP) crystal series, which has low coercive
fields. This research, however, continues to face an
uphill battle and long-planar devices have yet to be realized due to problems with uniformity and reproducibility of crystal quality.
Researchers at Tel Aviv University are attempting to
fabricate a device with a 4 mm substrate by moving to
undoped stoichiometric lithium tantalite (SLT) developed by NIMS. As Mg doping is needed to suppress
photorefractive damage, large-diameter devices have
not been obtained with Mg:SLT.5)
Materials Science Outlook 2006

2.2 Visible-light Frequency Conversion Materials and
Devices
Research has concentrated on fabricating Mg:CLN or
Mg:SLT frequency conversion devices that generate
green light and pure blue light, neither of which can be
obtained from semiconductor lasers. In 2004, a Stanford
University (U.S.) research team fabricated a green lightemitting device with a QPM period of 8 mm using
undoped SLT. An output of 5 W was obtained from a 1
mm device. 6) Later, at the end of 2004, an Imperial
College team obtained an output of 7 W from a Mg:SLT
device.7)
2.3 UV Frequency Conversion Materials and Devices
The absorption edges of ferroelectrics, which range
from 265 to 350 nm, make it difficult to achieve stable
frequency conversion with QPM devices in the UV
spectrum under 380 nm. A device was fabricated from
congruent lithium tantalite (CLT) in 1997 that generated
UV light at 325 nm, but optical damage occurred and
the operating temperature was limited to high-temperature regions.8) Another CLT device generating 355-nm
UV light was reported in 2002, but its stability has been
9)
questioned.

3. Domestic Trends
3.1 Mid-infrared Frequency Conversion Materials and
Devices
It was discovered in 1996 that the coercive field of
Mg:CLN was around five times lower than that of conventional CLN (21 kV/mm).10) Researchers have reported frequency conversion devices based on thick
Mg:CLN substrates since 2003. Mg:CLN substrates
ranging from 3 to 5 mm have been used as mid-infrared
devices,11, 12) but it has proven difficult to control the
domain penetration in Mg:CLN and effective apertures
in which frequency conversion efficiencies of 90% are
maintained have been limited to less than 1 mm.
A Tohoku University team reported a device using a
2 mm substrate with undoped SLT in 2000.13) This finding was recognized as cutting-edge research, although
the effective aperture and other details were not studied.
213

3.2 Visible-light Frequency Conversion Materials and
Devices
Most institutions in Japan have been experimenting
with Mg:CLN to generate visible light. A Matsushita
Electric research group attained an output of 3 W from a
6.8 µm Mg:CLN device in 2005.14) Stable operation at
output powers over 3 W, however, was problematic as
thermal instabilities appeared.
3.3 UV Frequency Conversion Materials and Devices
Wavelengths at 340 nm have been generated from a
1.4 µm Mg:CLN device.15) However, output instabilities
and degradation of the beam quality due to optical damage were observed and research has been discontinued
at present.
3.4 State of NIMS Research
NIMS researchers discovered in 1998 that the coercive field of Mg:SLT was 13 times lower (1.7
kV/mm).16) Devices between 2 and 3 mm thick were fabricated for mid-infrared spectrum generation (Figure
3).17) Figure 4 presents the efficiency distribution measurements after scanning the incident face of the device
with a beam. An effective aperture of 1.4 × 1.4 mm2 was
attained with this material — a larger aperture than that
from 5 mm Mg:CLN crystals. Researchers also created
a tunable-wavelength source using a mid-infrared frequency conversion device based on optical parametric
oscillation. The source was capable of generating wavelengths in the 1.510–1.850 µm and 2.504–3.620 µm
ranges, which encompass the absorption lines of
methane and carbon dioxide. Figure 5 indicates the variation in wavelengths in the mid-infrared spectrum that
are important in practical applications. The results
demonstrate that variations in excess of 1,100 nm are
achievable by varying the device’s QPM period and
temperature.18, 19)
The usefulness of Mg:SLT frequency conversion
devices has been demonstrated in the green-light spectrum as well. NIMS researchers produced a green-light
generating device from Mg-doped SLT with an 8 µm

Fig. 4 Efficiency distribution in an Mg:SLT frequency conversion
device (in the incident face).

Fig. 5 Wavelength tunability in an Mg:SLT mid-infrared frequency conversion source.

Fig. 6 High-power green-light generation from an Mg:SLT frequency conversion device.

Fig. 3 Cross-sectional view of the domains in a 2 mm Mg:SLT
frequency conversion device.
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QPM period in 2004. An output of 4.4 W was reported
from a 1 mm thick device (Figure 6). The device exhibited a high degree of temperature stability and no optical
20)
damage was observed even at room temperatures.
Simulations also indicate that SLT, which has high thermal conductivity, is advantageous when it comes to generating stable, high output powers.21) Thus, this device
has good prospects as a miniature light source for laser
displays and other applications.
In the UV spectrum, crystal-quartz-substrate frequency conversion devices, with absorption edge of 150 nm,
Materials Science Outlook 2006

Fig. 7 Periodic twinned structure in a crystal and its frequency conversion generating UV light at 350 nm.

have been proposed, creating expectations for QPM
devices generating UV light below 380 nm. Researchers
have been successful in achieving frequency conversions generating 350 nm UV light with a 42 µm device
(Figure 7).22)

ed. To obtain shorter wavelengths, it is important to
shorten the period of twinning, which corresponds to the
QPM period. This requires very precise control over
twinning. Realization of precision periodic-twinning
control technology will raise prospects for frequency
conversions generating UV light in the range of 200 nm.

4. Future Research Trends
5. Conclusion
4.1 Mid-infrared Frequency Conversion Materials and
Devices
Using Mg:SLT, researchers have been able to achieve
an effective aperture of approximately 1.4 × 1.4 mm2,
with which an actual frequency conversion efficiency of
90% was obtained, after closely studying domain penetration conditions. Achieving a large effective aperture
with a thin substrate is desirable from the standpoint of
radiation characteristics. Therefore, many believe
Mg:SLT will likely exhibit favorable characteristics at
high output powers. Mg:SLT research is expected to
grow from this point on because its high thermal conductivity, compared with other materials, makes it suitable for high-power outputs both as a material and as a
device.
4.2 Visible-light Frequency Conversion Materials and
Devices
Frequency conversion devices using Mg:SLT have
several advantageous characteristics, such as excellent
thermal dissipation, that makes them well suited for
operation in the visible-light spectrum. It is thought that
Mg:SLT will take a central role in high-power output
devices, while low-power outputs will be consigned to
Mg:CLN and Mg:SLN devices. A future issue for materials is the suppression of infrared absorption (nonlinear
absorption) during high-power green-light generation. If
infrared absorption can be reduced successfully, higher
output powers can be expected.
4.3 UV Frequency Conversion Materials and Devices
At the present time, the only transparent QPM frequency conversion devices that operate in the deep-UV
spectrum have been fabricated from quartz. There are
strong expectations for higher output powers because
the crystals’ tolerance to UV light has been demonstratMaterials Science Outlook 2006

In this section, we have sought to provide an overview
of the progress of periodically poled frequency conversion materials and devices as well as a discussion of
their future prospects. Mg:SLT, a material developed by
NIMS, is the leading candidate for solid-state tunablewavelength sources, and researchers are actively pursuing Mg:SLT device fabrication. Commercial-grade characteristics have been attained from the material at midinfrared wavelengths. SWING, a venture enterprise started by NIMS, has already begun direct sales of frequency
conversion devices to strong public demand.
In the UV spectrum, a possibility for a breakthrough
in UV frequency conversion devices lies with quartz frequency conversion devices, which are reliant on twinning technologies. There are hopes that these devices
can also be applied as high-power frequency conversion
devices in the visible-light spectrum due to their considerable tolerance to optical damage.
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2. Nano-Structured Ceramic Light-Source Devices and Materials

2.4. Diffractive Optical Devices and Materials with
Periodic Nanoparticle Structures
Tsutomu Sawada
Optronic Materials Center, NIMS
1. Introduction
Generally speaking, bodies with structural periodicity
on the order of light wavelengths are characterized by
strong reflections of light at specific wavelengths comparable to the structure’s period. The direction of the
reflections depends on the wavelength, and the light is
split into its constitute wavelength components, just like
a prism. This phenomenon is called diffraction of light,
and the periodic structure is called a diffraction grating.
One of the simplest diffraction-grating configurations
consists of straight, equally spaced grooves formed on a
plane material surface. Diffraction gratings like these
have been used for many years as dispersion elements in
spectrometers. Therefore, when people hear of diffractive optical devices, the first thing that usually comes to
mind is these diffraction gratings.
But if we can successfully align minute particles with
identical diameters periodically with intervals in the
vicinity of light wavelengths, these structures too will
exhibit light diffraction effects. There are actually a
variety of possible structures that can be said to have
periodic alignments. For example, the particles may be
aligned equally spaced in a straight line, they may be
periodically arranged in two dimensions on a level
plane, or they may be periodically arranged in three
dimensions. There are also different ways of aligning
the particles. Regardless of the actual approach, it
should be easy to imagine that the light diffraction phenomena from these types of periodic structures exhibit
modalities that are incomparably more complex than
those of the straight-grooved diffractive gratings
described above. Accordingly, we can envision all sorts
of functions arising from these structures and anticipate
novel applications for them as optical devices.
Since light wavelengths are in the range of hundreds
of nanometers, the size of the minute particles making
up the diffractive optical devices must be smaller than
this. This means we must deal with periodic structures
formed from particles with nanoscale dimensions (from
tens to hundreds of nanometers). Naturally, the major
challenges for material development are how to align
these microscopic particles periodically and how to
transform the structures into a usable material. Before
we reach this stage, however, we must research the fundamental problems such as what are the light diffraction
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properties of periodic nanoparticle structures and how
can these properties be applied. What has become evident in recent years is that structures with periods on the
order of light wavelengths — and this includes periodic
nanoparticle structures — can take on surprisingly peculiar optical characteristics that transcend the characteristics predicted from classical optical diffraction theory.
Because of their unique properties, these periodic structures, which are now called photonic crystals, have
become the focus of much interest from researchers
around the world.
In this article, I will provide an overview of research
directions in periodic nanoparticle arrays, including
research that is hoping to apply these arrays as photonic
crystals in new optical devices as well as investigations
that are making use of their classical diffraction phenomena.

2. Global Trends
2.1 Historical Background
The chemistry field has long known about colloidal
crystals,1) which are periodic arrays of nanoparticles.
Colloidal suspension occurs when tiny particles (the
colloidal particles) with uniform diameters are dispersed
in a solution such as water and then, under certain conditions, spontaneously take on a periodic array state
resembling a crystalline structure. The known threedimensional crystal array structures are face-centered
cubic structures and body-centered cubic structures.
Initially, research in this area was conducted purely out
of scientific interest, but today researchers are examining applications, such as band-stop filters with narrow
stopbands, that take advantage of the colloidal crystals’
2)
light diffraction properties. Moreover, new research is
attempting to develop chemical sensors using materials
where particle array structures are immobilized in a
polymer gel.
In the physics realm, on the other hand, Japan’s
Ohtaka3) in 1979 was the first to point out that the state
of light in a periodic array of minute particles, instead of
being simply a classical diffraction mechanism, could
take a band structure, exactly like electrons in a semiconductor crystal. The specific example that Ohtaka
gave was a colloidal crystal composed of polystyrene
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particles. Later, in 1987, the American Yablonovitch4)
5)
and the Canadian John demonstrated that a forbidden
band (the photonic bandgap), where no light energy is
allowed, could be formed in this type of periodic structure. This was the departure point for the concept we
now call photonic crystals.6) In a photonic crystal where
the bandgap is formed in all orientations in the crystal,
light at frequencies corresponding to this bandgap cannot exist. Instead, this light is trapped within the crystal’s defect structure and cannot exit the crystal.
Exploiting this characteristic could, for instance, lead to
the realization of microscopic lasers with extremely low
thresholds.
Thus, applied research into colloidal crystals initially
progressed independent of any understanding of photonic crystals. But with the spread of the photonic crystal
concept, researchers became aware that colloidal crystals not only exhibited classical diffraction effects; they
can also take on new characteristics as photonic crystals. Once this viewpoint was established, research grew
rapidly, bringing us to today. I should note that photonic
crystals themselves do not necessarily have to be periodic structures of nanoparticles; ordinarily, a periodic
structure of a material with high dielectric contrast is
sufficient to form a photonic crystal. In fact, within the
overall scope of photonic crystal research, the majority
of periodic structures are manufactured through the
application of semiconductor microfabrication techniques rather than with nanoparticles. Still, the major
advantage for colloidal crystals formed by the selfassembly of nanoparticles is the expectation that they
can be produced cheaply through material processes.
2.2 Recent Trends
The meaning of colloidal crystal has expanded over
time. Originally, the term referred to the periodic array
state of particles that had dispersed into a contact-less
state within a liquid. With the surge of research into
photonic crystals, however, this meaning has evolved to
include the state of particles in contact that have dried
and their solvent evaporated (in other words, artificial
opals). (This broader sense of colloidal crystals is nearly
synonymous with periodic nanoparticle structures.)

Since the two meanings differ substantially in terms of
fabrication techniques and properties, there is much
debate over splitting the definition into non-contact
types and contact types. I will respect this differentiation
in my overview of recent trends (Figure 1).
From the standpoint of photonic crystal properties,
face-centered-cubic colloidal crystals, in almost all
cases, are ill suited for applications using the presence
of complete bandgaps (the frequency band where light
cannot exist) since we know that face-centered-cubic
particle structures do not have a complete photonic
bandgap state. On the other hand, theoretical calculations show that complete bandgaps can appear in
inverse structures of contact-type colloidal crystals (that
is, a structure in which the colloidal particles are
removed and the spaces between particles are filled with
another material). Many researchers are attempting to
manufacture contact-type colloidal crystals as templates
for creating these structures in the real world. Some of
the more promising fabrication methods include
immersing a substrate into a container of particle-dispersed liquid and affixing the particles on the substrate
while controlling the drying rate (Colvin et al.7)), perpendicularly withdrawing a substrate that has been
immersed in a dispersed liquid (Gu et al.8)), and concentrating particles within a thin container (Xia et al.9)). All
of these methods produce thin-film dried crystallized
films of comparatively broad dimensions. The big problem these methods face is the inability to avoid the formation of cracks during the drying process. But since
the final objective is to obtain complete bandgap characteristics by inverting the structures, it is not imperative
to manufacture large single-crystal organizations as long
as a single crystal structure with a layer of tens of particles can be obtained.
Another substantial area of research is not interested
in the inherent properties of photonic crystals but
instead is attempting to develop optical sensors that
employ tinting using classical light diffraction properties (called structural color).10) These sensors work by
first immobilizing a periodic array structure of particles
with a polymer gel. When various physical or chemical
stimuli alter the swelling of the polymer gel, the gel

Fig. 1 Research trends in diffractive optical devices and materials with periodic nanoparticle structures.
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deformations are converted into alteration of the particle
periodicity, which are then detected by the sensor optically as shifts in the diffracted wavelength. If we use a
temperature-sensitive polymer gel as the immobilizing
gel, for example, the gel’s swelling volume will change
with changes in temperature. This movement varies the
distance between the immobilized particles within the
gel and thus changes the diffracted wavelength. Because
we can know temperature changes quantitatively by
measuring the diffracted wavelength of the gel, the
mechanism effectively works as an optical-based temperature sensor. Other physical chemical quantities that
can be detected in this way include mechanical stresses
and concentrations of specific chemical substances.

3. Domestic Trends
3.1 Non-contact-type Colloidal Crystals
Research in Japan is closely tied to traditional academic studies of colloidal crystals. Stemming from this
tradition is a branch of research hoping to fabricate diffractive optical device materials from non-contact-type
colloidal crystals. Much of this research is unique in the
world. Yamanaka et al.11) are examining crystal-growth
techniques for the fabrication of colloidal crystal elements using non-contact-type crystal types with
extremely low particle concentrations. Using crystals
with low particle concentrations creates materials, after
being immobilized with polymer gels, with large tolerance ranges for stress deformations and exceptional tunability. Moreover, three-dimensional bulk single crystals
can potentially be formed with this crystal series.
Although I mentioned above that large-scale single crystals were not needed for realizing complete bandgap
characteristics, large-scale crystals are significant to
devices that use propagation characteristics derived
from the photonic crystal’s inherent band structure
because the propagation effects are integrated over the
optical path length. Japan Aerospace Exploration
Agency (JAXA) is developing a project aiming to fabricate large colloidal crystals on the international space
station.12) Non-contact-type colloidal crystals are very
sensitive to deformations caused by gravity because
they have extremely low rigidity. Thus, working in a
zero-gravity environment is beneficial to the fabrication
of large single crystals. Future Japan-specific developments are expected in this area. Ishikawa et al.13) have
also carried out basic research into colloidal crystals
using zero-gravity environments. With projects like
these, Japan remains at the forefront of this field.
3.2 Contact-type Colloidal Crystals
Research is also very active in the area of contacttype colloidal crystals. Nagayama et al.14) have discovered a new mechanism arraying particles. This new
mechanism arises when liquid-dispersed colloidal particles, driven by the flow of the liquid as the solvent
evaporates, gather and then accumulate via the attractive
force caused by the surface tension of the solvent
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between the particles. This finding provided the groundwork for later fabrication methods used around the
world based on the drying of non-contact-type colloidal
crystals. Initially, this mechanism was studied as a
method to form a two-dimensional array with a single
particle layer, but this research has now advanced into
fabrication of multiple particle layers.
Another example of novel Japanese research is the
work done by Takeoka et al.15) This group originated a
technique whereby a concentrated colloidal solution
undergoes thermal drying to prepare silica colloidal
crystals that exhibit a monochromatic structural color.
The colloidal crystals are immobilized with a polymer
gel after which the particles are removed to form an
inverse structure composed of the polymer gel. While
this structure is intended to be used as a chemical sensor
like that mentioned earlier, its inverse structure means
that liquids under test can easily permeate the gel and it
also means that the gel — which normally cannot be
compressed when particles are present because of the
contact among the particles — becomes compressible.
Other researchers are attempting to control the phenomenon of colloidal system crystallization through gravitational sedimentation of colloidal particles. Deeper
research involving comparative studies with computer
simulations is also ongoing.16)
3.3 State of NIMS Research
Research at NIMS is looking at both non-contacttype and contact-type colloidal crystals from the standpoint of periodic nanoparticle structures. The approach
NIMS is taking, however, is different from that at other
institutions. For example, with non-contact-type crystals, NIMS does not employ the usual crystal-growth
techniques (methods whereby the crystalline phase is
grown from an random state). Instead, an easy-to-fabricate precursor polycrystal state is produced that is then
rearranged into single crystals in a short time span (on
the order of seconds) through the incidence of a dynamic flow.17) This method produces film-like colloidal crystals with superb single-crystal characteristics with areas
on the order of square centimeters. This colloidal crystal
film, once immobilized with a hydrophilic polymer gel,
functions as a self-sustaining sheet material.
Turning to contact-type colloidal crystals, NIMS
researchers have successfully synthesized a sheet material immobilized with a hydrophobic elastic gel that has
a monochromatic structural color.18) This sheet material
can be used in dry conditions without a solvent and is
expected to be applied in sensors that detect distortions
optically.
NIMS is also a partner in the previously mentioned
large colloidal crystal fabrication project on the international space station, which is making use of the potential
of colloidal crystal research to date.

4. Future Research Trends
In this section, I’ll attempt to sketch the future
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research trends from the viewpoint of what functions
and applications we can expect from diffractive optical
devices and materials formed with periodic nanoparticle
structures. To start with, as it has been, the largest
researcher population is likely to focus on finding templates for fabricating inverse structures with complete
bandgaps. This theme’s popularity stems from its high
visibility around the world and the competitive nature
among researchers to be number one. I also sense the
psychological barrier to entering this field is comparatively low because it is rather easy to construct small
regions of dry colloidal crystals.
Another field likely to see progress is research that
employs abnormal optical characteristics in partial
bandgaps or at frequencies outside bandgaps (pass
bands). This prediction is based on the fact that material
development has made a certain amount of progress
already and has consequently enabled research into specific properties not just at the theoretical level but also
in actual materials.
As seen in the past course of commercialization of
semiconductors and oxide crystals, the appearance of
large single crystals or high-quality materials will probably trigger a huge amount of research looking for
breakthroughs in material developments with an eye to
practical applications. I believe this is a field of excellence for Japan. I stated that, globally, most research
aiming to exploit photonic crystal characteristics is
focused on contact-type colloidal crystals. Japan, however, has a unique tradition of non-contact-type colloidal
crystal research, which continues to be quite active. This
is one distinction of Japanese research.
One large existing research area is sensor applications using structural color. Researchers are also contemplating the use of structural colors for colored material applications. Since control of diffractive characteristics for this type of structural color application is not
overly problematic, I expect industrial uses will arrive
fairly soon as long as the application targets (detection
targets and coloring targets) have sufficient practical
value.
There is a lot of room for future expansion in
research on particle-focused themes. Periodic structures
of particles like colloidal crystals demand exceptional
particle size uniformity. At present, the commercial
options for particles are limited to polymer particles like
polystyrenes and acrylics as well as silica particles,
whereas all other particles are synthesized individually
at the laboratory level. If particle arrangement technologies are established, we may well see the emergence of
a new strain of periodic structure research featuring particles from a number of substances each with different
properties. Once we consider that the substance selection possibilities are unlimited, I suspect the coupling of
optical diffraction phenomena and material properties
will open up a vast new world for material research.
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5. Conclusion
Although the title of this chapter is “Diffractive
Optical Devices and Materials with Periodic
Nanoparticle Structures,” with a change in viewpoint, it
could be titled “Crystal Materials with Lattice Constants
on the Order of Light Wavelengths with Nanoparticle
Structural Elements.” Some have commented that where
the 20th century was the electronics age, that is the age
of the electron, the 21st century will be the age of light.
Semiconductor crystals are at the heart of electronics.
The materials I’ve outlined here, however, are light
crystals that befit the light age in both function and
appearance, since their diffracted colors often radiate
beautifully. As I’ve stated above, research in this field is
moving ahead vigorously both in Japan and around the
world. In view of the enormous potential of these materials, however, it is no exaggeration to say development
is still in its infancy. I expect future research will be
fueled by the participation of large numbers of
researchers and engineers who will migrate to this field
through a variety of opportunities. I feel more certain of
this with the proliferation of articles in academic journals and, at least for myself, the arrival of peer review
requests. More likely than not, an age will arrive in the
near future where we will be surrounded by crystals of
light.
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Section 3. Magnetic Materials
Kazuhiro Hono,* Koichiro Inomata,** Takao Furubayashi,*
and Yukiko Takahashi*
Magnetic Materials Center, NIMS
1. Introduction

2. Magnetic Recording Materials

Applications of magnetic materials extend far beyond
their use in electronic-circuit inductors and sensor parts;
magnetic materials are critical for industry where they
are used in much industrial machinery as well as in
motors found in automobiles, trains, and airplanes,
among others. Moreover, magnetic materials have an
important role in the energy sector, as large energy-savings benefits can be gained from improvements in the
characteristics of soft magnetic materials and magnet
materials for motors, generators, transformers, and other
power-electronics applications.
As we near the advent of a society where all computers, information appliances, and traffic devices are networked together permitting ubiquitous access to information by anyone from anywhere at anytime, demand
has heightened for smaller, higher capacity hard-disk
drives (HDDs) to support servers that hold massive
amounts of data. Addressing this demand requires higher magnetic-media densities and more sensitive recording and playback heads. This in turn necessitates the
development of new magnetic materials as well as technologies to manipulate these materials at the nanometer
scale.
Today’s HDDs use giant magnetoresistive (GMR)
playback heads, which utilize concepts from spin electronics to control the spin of electrons. Improving the
performance of these heads is crucial for higher density
recording. Another area for magnetic-materials research
is magnetic random access memory (MRAM), which
has great potential for use as a universal memory.
MRAM requires construction of advanced nanostructures using materials with better magnetic properties
and larger spin polarizability. Thus the importance of
research into magnetic materials as materials for information and communication technologies is ever increasing.
Since it is impossible to cover trends in the wide
spectrum of industrial magnetic materials in a limited
number of pages, we will concern ourselves here with
presenting an overview of research directions in areas
where public demand has been the strongest in recent
years, i.e. — data-storage materials, spintronics materials, granular materials and permanent magnet materials.

2.1 Research Trends
Japan is aiming to create a ubiquitously networked
society in which all computers are networked together
so that anyone can access information at anytime from
anywhere by around 2010. To realize this goal, it is necessary to reduce the form factor and power consumption
of various portable information devices as well as
increase their data-storage capacities. Hard-disk drives
(HDDs), which are magnetic recording devices, dominate the market for external memory units because of
their superiority in capacity, speed, reliability, and price
over semiconductor, optical, and magneto-optical
recording devices. Over the past ten years, the recording
densities of HDDs have grown at a rate of 100% per
year, but in the last few years this rate has started to saturate (Figure 1). Although higher HDD densities are
achieved through technical advances in a number of
areas — including those in recording media, recording
and playback heads, signal-processing technology and
servo technology, higher recording-media densities are
indispensable to the continued increase in storage densities.
There are two current methods of recording on magnetic recording media: longitudinal recording and perpendicular recording. In longitudinal recording, the
magnetization of each bit butts up against adjacent bits
because the easy axis of magnetization is oriented in the
disk plane. As densities increase, thinner films are needed to counter the demagnetization field effects between
the recording bits. Thinner films, however, lead to

Fig. 1 Yearly transitions in HDD recording densities.
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weaker head signals, which effectively limit longitudinal recording densities to about 100 Gbit/in2.
With perpendicular recording, on the other hand, the
easy axis of magnetization is oriented perpendicularly to
the disk surface; thus, adjacent bits are isolated magnetically and the magnetostatic interaction renders the bits
more stable. Iwasaki et al. at Tohoku University advocated in 1979 that perpendicular recording could, in
principle, achieve much higher disk densities than longitudinal recording.1) Actual implementation studies of
perpendicular media got underway when GMR heads
became practical and improvements in head-writing
assemblies produced stronger magnetic write fields.
Toshiba started producing HDDs with perpendicular
magnetic recording media in 2004.2) As the HDD market
migrates from longitudinal recording to perpendicular
recording, observers expect advances in perpendicular
recording technology to bring surface densities in the
range of 600 Gbit/in2 within the next 10 years, up from
the current 200 Gbit/in2.
Today’s commercial perpendicular magnetic recording media employ the Co-Cr series of phase-separation
media used with longitudinal recording media.
Perpendicular recording, although allowing for greater
densities than longitudinal recording, still suffers from
thermal stability degradation as densities increase.
Magnetic recording media are structured with ferromagnetic particles several nanometers in diameter spread
over a nonmagnetic matrix. Thus, finer magnetic crystal
grains are needed to achieve higher densities. But finer
magnetic crystal grains reduce the anisotropic energy of
each particle and create the possibility of thermal-energy-induced magnetization reversal.
To circumvent these thermal problems, researchers
are becoming increasingly interested in CoCrPt-SiO2
media as a replacement to phase-separation media.
Epitaxial CoCrPt-SiO2 media grown on Ru underlayers
have larger magnetic anisotropy than Co-Cr phase-separation media and provide superior thermal stability and
S-N ratios (Figure 2). Kitakami et al. have shown that it
is possible to raise thermal stability without modifying
the magnetic switching field by controlling the fourthorder term of the crystal magnetic anisotropy.3) Control
of this fourth-order term could result in CoCrPt-SiO2
media with densities of 1 Tbit/in2.
Researchers are also looking at coupled granular/continuous (CGC) media as a way of further improving the
S-N ratios and thermal stability of CoCrPt-SiO2 media.4)
CGC media consist of a granular layer that is coated
with a continuous film such as a multilayer Co/Pd film.
Optimizing the domain wall energy of the continuous
film has the effect of smoothing the zigzag structure in
transition regions, which is the source of media noise.
Thus, minimizing the zigzag structure reduces noise.
Exchange coupled composite (ECC) media is another
area of study. ECC is a means of lowering magnetic
switching fields in CoCrPt-SiO2 media.5) In contrast to
CGC media, where a continuous film is formed on a
granular film, in ECC media, individual ferromagnetic
particles in a granular film are coated with a soft mag222

Fig. 2 TEM image of a CoCrPt-SiO2/Ru magnetic recording
medium.

netic film. Research is also eying Co-Mo and Co-W
alloys, which have a higher magnetic anisotropy than
Co-Cr, as alternative phase-separation media materials.
Together, the research above marks the status quo of
media development using conventional alloy series.
Materials with even higher magnetic anisotropy are
needed to develop ultra-high-density magnetic recording media with densities over 1 Tbit/in2. One potential
material that has been mentioned is the L10 ordered
alloy FePt. Before FePt can be employed as a recording
medium, however, three conditions must be satisfied:
(1) fabrication of magnetically isolated FePt nanoparticles, (2) orientation control, and (3) lower ordering temperatures. Diligent research has yielded proposals for
solutions for almost all of these issues individually, but
no one as yet has successfully met all the conditions
simultaneously and fabricated a granular thin film with
a tight particle-size distribution. Consequently, research
and development of FePt media has come to a standstill
at the moment. Thermally-assisted writing and other
new writing methods are also believed necessary, since
L1 0-FePt nanoparticles exhibit anisotropic magnetic
fields in excess of 100 kOe.
2.2 Future Outlook
The three big issues facing the realization of magnetic recording at densities over 1 Tbit/in2 are noise reduction, improved thermal stability, and saturated recording. To deal with the first problem, noise reduction, the
zigzag structure in the transition region must be moderated. An effective way to do this is to create smaller ferromagnetic particles. The bit size at a density of 1
Tbit/in2 is around 20 nm × 20 nm; each bit contains only
several ferromagnetic particles. But at this density, the
magnetic properties of individual particles influence the
recordings, making it imperative to finely control the
size distribution of the ferromagnetic particles.
An unwanted side effect of scaling down the ferromagnetic particles to reduce noise is the thermal instability resulting from the lower anisotropic energy of the
particles. Greater thermal stability requires the selection
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of materials with higher magnetic anisotropy, but such
materials have larger magnetic switching fields, which
raises problems for saturated recording. Ironing these
conflicting technical problems is important for the
achievement of ultra-high recording densities.
Taking a completely new approach to recording,
researchers are studying heat-assisted magnetic recording (HAMR). With HAMR, recordings are made by
heating ferromagnetic particles with a laser, which
allows for lower recording magnetic field. It is believed
that HAMR can be used for L1 0-FePt with its large
anisotropy.
Patterned media, where single particles function as
recording bits, has been suggested as an alternative to
the granular media pursued so far. With single-particle
bits, thermal stability is no longer an issue, but cost
issues remain since, at present, patterned media can be
realized only with microfabrication. Accordingly, fabrication methods using self-assembly of materials are
desired.

3. Spintronics
Spintronics is the technology of regulating the charge
and spin of electrons. Spintronics got its start with the
discovery of the GMR effect, which was uncovered in
artificial metal lattices. Researchers today are honing in
on the tunneling magnetoresistance (TMR) effects of
magnetic tunneling junctions (MTJs). This interest
began with the use of GMR in HDD read heads and
now the greatest prospects lie with applications in nonvolatile MRAM using MTJs as memory elements.
Megabit-class MRAM has already reached commercially viable levels and development is paving the way to
gigabit-class capacities. Also ongoing is basic research
into post-MRAM applications. Research on semiconductor spintronics, however, still remains at the basic
research stage.
3.1 Research Trends
Great strides have been made in the last number of
years in the field of metal spintronics. The three main
areas of progress are (1) MTJs using MgO barriers, (2)
spin-injection magnetization reversal, and (3) half metals.
(1) Giant TMR with MgO Barriers
An MTJ consists of a thin insulator layer, around 1 to
2 nm thick, sandwiched between two ferromagnetic layers. A tunnel current flows through the MTJ by quantum
effects when a voltage is applied to the junction. The
tunnel conductance in this case is proportional to the
product of the density of states in the two electrodes.
The TMR is described generally by the Julliere formula,
TMR = 2P1P2/(1-P1P2), using the spin polarizations Pi (i
= 1, 2) of the ferromagnetic electrodes, The inequality 0
<P<
= 1 holds in ferromagnets. This model holds when
tunneling electrons do not conserve momentum and is
valid when the barrier, such as an Al oxide film, is
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Fig. 3 Schematic diagrams of conventional diffusive tunneling
(left) and coherent tunneling (right) producing giant TMR.

amorphous. This model does not hold when tunneling
electrons do conserve their momentum; in this case, the
band structures of the barrier and the ferromagnetic
electrodes must be considered.
Recently, giant TMR exceeding 200% has been
observed at room temperatures using MgO barriers and
electrodes with body-centered-cubic (bcc) metals such
as Fe.6, 7) This is understood to be a tunneling phenomenon in which only the electrons in the D1 band of bccFe conserve momentum.8) This type of tunneling where
momentum is conserved is known as coherent tunneling. To observe coherent tunneling, the crystal faces of
the barrier and the magnetic electrodes must, at the very
least, be aligned in the thickness direction (Figure 3). In
the future, even larger TMR effects are expected by
using this function and judiciously selecting material
types.
(2) Spin-Injection Magnetization Reversal in Ferromagnetic Tunnel Junctions
Most spintronics devices, starting with MRAM,
require reversal, or switching, of the magnetization of
nanosize magnetic elements. Conventional devices
using current-induced magnetic fields for switching
require a large current to reverse the spin in opposition
to the large demagnetization field. This poses a problem
for achieving higher capacity MRAM. To overcome this
problem, spin-injection magnetization reversal is being
developed as a spintronics technology. In spin-injection
magnetization reversal, also known as current-induced
magnetization switching (CIMS), a current is passed
from the ferromagnetic lead F1 through a nonmagnetic
layer N to the ferromagnetic body F2. The induced spin
torque is used to reverse the magnetization of the ferromagnetic lead F2. The beauty of CIMS is that the necessary current is proportional to the element volume; the
smaller the element size, the smaller the current. 9)
Unlike conventional magnetization switching with a
current-induced magnetic field, CIMS is well suited for
nanosize elements and marks a breakthrough for
MRAM scaling. The remaining problem for CIMS is the
size of the current densities, which to effect must be 107
A/cm2 or larger magnetization reversal. There has been a
report recently of current densities on the order of 2 ×
106 A/cm2 with Ta/PtMn/CoFe/Ru/CoFeB/AlOx/CoFeB/
Cu/CoFe/PtMn/Ta dual spin-valve MTJs with an AlOx
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year. At the start of 2006, a 90% room-temperature TMR
was obtained with a Co2MnSi alloy.12) There was also a
report of a 90% room-temperature TMR in a CCFA alloy
with an MgO barrier.13) Figure 5 shows the TMR developments to date using full-Heusler alloys. Projecting from
these results, it is not farfetched to expect the development of full-Heusler alloys with spin polarization ratios
approaching 1 at room temperatures in the near future.

Fig. 4 MR curve (a) and spin-injection magnetization reversal (b)
in a Ta/PtMn/CoFe/Ru/CoFeB/AlOx/CoFeB/Cu/CoFe/PtMn/Ta
dual spin-valve MTJ.
10)

barrier and two pinned layers (Figure 4). Current densities must be lowered even further, however, because
current densities in the range of 5 × 105 A/cm2 are necessary for CIMS to work with high-capacity MRAM.
(3) Full-Heusler Alloy Half Metals
The role of half metals, those magnetic materials with
a spin polarization of P = 1, in spintronics is enormous.
The use of half metals in MTJs is predicted to produce
virtually infinite TMR according to the Julliere formula.
Half metals may also make possible revolutionary
devices like spin FETs because they permit spin-injection in semiconductors. Unfortunately, no half metal has
been developed yet that can operate at room temperatures.
Known half metals include oxides, such as (La, Sr)
MnO3, Fe3O4, and CrO2, half-Heusler alloys, such as
NiMnSb, full-Heusler alloys, such as Co2MnSi, and CrAs,
a compound with a zinc blende structure, among others.
Much research has been done on oxides and NiMnSb, but
large TMR was not observed and half metals were
thought unrealistic. In 2003, however, a 20% TMR was
reported at room temperature using a Co2(Cr1-xFex)Al
(CCFA) full-Heusler alloy.11) Since this announcement,
research into full-Heusler alloys has surged ahead on a
global scale, and higher TMRs have been reported each

3.2 Future Outlook
Spintronics will continue to progress with MRAM as
a technology driver. Basic research looking toward the
future of spintronics has made several intriguing discoveries, including observations of spin resonance tunneling effects in ferromagnetic double tunnel junctions,14)
15)
microwave generation using spin injection, the use of
magnetic semiconductors in semiconductor spintronics,
and control over spin with light and electric fields. See
Reference 16 for details on these last two research areas.

4. Nanogranular Magnetic Materials
A nanogranular material is a material with a structure
in which nanometer-scale particles are scattered in a
matrix of another material. Critical to nanogranular
magnetic materials is the combination of a ferromagnetic metal or alloy and a nonmagnetic insulator. Some typical ferromagnetic materials are Fe, Co, and FeCo
alloys, whereas SiO2, MgO, and other oxides or MgF2
and other fluorides are commonly employed as insulators. A process known as co-sputtering is used to fabricate from these materials nanoscale structures with a
natural phase separation.
4.1 Research Trends
Nanogranular magnetic materials, consisting of a
combination of ferromagnetic metals and nonmagnetic
insulators, can exhibit a range of magnetic characteristics from hard magnetism to soft magnetism. The chief
mechanism is the magnetic interaction between the par-

Fig. 5 Advances in TMR using Heusler alloys.
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ticles, which has a considerable impact on the magnetic
properties of the material. The size of this interaction is,
generally speaking, determined by the ratio of the two
component substances. When the ratio by volume of the
ferromagnetic material falls below roughly 40 to 50%
(this threshold ratio depends on the type of substances
and several other conditions), the insulator separates the
individual nanoparticles, their interaction is weakened,
and the nanoparticles become magnetically isolated.
Once isolated, these ferromagnetic particles, which are
only a few nanometers in size, act as single magnetic
domains. Therefore, the coercivity is solely determined
by the substance’s magnetic anisotropy. Putting it another way, a nanogranular magnetic material made from a
substance with a large magnetic anisotropy would be
expected to have a high coercivity, and thus hold promise as a recording media, as mentioned in the previous
section. Indeed, researchers are very interested in
nanogranular media made from CoPt alloys and FePt
ordered alloys.
Magnetoresistivity is another application for a
nanogranular magnetic material with its particles in a
magnetically isolated state. When separated by the insulator, the nanoparticles are not only isolated magnetically; they are isolated electrically as well. As a result, the
dominant current passing among the particles is a tunnel
current, and tunnel magnetoresistivity (TMR) appears in
which the electrical resistance varies based on the magnetic orientation of the adjoining particles. The maximum room-temperature TMR from a nanogranular magnetic material is 13.3% (10 kOe) in a FeCo-MgF2 alloy.
Compared to the GMRs and TMRs of continuous thinfilm structures, granular structures require a comparatively large magnetic field to obtain large magnetoresistance effects. This is an obstacle to practical applications. Researchers are attempting to lower the necessary
driving magnetic field intensity by combining a
nanogranular magnetoresistive material with a softmagnetic thin film. For instance, a structure is formed
where a nanogranular FeCo-MgF2 mix is packed into a 1
µm wide gap in permalloy, a soft-magnetic material.
With this structure, the permalloy is magnetized with an
external magnetic field of a few oersteds. This in turn
applies a large magnetic field to the FeCo-MgF2 material, producing TMR. This is known as a nanogranular-ingap or granular-in-gap (GIG) structure. GIG structures
are being used in magnetic field sensors.17)
Conversely, as we increase the volume percentage of
the ferromagnetic material, the magnetic interaction
between the ferromagnetic nanoparticles becomes
stronger. This is equivalent to having a very thin insulator separating the particles or having particles in contact
with each other. The magnetic coupling between the
particles averages the magnetic anisotropy of individual
particles that would otherwise have random easy axes.
The resulting weakened coercivity leads to the appearance of soft magnetism. Combinations of a ferromagnetic metal and a nonmagnetic insulator are expected to be
used for high frequency applications, since their electrical resistance is higher than that of bimetal materials,
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which limits eddy current losses. Several reports have
been made so far of soft magnetic materials operating at
GHz frequencies.18, 19)
4.2 Future Outlook
The use of GHz frequency bands is expected to rise
substantially as mobile phones, wireless LANs, and
other devices transmit larger and larger volumes of
information at high speeds. But with shrinking device
architectures, GHz-band noise has become a problem
for highly integrated electrical circuits. This has prompted the need for nanogranular materials with high electrical resistivities exhibiting favorable soft magnetism in
the GHz band, such as sufficient noise absorption in
very small physical dimensions. One factor that indicates the operating frequency limit of a soft magnetic
material is natural resonance, or magnetic resonance
caused by the anisotropic magnetic field of the material
itself. The natural resonance frequency in thin films is
inversely proportional to the square root of the uniaxial
anisotropic magnetic field in the film plane. This
implies that a large uniaxial anisotropy is required to
raise the operating frequency. Unfortunately, this
involves a tradeoff since increasing the anisotropic magnetic field lowers the magnetic permeability and thereby
causes a drop-off in performance. Researchers up to
now have been trying to induce uniaxial anisotropy in
nanogranular thin films by applying magnetic fields
during fabrication or heating fabricated thin films in a
magnetic field. However, we still do not have sufficient
understanding of the mechanism by which anisotropy
appears. Once we clarify the workings of this mechanism, we can anticipate the capability to design materials that work at specific frequencies by controlling the
size of anisotropy.

5. Permanent Magnetic Materials
5.1 Research Trends
Research and development into the properties of permanent magnets was thought to be nearly exhausted, as
the energy products of NdFeB sintered magnets
approached 85% of their theoretical values. But new
issues have surfaced for magnet research recently with
the remarkable growth of hybrid vehicles. Specifically,
hybrid vehicle motors need magnets with coercivities in
the range of 30 kOe (2,380 kA/m) at room temperatures.
Such high coercivities are required to avoid thermal
demagnetization, since the magnets must operate in conditions up to 200ºC. Figure 6 gives the energy products,
coercivities, and basic alloy compositions for Nd2Fe14B
permanent magnets by their application.
Present-day commercial NdFeB sintered magnets use
the heavy rare earth element dysprosium (Dy) as an
additive to boost their coercivities. Adding Dy has a
serious weakness: The magnetization falls off and thereby lowers the energy product. In other words, adding
large amounts of Dy to magnets for electric vehicles
does ensure high coercivity but lowers the energy prod225

Fig. 6 Characteristics, applications, and compositions of NdFeBseries sintered magnets (according to Sagawa).

uct. More to the point, the reserves of Dy are limited
and almost all the sources lie within China. Consuming
significant amounts of Dy needed in NdFeB-series sintered magnets for hybrid vehicle production is likely, in
the near future, to cause steep Dy market price increases
and leave Japan’s electric vehicle production at the
mercy of Dy supplies. It is imperative, then, to develop
magnets with high coercivity without Dy additives to
avoid this situation.
5.2 Future Outlook
As Figure 6 shows, the coercivity of Nd2Fe14B sintered magnets is, at best, around 10 kOe (790 kA/m)
when no Dy or other heavy rare earth elements are
added. Such magnets attain a mere 15% of the
anisotropic magnetic field, HA, (about 90 kOe) of the
ideal coercive force expected from the alignment rotation of completely isolated single magnetic domain particles. Improving HA to even 50%, for example, should
lead to a tremendous boost in magnetic properties.
To do this, we have to understand why magnetization
reversal occurs at 15% of HA in present-day sintered
magnets. It is claimed that the magnetization reversal in
sintered magnets is caused by the nucleation of reverse
magnetic domains from localized low anisotropy areas
at grain boundaries. In any case, if we can understand
this mechanism and obtain control of grain-boundary
structures at the nanoscale level, we can very likely
achieve dramatic improvement in the properties of magnetic materials.
When Dy is substituted for Nd in Nd2Fe14B, the saturated magnetization decreases from the antiferromagnetic coupling of Dy and Nd. But if we can restrict this
heavy rare earth element substitution to the grainboundary region, we could possibly mitigate the
decrease in saturated magnetization and increase the
coercivity. Dy exists in nature at levels about 10% of
Nd; therefore, there should be no problems resourcewise if we can keep Dy levels below 10% of Nd levels.
Nevertheless, strong motivation still exists to develop
high-coercive NdFeB magnets that are completely free
of Dy in order to obtain the maximum energy product.
Momentum is mounting at the national level to develop
technologies to replace rare elements with ordinary ele226

ments. Research into Dy-free magnets is a subject that
should be at the top of this list.
Another future area is high-performance permanent
magnets, which are a sort of A-level functional material
that can generate magnetic fields without an energy supply. To date, no permanent magnet material that outperforms Nd2Fe14B has been discovered and there are few
endeavors searching for such superior materials.
While there is little ambition to seek out new substances, there are attempts being made to obtain
improved magnetic characteristics through nanostructure control. These attempts have resulted in nanocomposite magnets, formed through an exchange coupling
of a soft magnetic phase and a hard magnetic phase.
Unfortunately, current rare-earth nanocomposite magnets have not given good magnetic characteristics
because they are isotropic magnets with random crystal
orientations. Research efforts on these magnets have
been targeted rather on their use as bonded magnets
with improved economic and anti-corrosion characteristics.
Yet, if we can align in one direction the magnetic
easy axis domains of the hard magnetic phase in one of
these nanocomposite magnets, it may be possible to produce an energy product that bests the undefeated mark
of current sintered magnets. This has been demonstrated
experimentally in thin films made of anisotropic magnetic layers, which exhibited an energy product surpassing the theoretical limit of a single hard magnetic phase
in an anisotropic magnet.20)
Looking to the future, although it requires technical
developments for the production of nanocomposite
magnets on an industrial scale, we hope for the development of a revolutionary process that will permit the
manufacturing of bulk anisotropic nanocomposite magnets because economic considerations, in addition to
actual magnetic characteristics, are an important prerequisite for the adoption of any industrial material.
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Section 4. Quantum Dot-Photonic Crystal Integrated
Structures
Kazuaki Sakoda and Nobuyuki Koguchi
Quantum Dot Research Center, NIMS
1. Introduction
Research into photonic crystals (PCs) has been moving forward aggressively since the propositions of
Yablonovitch1) and John2) in 1987. Photonic crystals are
structures where several dielectrics are layered together
periodically. There are one-dimensional, two-dimensional, and three-dimensional photonic crystals according to the dimensionality of the laminating layers
(Figure 1). From a perfect periodic array, it is possible
to produce a frequency domain (photonic bandgap)
where no electromagnetic mode exists. It is also possible to generate an electromagnetic mode (localized
mode) that is isolated in space and in frequency by
intentionally introducing a structural defect to part of
the periodic array (Figure 2).3)
For atoms or molecules inside a photonic crystal, the
emission of light in the frequency range of the photonic
bandgap is suppressed. Conversely, light emissions are
facilitated when the luminescent band of the atoms or
molecules matches the frequency of the localized mode
(Purcell effect). It is anticipated that employment of this

Fig 1 Schematic diagrams of photonic crystals.

Fig. 2 State density of light in a photonic crystal.
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phenomenon will spur the development of low-threshold semiconductor lasers, narrow-spectrum light-emitting diodes, and single-photon light sources. Already
these devices have been realized to some degree.
Another interesting property is that an optical waveguide fabricated in a photonic crystal can be bent with a
radius of curvature approaching the wavelength of light.
This trait can be used to develop many types of microscopic optical circuits. Researchers are actively pursuing optical-circuit applications for next-generation optical communications and optical information-processing
technology by incorporating functions like polarizing
filters, wavelength filters, or optical switches.
Also of interest are the very low light group velocities that can be obtained within a photonic crystal.
Lower group velocity leads to increased efficiencies in
stimulated emission of light and nonlinear optical phenomenon such as harmonic generation because of the
enlarged interactions between the light waves and the
photonic crystal material.
Photonic crystal research, both basic and applied, is
thriving because of the many characteristics photonic
crystals offer that are unobtainable with conventional
technologies. This is evidenced by the tremendous
upswing in the number of research papers published on
photonic crystals, illustrated in Figure 3. The number of
papers has increased each year, and the cumulative total
is expected to pass 10,000 papers sometime during
2006. So far, by country, the U.S. has published the
most papers, followed by Japan and the European
nations Germany, France, and Italy, among others. In
the last three to four years, however, the number of
research papers from China has skyrocketed and threatens to close in on the U.S. in 2006. It would seem that

Fig. 3 Number of research papers on photonic crystals.4)
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China’s emergence in this field is the result of strategic
research investments.
There are a number of methods of fabricating photonic crystals, including (1) three-dimensional deposition
of microspheres of polystyrene or silica (artificial
opals); (2) two- and three-dimensional lithographic fabrication of semiconductors; (3) dielectric multilayers
formed by sputtering; (4) precision cutting; and (5)
stereolithography. (Note that methods (4) and (5) are for
millimeter-wave and microwave use with array periodicities of 0.1 to 20 mm.) Method (2) is the most frequently employed fabrication method for photonic crystals with the near-infrared region for possible applications in optical communications and optical information-processing technologies. Research has progressed
most notably in thin-film two-dimensional photonic
crystals fabricated on a semiconductor substrate (photonic crystal slabs); today fabrications of high-grade
samples with a high degree of regularity are possible.
There have also been numerous reports of synthesizing
localized modes by intentionally adding defects to periodic structures and fabricating optical microcircuits.
With the localized modes in particular, resonance Q-factors in excess of 20,000 have already been reached, and
performance assessments of the localized modes as optical resonators for wavelength filters or semiconductor
lasers are taking place. Optical microcircuits have
received attention after reports of ultra-high-speed optical switches based on active waveguides.
The adoption of luminescent materials such as semiconductor quantum wells or quantum dots (QDs) is an
important topic for the continued evolution of photonic
crystal slabs. Although photonic crystal slabs with
embedded quantum wells or quantum dots have been
reported, given the ever-increasing performance of
localized-mode optical resonators and optical waveguides, the introduction of luminescent materials is
expected to open the way to the development of new
optical device technologies that are virtually impossible
to realize with conventional technologies.
In particular, quantum dots, which have discrete electron energy levels, are expected to aid the implementation of conventional light sources such as semiconductor lasers as well as the implementation of single-photon
light sources, which are essential for practical quantum
communications, quantum bits, which are the fundamental logic elements of quantum computers, and optical switches and optical logic elements that utilize large
nonlinear effects. Analysis of quantum dot research
trends clearly shows the extent of research attempting to
apply quantum dots to information processing.5)
Figure 4 provides a comparison of the transitions in
papers on photonic crystals and the transitions in papers
on QD-PC composites. Although the latter’s percentage
of the former is still less than 4% as of 2005, research
into QD-PC composites has increased exponentially in
the last two to three years: a trend that is expected to
continue. In the following sections, we will discuss the
state of research and development on QD-PC composites.
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Fig. 4 Number of research papers on quantum dot-photonic crystal composite structures.5)

2. Global Trends
2.1 Light Sources for Sample Evaluations
One application for quantum dots has been as a light
source for evaluating the light propagation characteristics of photonic crystal slabs. For example, InAs quantum dots were embedded in an air-hole-type photonic
crystal slab formed from three AlGaAs thin-film layers
about one micron thick. The transmission spectrum of
the slab was measured with the fluorescence produced
by laser excitation. 6) The frequency of the photonic
bandgap and the light dispersion relation were found
from the measured spectra. If an external light source is
used instead to evaluate the light propagation characteristics of a slab, the external light must be precisely guided using an optical fiber or some other means to the
sample, which may be as thin as one micron. Although
this type of measurement is possible, the reproducibility
of the data drops off if extreme care is not exercised.
Conversely, the method above offers accurate data
measurements and superior reproducibility, though it
does add complexity to manufacturing samples.
2.2 Purcell Effect
Localized modes in photonic crystals are characterized by high resonance Q-factors combined with
extremely small mode volumes. These two properties
allow for very high local state densities, which lead to
the enhanced rate of spontaneous light emissions
(Purcell effect). Thus, it may be possible to use the
Purcell effect to increase the emission rate of singlephoton light sources. As a first step toward this, quantum dots were used to evaluate optical resonators
formed from localized modes. These evaluations looked
at local modes in air-hole-type photonic crystal slabs
formed from GaAs thin films using the same InAs quantum dot emissions as described in the previous section.7)
Figure 5 provides a comparison of the measured emission spectra and those calculated with the finite-difference time-domain (FDTD) method. (FDTD has become
the standard numerical analysis method in this field
since its first application to photonic crystals in 1997.8))
In the example shown in this figure, there are two local229

ized modes, labeled SD1 and SD2, and each produces a
sharp spectrum. The frequency and resonance Q-factor
of the localized mode can be found from the center frequency and the half width of the emission peak. The
actual SD1 Q-factor was 2,800. Later localized-mode
research has obtained much higher resonance Q-factors,9) and recently Q-factors as large as 20,000 have
10)
been reported.
In another direction, a recent joint research project by
NIMS, the University of Tsukuba, and NEC is looking
at AlGaAs air-hole-type photonic crystal slabs where
lattice-matching GaAs quantum dots are embedded in
place of strained InAs type quantum dots (Figure 6). In
lattice-matching types, the electron levels are isotropic
and free of splitting, which allows them to be used as
quantum bits. Furthermore, the electron-transition
wavelength of GaAs quantum dots — at between 700
nm and 800 nm — is advantageous technically because
Si-based detectors with superior sensitivity and response
speeds can be used.
Researchers next studied the enhancement of emission rates due to the Purcell effect. Some comparatively
large enhancement degrees (Purcell factors) that have
been reported are nine times11) for InGaAs quantum dots
in an AlGaAs-series photonic crystal slab and 30 times12)
for PbS quantum dots in the same type of slab. It is
worth noting that the samples in the second example
were fabricated with a simple method in which commercial PbS quantum dots were dispersed into polymethyl
methacrylate and spin-coated on photonic crystals. The
Purcell effect has been reported in waveguides on photonic crystal slabs, but the enhancement degree was

small, at only 16%.13)
2.3 Stimulated Emissions and Lasers
A report noted enhancement effects on stimulated
emissions and lasing at the photonic bandgap edge for
CdS quantum dots dispersed in artificial opals.14) The
lasing wavelength was well separated from the CdS
quantum dot emission peak and a resonant phenomenon
inherent to the photonic crystal was observed. Another
report found lasing when using high Q-factor localized
modes as optical resonators.15) As for the samples in this
case, GaAs-series photonic crystal slabs and InAs quantum dots were used. In both of these research projects,
external laser light was used to excite the quantum dots.
2.4 Rabi Splitting
When the interaction between a quantum dot and a
resonator is sufficiently strong (strong coupling), both
behave as two interacting oscillators. A phenomenon
(Rabi splitting) was predicted in which the frequencies
of the oscillators mutually repel each other because of a
typical quantum electrodynamic (QED) effect. Rabi
splitting was demonstrated using GaAs-series photonic
crystal slabs and InAs quantum dots.10)

3. Domestic Trends
3.1 Purcell Effect
Japan is involved in researching the Purcell effect
associated with localized modes. One research example
that has been reported is the enhancement of emissions
with the localized modes from InAs quantum dots fabricated using metal-organic chemical vapor deposition
(MOCVD) on a GaAs photonic crystal slab.16)
3.2 Stimulated Emissions and Lasers
In this area, laser oscillations have been reported
using standing waves in an optical waveguide formed
on a photonic crystal slab.17) As mentioned in the previous section, combinations of GaAs-series photonic crystal slabs and InAs quantum dots were used as samples.
External laser light was used to excite the quantum dots.

Fig. 5 Localized-mode emission spectrum in a photonic crystal
slab (Reference 6).

3.3 Ultra-high-speed Optical Switches
Ultra-high-speed optical switches have been reported
using a symmetrical Mach-Zehnder interferometer fashioned from optical waveguides on a photonic crystal
slab.18) The switching operation made use of a phase
shift obtained from the optical nonlinearity of InAs
quantum dots formed on a waveguide. Switching times
of two picoseconds were attained using a 100-femtojoule control light.

4. Future Research Trends
Fig. 6 Microresonator formed in an AlGaAs photonic crystal slab
embedded with GaAs quantum dots.
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Precise matching of the quantum dot’s electron-transition frequency and the localized mode’s resonance frequency is necessary for the efficient realization of such
Materials Science Outlook 2006

QED effects as the Purcell effect or Rabi splitting.
Several policies to accomplish this are being considered.
In one reported method, the quantum dot is fabricated
and its emission spectrum measured after which the
thickness of the photonic crystal slab or the diameters of
the air holes are adjusted as necessary with a progressive etch (digital etching).19) Another method that is possible, in principle at least, involves adjusting the size of
the quantum dot to vary the electron-transition energy
with the quantum confinement effect. These technologies are expected to enable far more precise sample fabrication than is available today.
Even higher localized-mode Q-factors are forecast,
and it is believed they will contribute to the development of low-threshold lasers. Current issues researchers
are facing in this area are the development of singlephoton light sources with large emission rates and the
evaluation of single-photon propagation characteristics.

19) A. Badolato et al.: Science 308 (2005) 1158.
20) N. Koguchi et al.: Abstr. 4th NIMS Int. Conf. Photonic
Processes in Semiconductor Nanostructures, National
Institute for Materials Science, Tsukuba, 2006.

5. Conclusion
In this chapter, we primarily dealt with developments
in quantum dot-photonic crystal composite structures.
Research in this field has flourished in the last two to
three years and there is a good possibility this research
will connect with revolutionary technical developments
in the near future. Novel research results were reported
at a recent international conference hosted by NIMS.20)
At the present moment, overseas research leads the way
over domestic research in quantitative terms, but we
expect substantial developments at home, as this field
holds high potential for Japanese technology.
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Chapter 4. Nanotechnology-Driven Materials
Research for Biotechnology
Section 1. Biomaterials
1.1. Inorganic Biomaterials
Masanori Kikuchi and Yasushi Suetsugu
Biomaterials Center, NIMS
1. Introduction
Comparatively old types of inorganic biomaterials,
such as alumina and zirconia, were developed primarily
as joint-prosthesis materials because of their chemical
stability in the body, which meant they had biological
harmlessness, and also because they were essentially
“hard.” Research later underwent a major shift toward
bone cultivation and bone regeneration using bioactive
ceramics (including glass) that contained phosphate ions
or calcium ions. This movement began after it was substantiated that these materials not only offered excellent
biological safety but also exhibited bioactivity when
implanted in bone where they formed direct bonds with
the surrounding bone and stimulated bone regeneration.
While this trend continues today, other research is
investigating new applications for bioactive ceramics.
One of the hottest research areas involves hydroxyapatite (Ca10(PO4)6(OH)2), which is a main inorganic ingredient of bones and teeth.
In this chapter, we will discuss the current research
trends in inorganic biomaterials, divided into three large
categories: (1) surface function control, (2) organic/inorganic composites, and (3) morphology control. Japanese
research in this field is very active, both qualitatively
and quantitatively, and it is no exaggeration to say Japan
leads the world in inorganic biomaterials. For this reason, we have made no special differentiation between
research trends in Japan and those overseas.

2. Worldwide Research Trends
2.1 Surface Function Control
The biocompatibility and osteoconductive functions
of such bioactive ceramics as hydroxyapatite are
believed to be profoundly affected by the atomic species
distributed on their surfaces and the responses of biosubstances and cells to the resulting electrical charges.
Consequently, a significant amount of research is looking at the surface functionality of bioactive materials to
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gain a fundamental understanding of in vivo organicinorganic interactions.
Two crystal faces (a face and c face) appear prominently in hydroxyapatite, and differences in surface
atom distributions allegedly account for the different
adsorption characteristics of proteins or DNA in each
face. Until recently, the difficulty in fabricating a model
surface by growing a large single crystal face has meant
evaluations of surface electrical charges and cell adhesion properties have had to use polycrystal structures
where a faces, c faces, or intermediate faces are exposed
randomly. But as the production of substrate materials
where a or c faces are selectively exposed comes closer
to reality, these materials are likely to be employed in
the search and radicalization of surface functions.
One specific method involves an uneven distribution
on the crystal surface. Examples of this method have
been reported where materials composed almost entirely
of a surfaces have been produced from hydroxyapatite
fiber1) obtained with homogeneous precipitation methods or from acicular hydroxyapatite particles2) synthesized with hydrothermal reactions of alpha-tricalcium
phosphate. A second method involves producing a single crystal orientation. The application of strong magnetic fields has proved effective in this method.3)
Other research is examining electrically polarized
hydroxyapatite or bioactive glass as a means of positively enhancing surface functionality. In one project,
researchers are studying the influence of the electrovector effect on cells and tissue.4) The results have indicated
that on the surface of a negatively polarized material
there is a noticeable increase in hydroxyapatite-forming
capability, cellular adhesiveness, and bone and tissue
conduction in simulated body fluids. A positively polarized surface, on the other hand, appears to suppress
these qualities.
Further research into surface processes has been proposed to strengthen coupling at the organic-inorganic
interface and to improve pharmaceutical-supported
characteristics while continuing to utilize the biocompatibility of calcium phosphate ceramics. Some proposiMaterials Science Outlook 2006

tions include infusing amino groups on hydroxyapatite
surfaces using a silane coupling agent to strengthen the
bond between the hydroxyapatite and the silicone resin5)
or the application of mesoporous silica coatings to
porous hydroxyapatite surfaces for use with biomolecular or pharmaceutical support.6)
2.2 Organic/Inorganic Composites
A perpetual problem for ceramics is that, although its
Young’s modulus is inherent high, it lacks toughness
and thus has different mechanical characteristics from
bone. Bone is a nanocomposite formed from organic
protein (collagen) fibers and inorganic hydroxyapatite
crystals. This structure and composition of bone could
governs its mechanical properties and in vivo remodeling. For this reason, one proposed research topic is the
composites of polymers and bioactive ceramics. For
example, hydroxyapatite/polylactate composites have
mechanical characteristics that are initially the same or
better than bone and have already been developed into
commercial materials with good biodegradability and
bone-bonding characteristics.
Research is also moving ahead with artificial composites of collagen and hydroxyapatite, which are the
constitute elements of bone. Tampieri et al. skillfully
deposited hydroxyapatite in a collagen sponge to synthesize a material with oriented hydroxyapatite and collagen.7) In addition, detailed study of the interface interactions between hydroxyapatite and collagen in simulated body fluids has revealed the large contribution of carboxyl groups to this interface.8)
Research is also experimenting with controlling the
surface structure of polymer materials to provide
hydroxyapatite-forming capability. Attempts have been
made to exploit the benefits of hydroxyapatite-forming
silanol groups, titania gels, and Ta2O5 gels to synthesize
highly bioactive materials.9, 10)
2.3 Morphology Control
In addition to the nanoscale control of surfaces utilizing the distribution of atoms or electrical charges,
advances are needed in control over three-dimensional
microstructures to obtain greater in vivo compatibility
for bioceramics and compound materials. Steady technical progress is being seen with three-dimensional
microstructures, such as microscopic contours and
pores, that are suitable for cellular or vascular incursions, grafts, and functional expressions. Ito et al. are
studying how to create completely interconnected structures with lattice structures by employing a special mold
to gain complete top-down control of air-hole structures
in bioactive ceramics. This group has demonstrated
favorable bone and tissue in-growth with this method.11)
Other research has simultaneously achieved tissuederived microstructures and fast absorption rates after
partially dissolving calcined beef bone and redepositing
tiny hydroxyapatite crystals in the bone.12) Teraoka et al.
have synthesized hydroxyapatite beads with center
through-holes and demonstrated that the assembled
beads exhibited excellent bone in-growth properties.13)
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These findings are expected to lead to processes that
provide morphology to new artificial bone materials.

3. NIMS Research
In view of research trends around the world, NIMS is
pursuing bio-nanomaterials research with a good balance between all three of the aforementioned categories.
In the area of controlling hydroxyapatite surface
functions, researchers at NIMS have successfully synthesized aggregates exposing c faces and have used
these aggregates to fabricate sintered bodies with c axis
orientation.14) Pressure sintering has also been successfully employed to produce sintered bodies with a axis
orientation.15) In addition, NIMS researchers, aiming to
raise the organic-polymer adsorption performance of
hydroxyapatite, have doubled specific surface areas by
synthesizing porous particles with zinc, which has a
stronger covalent binding capability than calcium.16)
NIMS research in the realm of organic/inorganic
composites is looking at beta-tricalcium phosphate/polylactide-based copolymer composite membranes and
hydroxyapatite/collagen self-organized nanocomposites.
Beta-tricalcium phosphate/polylactide-based copolymer
composite membranes are a biodegradable material
endowed with pliability, thermoplasticity, and pH control effects. These membranes hold promise in the dental
field as guided bone regeneration membranes. 17)
Research into hydroxyapatite/collagen composites has
been successful in dictating the growth of composite
fibers by precisely controlling synthesis conditions with
simultaneous titration.18) Researchers are also examining
the fabrication of porous bodies with sponge-like elasticity and better tissue permeation by evenly distributing
the fibers in a collagen gel.19) Beyond this, spherical corpuscles of hydroxyapatite/polysaccharide composites
have been synthesized and they are being tested for
application as new drug-eluting carriers that capitalize
on their high-order hierarchal structure.20)
NIMS is also experimenting with alternate soaking
techniques to form hydroxyapatite nanocrystas directly
on living tendons used for anterior cruciate legament
transplants and to increase the bonding rate and bonding
strength with bones.21) Research has demonstrated that
with this method osteoblasts accumulate on the transplant tendon surface at an early stage and produce a
direct bond with bone.
In the area of morphology control, a high-strength,
porous artificial bone material has been marketed that is
produced by making an hydroxyapatite slurry foam and
then hardening the foam structure with a cross-link
polymerization reaction (Figure 1). Another morphology-control technique has been developed that uses the
growth of miniature icicles to achieve a uniaxial orientation of air holes in a material. This technique is being
used in the fabrication of porous hydroxyapatite ceramics22) and porous hydroxyapatite/collagen composites.23)
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Fig. 1 Clinical trial of porous hydroxyapatite ceramic artificial bone. Bone has regenerated favorably both inside and outside the material three months after the initial surgery.

4. Future Outlook
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fruition as soon as possible.
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1. Biomaterials

1.2. Metallic Biomaterials
Norio Maruyama, Akiko Yamamoto and Sachiko Hiromoto
Biomaterials Center, NIMS
1. Introduction
The characteristics of metallic materials, such as high
strength, excellent toughness, and easy machinability,
make them attractive for orthopedics and dentistry. In
fact, existing structural materials such as 316L stainless
steel, Co-Cr alloys, and titanium alloys, with outstanding strength, corrosion resistance, and fatigue strength,
have already been repurposed for biomedical applications. Therefore, current research and development are
centering on the examination of their safety and in vivo
reactions when they are implanted. Recent development
of new metallic biomaterials focuses on the removal of
toxic elements such as Ni or V, and the reduction of
Young’s modulus nearly as low as bone.
With today’s deeper understanding of biomechanisms, metallic biomaterials have been recognized as
the materials for regenerative medicine beside structural
applications. New functional biomaterials are investigated by combining metallic materials with ceramics or
biofunctional molecules that are superior on their osteoconductivity, biocompatibility, and other biofunctions.
Another new research trend is application of magnesium
alloys as bioabsorbable metallic materials.
In this chapter, we will introduce research trends in
Japan and abroad divided into the two most active
research areas: surface modification and bioabsorbable/porous materials. We have made no special differentiation between research trends in Japan and those
overseas since Japanese research in this field is a very
high standard from grobal point of view.

2. Worldwide and Domestic Research Trends
2.1 Surface Modification
The surfaces of the stems in current joint prosthesis
have either porous or a calcium phosphate coating by
plasma spraying in order to promote early bonding with
surrounding bone tissue. These coated surfaces are
required to increase bonding strength at the interface
between the coating layer and the substrate material as
well as to shorten the time necessary to obtrain sufficient bonding strength with the bone. To address these
problems, the plasma spraying and sputtering methods
are improved as well as the coating layer itself is refined
by electrodeposition or sol-gel coatings. Bioglass is also
studied as a material to promote stronger bone bonding.
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Calcium ion implantation or alkali solution treatment
have been applied to promote in vivo apatite deposition.
Research on nano-porous surfaces has recently started.
Furthermore, various techniques are investigated to
improve the mechanical bonding between the layer and
the substrate surface. At the same time, surface modification for the control release of bone-growth factors,
antibiotics, and other drugs is investigated to promote
bone regeneration at the material surface by osteoblasts.
Improvement of the wear resistance of metal surfaces
in sliding parts of joint prostheses is an important issue
for extending the life time of joint prostheses. For this
reason, diamond-like carbon (DLC) coatings or nitriding of the metal surfaces at the femoral bone and the
acetabular cup are applied besides the improvements of
polymer surfaces in the acetabular cup. Recently, metal
surface with zirconium oxide layer has successfully
developed to improve wear resistance.
The surfaces of intravascular stents must inhibit
adsorption of proteins or blood cell components to prevent thrombus formation. Therefore, surface modifications with polyethylene glycol or DLC are being
researched. In order to prevent vascular restenosis
around the stent, researches on the immobilization of a
biodegradable polymer containing a drug onto metal
surfaces are conducted.
Generally, these surfaces are achieved by immobilization of a certain biofunctional ceramics or polymers
onto metal surfaces after the establishment of these biofunctional materials.
2.2 Bioabsorbable/Porous Metallic Materials
A new trend of research and development in this field
is the quest for bioabsorbable metallic materials started
around 2001 at the University of Hanover in Germany.
Initially, pure iron is implanted as a bioabsorbable
metal, but it failed because of insufficient biocompatibility. This was followed by the attempt of magnesium
alloys. In fact, magnesium alloys were tried as orthopedic materials as far back as the 1930s because they have
nearly the same Young’s modulus as bone. However, it
was reported that the degradation of alloys is accompanied by hydrogen gas evolution forming vacancy in surrounding tissue. Furthermore, introduction of stainless
steel having superior mechanical properties in 1940s
ended the research on magnesium alloys in the medical
filed. Recent researches on magnesium alloys, however,
focus on cardiovascular (stent) applications rather than
Materials Science Outlook 2006

orthopedic applications. Stents are much smaller than
orthopedic implants and therefore produce less hydrogen gas. Furthermore, evolved hydrogen gas can quickly diffuse into the bloodstream, thus, no vacancy was
formed in the tissue around the stent. Clinical trials have
already been carried out in Europe, and research and
development is also underway in Japan by groups at
Osaka University and Kyushu University. Development
of new magnesium alloys with superior corrosion
resistence in vivo and new process of porous magnesium
alloys are investigated aiming orthopedic application.
Development of porous metals and their composites
with polymers has been widely investigated in recent
years as scaffolds for regenerative medicine. In 1995,
Implex in the U.S. fabricated a porous composite of
metal and polymers by heat treatment of a porous
polyurethane scaffold decomposing into graphite, followed by physical vapor deposition of tantalum on it.
This material has similar compressive strength as bone,
owing to the trabecular bone-like structure of the
graphite, as well as good biocompatibility due to the
tantalum coating. This material has a huge impact on the
research optimizing porous structures because it has
very good bone and tissue in-growth even though its
larger diameter than those of conventional porous structures used in joint prosthesis surfaces. This material is
already in commercial use in joint prosthesis surfaces.
In Japan, lotus-type porous titanium alloys and nickel-free stainless steel are developed at Osaka University.
Nickel-less Co-Cr porous alloys and the composite of
pure-titanium with ultrahigh molecular weight polyethylene are developed at Iwate University. At Nagoya
Institute of Technology, the composite of commercially
pure-titanium and polylactate is investigated. The aim of
these research projects is to lower the Young’s modulus
of existing metallic biomaterials to that of living bone,
as well as to regenerate bone tissue by osteogenesis in
the pores. Conventional bone-filling ceramics could not
be used for the regeneration of bone tissue in load-bearing areas because of their poor mechanical properties.
Structural support by metallic biomaterials is therefore
essential for regenerating bone tissue in load-bearing
areas. Metallic biomaterials with sufficient successful
record as orthopedic implants can be applicable for
these purposes since they are expected to have very limited adverse effects even when they remain permanently
in the body.

Fig. 1 A prototype magnesium alloy stent.

Fig. 2 Cell culture container and fatigue test specimen
Cultivated L929 cells (blue areas) on a specimen surface during a
fatigue test.

rosion resistance and durability of these materials have
been evaluated with simulated body fluids, we are
investigaing new evaluation procedures for the corrosion resistance and the corrosion fatigue properties of
metallic materials under cell culture condition, as shown
in Figure 2, which is closely resemble in vivo environments. Additionally, evaluation techniques simulating
the environments around devices implanted in the body
are studied, such as corrosion resistance or biocompatibility evaluations in flow environments.

4. Conclusion
3. NIMS Research
Biometal Group at Biomaterials Center are now collaborating with Lightweight Alloys Group at Structural
Metals Center in NIMS to develop new magnesium
alloys as bioabsorbable metal materials. Figure 1 shows
a photograph of a prototype stent made from a developed magnesium alloy.
At the same time, we are also developing new techniques to evaluate the degradability and biocompatibility of these new functional materials. Although the corMaterials Science Outlook 2006

We have introduced several recent research trends in
the area of metallic biomaterials from the perspective of
surface modifications, bioabsorbable /porous materials,
and the development of durability and reliability evaluation techniques for new application and functional surfaces. Research on controlling material-body interface
by porous structures and surface modification of conventional materials as well as magnesium alloys as
bioabsorbable metallic materials will become more
active in the future. Conventional bioabsorbable medical materials have been limited to polymers and ceram237

ics, which has greatly restricted their application. For
this reason, we expect that bioabsorbable metals will
have an enormous contribution to advance medical services such as the application of bioabsorbable devices to
load-bearing area of bones and veins, to the regenerative
medicine, and for children prior to their growth period.
For the widespread use of bioabsorbable materials, it
is important to establish evaluation methods of their
degradability and biocompatibility, followed by the
international standardization. A project is already underway, with the assistance of NEDO, to develop and standardize evaluation methods for biodegradable polymer
materials. A similar movement is needed for bioabsorbable metallic materials.
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1. Biomaterials

1.3. Polymeric Biomaterials
Tetsushi Taguchi, Hidenori Otsuka and Hisatoshi Kobayashi
Biomaterials Center, NIMS
1. Introduction
Research in the field of polymeric biomaterials runs
the gamut, from pure research to applied research. This
quickly growing area of scholarship, formed by the
ongoing convergence of nanotechnology, biotechnology,
and polymer materials science, might better be named
polymer-nano-biomaterials science. Organic polymers
(such as extracellular matrices (ECMs), proteins, polysaccharides, and DNA) that have been endowed with
certain functions occupy a very important position
among structural materials for in vivo applications, and
we can go as far as saying biological and functional
expressions themselves are the direct result of bio-polymers. The essence of biomaterials research is to emulate
the body, to replace biofunctions, and to stimulate the
body in a positive manner. From this perspective, it is
inevitable that research into polymer-based materials,
which are the primary elements of biostructures, covers
such a wide spectrum.
The following lists of target research areas give an
indication of the general framework of polymeric biomaterials research.
Classed by target substance
Biodegradable/bioabsorbable polymers
Peptides, carbohydrate, nucleic acids
Synthetic polymers, natural polymers, synthetic-natural polymer hybrids, etc.
Classed by materials
Particles, powders, polymer micelles
Fibers, gels, films, bulks, polymer solutions
Organic-inorganic composites, polymer-metal composites, etc.
Classed by research topic
Polymer synthesis, surface modification, fabrication
Functional analysis, structural analysis
Rheology, etc.
Classed by application area
Materials for general-purpose medical devices
Regenerative scaffolding materials
Pharmaceuticals, materials for drug-delivery systems
(DDSs)
Materials for biochemical analysis or inspections, etc.
In each of these classifications, scientific elemental
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technologies are being researched in order to satisfy the
characteristics required by the targeted medical field,
and specific practical materials and devices are being
developed. One of the most important considerations for
the biocompatibility of materials is the study of phenomena at the tissue-material interface because this is
where bioreactions, such as awareness of foreign matter,
immunoreactions, and in vivo acceptance, occur when
living tissue encounters foreign materials like biomaterials.
To explain all of these research and development
trends comprehensively involves an enormous amount
of information. But since our space here is limited, we
will discuss the current developments in our field of
research from the perspective of interface control and
polymeric biomaterial devices.

2. Worldwide Research Trends
2.1 Interface Control
The heightened global interest in nanotechnology of
late is notable in the polymeric biomaterials field as
well. Materials found in the nano domains are characterized by their very high surface-area-to-volume ratios.
This means there are a considerable number of molecules in these materials that are located in the heterogeneous regions formed by the material-medium interface.
Consequently, it is not feasible to regard the whole
material as the sum of the molecular characteristics in
the bulk phase when attempting to determine material
properties at the nanolevel; research must take into
account the large, and occasionally dominant, effects
arising from molecules at the interface domain.
For example, although cells constantly receive information related to their environment from the ECM, they
occasionally remodel the ECM as well. Likewise, the
interactions between cells and the ECM are regulated by
glycoprotein and proteoglycan receptors on the cell surface. Because these are interactions with proteins that
are coupled within the ECM, research is very active in
considering the use of nanoscale surface control to
arrange the spatial placement or density of these matrices to derive cells with specifically designed functions
and structures.
One important research example has employed various microfabrication techniques to control and pattern
surfaces on a micrometer or nanometer scale in order to
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obtain the substrate for affixing cells, the position and
shape of the adhesion surface, the pericellular flow
areas, and other characteristics. Patterned surfaces like
these are useful for tracking down the fundamental
determinants of cellular adhesion, growth, and functions. Another important research example involves
nanoscale control over the amount of adhesion peptides,
which determine biological activity. Palecek (1997)
demonstrated this very clearly.1) His group showed that
small quantities of adhesion molecules increase cell
migration and that large quantities inhibit cell migration.
The group also demonstrated that this effect was
dependent on the affinity between receptors and ligands,
the number of receptors, and the polarization of receptors over the interval from start to finish when the cells
move. In recent years, an increasing amount of research
is looking to find the nanoscale characteristics of material surfaces that come in contact with tissue.
2.2 Polymeric Biomaterial Devices
Polymeric biomaterials are being developed for
regenerative medical engineering, a field that has
become the focus of considerable interest. Much
research has already been done in scaffolding for regenerating comparatively simple tissue such as cartilage
and skin. Based on this experience, scaffolding is now
being developed for internal organs. Controlling vascular regeneration is the most important element in organ
regeneration. Research into vascular regeneration technology has combined gelatin and other scaffolding with
growth factors (such as basic fibroblast growth factor
(bFGF)), and some of this research has been approved
by ethical committees.
Other research is taking electrospinning and other
fiber-processing techniques along with artificial peptides and other self-assembling polymers and using
nanofibers as scaffolding for regenerative medical engineering applications. These fibers are placed around
cells and mimic the ECM that maintains homeostasis in
the body.
Another branch of research is tackling gelled materials for minimally invasive therapies. These materials
can be applied as sealants and adhesives. The most common materials are fibrins and biopolymer/polyamine
cross-linking agents; active esterified low-molecule and
high-molecule derivatives, genipin, and micelle have
been reported as cross-linking agents.
Because these gelled materials can be put to use as
DDS carriers as well as sealants and adhesives, more
developments are expected in this area in the future.

cultivation. Researchers have constructed brush layers
on substrate surfaces using spin-coating techniques with
a hydrophilic-hydrophobic block copolymer that contains PEG in the hydrophilic block; identified PEGPLA:Mw = 6000-8000 as the composition of the block
copolymer exhibiting the most suitable functions as a
cell-culture substrate material; and injected suitable ligand sugar chains (lactose) that control cell functions at
the brush tip. By etching this surface with plasma etching, researchers were able to form circular patterns
between tens and hundreds of microns in size on the
brush surface and successfully cultivated hepatocyte
spheroids with a feeder layer of 10,000/4cm2 vascular
endothelial cells (Figure 1). It was found that the intervals between the circular patterns, the pattern diameter,
and the brush-tip ligands were important factors on the
long-term maintenance of the hepatocyte spheroid array.
It was also discovered that the production of albumin, a
liver-specific function, could be maintained for more
than four weeks. Furthermore, estimating the reaction of
CYP3A that used a testosterone substrate material as a
drug-metabolizing function resulted in the continuation
of P450 activity for more than two weeks.
Researchers are now watching P450 enzyme activity
to assess the drug-metabolizing activity of hepatocyte
spheroid arrays at the genetic level and demonstrating
its effectiveness for cell sensing.
3.2 Polymeric Biomaterial Devices
3.2.1 Development of Artificial Cornea 7–9)
Each year more than 20,000 patients with cornearelated diseases are on cornea transplant waiting lists,
but only about 1,600 people a year actually receive
cornea transplants because of a lack of available corneas
and other problems. To help visually impaired people
afflicted by cornea diseases, NIMS is studying cornea-

3. NIMS Research
3.1 Interface Control
3.1.1 Construction of Nano-Structured Materials that
Promote Spheroid Formations2–6)
Based on knowledge gained from the construction of
polyethyleneglycol (PEG) brush surfaces, NIMS
researchers have been engaging in cell spheroid pattern
240

Fig. 1 Fluorescent antibody staining of hepatocyte spheroid
arrays with a feeder layer of vascular endothelial cells. (a) F-actin
staining, (b) albumin staining, (c) differential interference image,
and (d) overlay of images a to c.
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replacement materials and developing devices from
these materials. The main body of research is attempting
to add biocompatibility and tissue bonding ability to a
transparent polymeric material with excellent optical
capabilities that will function safely for many years.
Researchers have developed a method of fastening Type
I collagens with a covalent bond to a hydrogel surface
of polyvinyl alcohol (PVA) and have developed a technique for apatite conjugation to improve the tissue
bonding ability at the border of the PVA-COL hydrogel
where the collagen (COL) is fastened. Successful apatite
conjugation has been realized at the device border without loss of its optical characteristics even after processing. Interactions were studied between cells and collagen-added PVA-COL hydrogels and between cells and
PVA-COL hydroxyapatite (PVA-COL-HAp) compounds
using normal human corneal epithelia and chick embryonic keratocyto-like cells. Figure 2 shows the results
where numerous cell attachments were observed and a
substantial increase in cell affinity was recognized in
both PVA-COL and PVA-COL-HAp compared to the
control PVA hydrogel. Studies of the short-term tissue
reactions of this material when transplanted in corneas
of domesticated rabbits found the material remained in
stable condition in the cornea for about three weeks.
NIMS researchers are now collaborating with medical research institutions on basic studies leading up to
clinical applications.
3.2.2 Development of Tissue Adhesives10–12)
Sutures are generally used to join and close wounds
during surgical procedures, but several varieties of medical adhesives are used to close affected areas faster and
more readily. Fibrins are the most commonly used medical adhesives in clinical pathology, but regulations on
their use are becoming more stringent because of the
risk of viral infections stemming from their human
blood components. Therefore, NIMS researchers have
developed a two-component adhesive consisting of a
biopolymer and a citric acid derivative (CAD). In vitro
bonding strength tests, using collagen casing, show that
adhesives composed of CAD and collagens reach 50%
of their maximum strength in five minutes and almost
reach equilibrium after 10 minutes. This adhesive

Fig. 3 Wound areas after applying adhesives to incisions in the
skin of lab mice (a: aldehyde adhesive, b: adhesive developed by
NIMS).

exhibits a bonding strength that is approximately nine
times stronger than commercial fibrin glues and nearly
on par with aldehyde adhesives. Figure 3 shows the tissue reaction on the tenth day after applying this adhesive to the skin of a laboratory mouse. A strong inflammatory response was observed with the aldehyde adhesive on the tenth day, but the NIMS adhesive was recognized to have closed and healed the wounded area in the
same timeframe. These results confirm that adhesives
formed from organic acid derivatives and biopolymers
exhibit very strong bonding strengths and good biocompatibility.
NIMS researchers are currently developing medical
applications for this adhesive primarily in the surgical
field.

4. Future Outlook
4.1 Interface Control
Since this is a field of convergence between nanotechnology and biotechnology, an increasing number
of practical developments are expected, such as medical
diagnoses, biochemistry analyses, and drug screenings.
4.2 Polymeric Biomaterial Devices
Biopolymers, such as collagen, that have been used
as regenerative medical scaffolding despite certain safety risks are expected to migrate from pig collagen to
artificial compounds containing fish collagen and peptides. Furthermore, attention is likely to focus on phase
transition materials that can be used in minimally invasive therapies under in vivo conditions.
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Section 2. Biodevices
2.1. Development of Cell-Based Sensor Devices
Akiyoshi Taniguchi and Junko Okuda
Biomaterials Center, NIMS
1. Introduction
Living cells maintain life functions by responding
quickly and with great sensitivity to changes in their
external environment. Consequently, sensors using cells
as their active elements are thought to be able to perform analyses faster and with more sensitivity than ever
before. Cell-based sensors can be roughly divided into
two types. The first uses microorganisms such as
Escherichia coli or yeast as active elements.1-9) The second type uses human and animal cells. The first type can
be cultivated rather easily and has the advantages of
being inexpensive and portable. The second type is
more complex but has the advantage of potentially
being used on human subjects. Most research in this
area is concentrated on the first type, microbial sensors,
but research on sensors that use animal cells has been
gradually picking up recently.10–24)
At NIMS, we are exploring animal-cell modifications
with genetic engineering techniques and developing
next-generation cell sensors that can visually represent
specific reactions. 25, 26) We have successfully made
devices from sensor cells that can process a variety of
specimens using MEMS, NEMS, and other nano/micro
processing technologies.27)
In this chapter, we will introduce our research and
describe recent trends in the area.

2. Global Trends
Most cell-based sensor research done overseas
involves the use of microorganisms. More recently,
research has started investigating the use of human and
animal cells for sensors. We will divide our look at
global trends into research using microorganisms and
research using animal cells.
2.1 Microbial Sensors
The main thrust of microbial-sensor research, development, and applied research is to realize environmental
measurement sensors that detect, for example, organic
matter or heavy metals in soil or water. Electrochemical
microbial sensors are one type of sensor that work by
attaching microorganisms such as yeasts or nitrifying
bacteria to electrodes. The addition of a specimen causes fluctuations in cellular respiratory activity or fluctuaMaterials Science Outlook 2006

tions in metabolic products, which are picked up as
changes in currents or potentials at the electrodes. What
is being examined now are methods for studying the
influence of the substance under test on integral enzyme
reactions within the microorganisms and how to
increase the sensitivity of detections from enzyme
recombination expressions at the cellular surface. 1)
There are also reports of microbial sensors where a
number of microorganism varieties are fastened together
on the sensor to detect a broader range of substances.2)
Another type of microbial sensor is capable of optical
detections and uses marine-bacterium-derived bioluminescent operons (LuxCDABE) or jellyfish-derived
green fluorescent proteins (GFPs) as reporters.
Technology is used that places reporter genes in the promoter downstream that is induced by the substance
under test. Detections can be visualized from the bioluminescence or fluorescence of the target substance within the specimen caused by recombinant microorganisms,
where these receptors are implanted with genetic engineering.3, 4) Combining optical detection methods with
array technology is being studied because optical methods are well suited to multiple-specimen tests.5)
2.2 Animal-cell Sensors
Compared with microbial research, research on sensors using animal cells is scarce, but it has been increasing slowly since 2000. Research in this area can be generally broken down into methods that cultivate living
animal cells on a sensor and methods that use molecular,
protein, or gene probes. Researchers are attempting to
use the former method to detect cellular metabolite
directly with sensors and thus detect cell growth. 10)
Analyses of various substances are being tested using
the latter method.11, 12) This latter method has been used
to measure inorganic ions, glucose, and other substances
inside cells.
Additional research projects are working on cell sensors that use fluorescence resonance energy transfer
(FRET) within specific proteins (signal transduction
related proteins, for example). This method is impressive because it can make observations in real time at the
single-cell level. Measurements of calcium and cAMP
within cells are being attempted with this method.13–15)
Further research examples include experiments with
immunoassay and other tests using living immune
cells16) and trials cultivating cells in microarrays for use
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as sensors.17)

3. Domestic Trends
In Japan as well, most biological-sensor research
focuses on microorganisms. A few research institutes,
however, have started to research human and animal
cells as sensors. Japan’s research in this area is considered to be comparatively strong. Below we will describe
domestic research trends in microbial research and in
animal-cell research.
3.1 Microbial Sensors
The basis of the electrochemical microbial sensors
being researched today is the biological oxygen demand
(BOD) sensor, which uses microorganisms and was
developed by Professor Karube et al. at the Tokyo
University of Technology in the 1970s.6) The microbial
electrode method was standardized as a JIS method (JIS
K3602) for BOD measurements. In the area of opticalbased microbial sensors, Professor Tamiya et al. at the
Japan Advanced Institute of Science and Technology
reported BOD measurements with recombinant
Escherichia coli.7) This team has constructed a practical
BOD sensor that detects bioluminescence generated
when ocean-derived luminescent microorganisms
assimilate the substance under test.
Other researchers are working on making chip-based
microbial sensors. Professor Matsue et al. at Tohoku
University are investigating chips that will allow multiple specimen processing with microbial or cell-based
sensors. This group has demonstrated, using scanning
electrochemical microscopy, a respirometer system with
Escherichia coli on a chip.8, 9)
3.2 Animal-cell Sensors
Several Japanese groups are doing outstanding
research on sensors using animal cells. Methods are
being developed that cultivate living animal cells on
sensor surfaces and directly analyze metabolic substances generated by drugs or other stimuli. Professor
Haruyama et al. at the Kyushu Institute of Technology
and Professor Aizawa et al. at the Tokyo Institute of
Technology are developing sensors that detect nitric
monoxide and nitric oxide using macrophage-like cell
strains and endothelial cells.18–21) Because the metabolite
produced by cells under stimulation is exceeding miniscule, an important hurdle for the researchers is how to
increase the sensitivity of sensors. An Osaka Prefecture
University group led by Professor Sugimoto has been
attempting to use cells that visualize various intracellular microstructure proteins as cell sensors.22) With this
method, the group has been able to make detailed analyses by observing with living cells the effector sites of
known drugs and to analyze the actions of unknown
drugs using the changes in the microstructure as an
index. This raises the need to establish a quantitative
index. Professor Yoshizato’s group at Hiroshima
University has cultivated mast cells on an SPR sensor
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chip as part of the development of a method for realtime detection of physiological changes.23) A Tohoku
University group led by Professor Matsunaga has
embarked on a unique research project that incorporates
nerve cells in microchannel analysis.24) We expect the
main body of research to focus on developing next-generation measurements capable of processing multiple
specimens through convergence with technologies from
other fields (such as molecular biology and nanotechnology).
3.3 NIMS Research
At NIMS, researchers are using molecular biology
techniques to fabricate next-generation sensor cells that
will detect changes in gene expressions in response to
drugs and other external stimuli. The aim is to invent a
biosensor using these cells that can monitor cell stimuli
simply and chronologically. Our group has established a
stress-responding domain in the HSP70B’ gene and,
using this functional domain and reporter genes, has
detected cadmium chloride and other cellular toxicities.
We demonstrated that this method has about four times
the sensitivity of existing methods.25, 26) Furthermore,
using GFP, a jellyfish fluorescent protein, as the receptor
genes, it is possible to detect chronologically cellular
toxicities such as cadmium chloride (Figure 1). Because
the HSP70 gene responses to many kinds of stresses, we
expect this functional domain can be used for very sensitive detections of a wide range of cellular toxicities. We
have experimented with cultivating these sensor cells in
microwells and microchannels with the idea of applying
them in cell arrays and other high-throughput analytic
methods. These experiments showed it is possible to cultivate sensor cells in microwells and microchannels
(Figure 2).27) Hence, we expect it will be possible to use
sensor cells like these to develop next-generation
devices that detect cellular toxicities with a high
throughput in microwells and microchannels.

4. Future Outlook
4.1 Microbial Sensors
The application fields for microbial sensors include
environmental measurements, industrial process con-

Fig. 1 Chronological detection of cell toxicity with sensor cells.
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Fig. 2 Convergence of sensor cells and MEMS technology.
A: cell adhesion domains, B: micropatterned sensor cells,
C: GFP expressions of micropatterned sensor cells,
D: sensor cells in a microchannel

trols for foodstuffs or fermentation, and other areas that
benefit from improvements in genetic engineering.
Microorganisms in the environment can metabolize
many diverse types of chemical substances and it is a
simple matter to change their genetic makeup. For this
reason, we predict that most research will focus on
genetic engineering improvements and that attention
will center on sensor-chip fabrication aiming for multiple-sample/multiple-item processing.
4.2 Animal-cell Sensors
Efforts to cultivate cells on sensor surfaces are ongoing both in Japan and abroad. To improve the sensitivity,
singularity, and specimen-processing capability of sensors, however, we feel it is necessary to adopt technology from other fields, particularly nanotechnology and
biotechnology.

5. Conclusion
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Cell-based sensors may potentially be used as an
examination technology in the medical field as well as
for cell-toxicity inspections of medical supplies, biomaterials, environmental factors, and other materials. With
the convergence of biotechnology and nanotechnology,
even better measurement technologies are expected to
be established and extended into vital nano-bio fields.
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2. Biodevices

2.2. Development of Bioelectronic Devices Using Macro
and Nano Fabrication Technologies
Yuji Miyahara, Nobutaka Hanagata and Toshiya Sakata
Biomaterials Center, NIMS
Yasuhiro Horiike
Nanotech-driven Materials Research for Information Technology, NIMS
1. Introduction
Biochips in the post-genome era are expected to contribute, beginning with tailored medical treatments and
drug-discovery development, to a wide range of industries such as the food industry, the environmental industry, and the healthcare industry. In the United States, for
example, demand for biochip products and services is
rising at 20% per year and is forecast to hit 2.1 billion
dollars in 2008. Biochips have a wide spectrum of applications including drug discovery, epidemiology studies,
gene-expression profiling, and protein analysis.
Simultaneously, the development of new technologies
— such as nanotechnology, MEMS and other lithography techniques, self-assembling miniaturization technologies, and molecular manipulation technologies
using nanotubes and nanowires — that can work at
nanometer scales and molecular levels is progressing
rapidly. In concert with this is the accelerating convergence of science and technology not only in fundamental biochip technologies but also outside the realm of
existing disciplines. In particular, a nano-bioelectronics
field is forming through the convergence of nanodevice
electronics technology, which stems from semiconductor microfabrication technology, and biomaterials, such
as genes, proteins, and cells. Observers believe nanobioelectronics will become the core fundamental technology of the biochip industry.
In this chapter, we will present a number of recent
research topics of particular interest from the technologies outlined above.

sample solution to extremely tiny areas. For instance,
when one enzyme molecule is sealed in 1 µL, which is
the smallest volume achievable in a normal biochemistry experiment, as few as 600 reaction products will be
generated in that volume from the single molecule. This
equates to a concentration of about 1 fM, which is virtually undetectable with existing detection methods. But if
the same enzyme molecule is sealed in a volume of 1
fL, the 600 reaction products create a concentration of 1
µM. This level is adequate, from a biochemical point of
view, for detection.
In line with this concept, the Fujita group fabricated a
femtoliter-order reaction chamber, like that shown in
Figure 1, and used it to make single molecule measurements.1) The group first created a cylindrical structure
array 1.1 µm in diameter and 1.5 µm high on a silicon
wafer using anisotropic etching with a plasma ion-etching device. Next, after forming a PDMS sheet using this
structure as a mold, they were able to systematically
align femtoliter-order chambers on the surface of the
PDMS sheet. With the femtoliter chamber they created,
the group successfully measured the single molecular
enzymatic reactions of beta-galactosidase and F 1ATPase. In effect, they realized a device capable of
measurements of an extremely high sensitivity.
Moreover, they demonstrated that the femtoliter chamber can be used to visualize single DNA molecules and
it is useful as a highly sensitive PCR detection system as
well.

2. Single Molecule Detection with MEMS Technology
Almost all conventional techniques for analyzing
protein functions have relied on averaging the behavioral values of a group of molecules. This averaging
meant it was nearly impossible to analyze the properties
of a single molecule. More recently, however, several
methods have been reported where single molecule
measurements are made by physically confining the
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Fig. 1 Femtoliter-order reaction chamber.
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3. Electrical Gene-analysis Technology using
Nanoparticles and Nanopores
Analysis and use of gene information poses a major
challenge for the post-genome analysis era and adds
importance to various peripheral technologies that aid
gene information analysis. Of these technologies, multifunction integration is one that is necessary for the
development of DNA microchips that can be scaled
down. To realize this level of integration, surface modification, microfabrication, and other technologies that
can position molecules on a micron-scale or nanoscale
are critical. Recently, there have been robust developments in gene-analysis technology, based on these nanotechnologies, that measures electrical signals, in the
form of currents or potentials, with superb sensitivity in
a small form factor.2–4) For example, methods have been
reported where DNA has been modified on gold electrodes or gold nanoparticle surfaces, making use of the
properties of thiol compounds, which adsorb chemically
in gold surfaces, and case studies revealed of DNA
microchip applications where electrical measurements
have been twinned with devices with nanostructures
fabricated as finely as the size of DNA molecules. The
future looks promising then for bio-measurement methods as new functional analysis techniques.
Since 1996, DNA hybridization detection methods
have been developed using gold nanoparticle-DNA conjugates. These methods detect DNA hybridization as
variations in color tone. The variations are caused by the
aggregation of metal nanoparticles, which is driven by
the formation of double-stranded DNA between the target DNA and a probe DNA attached to the gold
nanoparticles. Another recent method that has been
reported detects DNA hybridization by measuring
changes in electrical signals in an electrode gap using
the same gold nanoparticle-DNA conjugates. In the
method proposed by Park et al.,3) DNA with the complimentary sequence to half of the target DNA sequence is
immobilized in a 20 µm electrode gap. Then nanoparticles, to which are attached DNA with the complimentary sequence to the remaining half of the target DNA
sequence, are reacted with the target DNA, which causes the nanoparticles to adhere to the substrate electrode
gap. Finally, silver is deposited on the surface of the
gold nanoparticles with a reduction reaction, which
swells the metal nanoparticles bonded by the DNA so
that the electrode gap is lined with them. In this way, an
electric signal is obtained. With this method, only the
target DNA, which completes the complementary
strands, can cause the metal nanoparticles to stick in the
electrode gap. Thus, driving the silver deposition at the
surface of the gold nanoparticle bonded to the completed complementary-strand target DNA will increase the
electrical conduction across the electrode gap. Single
base differences in the target DNA are readily detected
from the variations in the electrical resistance across the
electrode gap. In terms of sensitivity, this method has
successfully detected target DNA at concentrations as
low as 500 fM.
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Another gene-analysis technology incorporating
microfabrication has been reported that detects single
DNA molecules using nanopores.4) In this method, αhemolysin molecules are self-assembled to form a
nanopore channel in an insulating lipid membrane.
When a bias voltage is applied to the membrane, a tiny
ionic current on the order of picoamperes is created,
which, in the semiconductor electronics world, is measurable at room temperatures. A single strand of oligonucleotide is absorbed in the nanopore, which is sufficiently large for the passage of one DNA molecule. When
this strand of oligonucleotide undergoes hybridization
with the complementary DNA inside the nanopore, the
nanopore is blocked and the amount of passing ions
changes. As a result, a single DNA molecule can be
detected by observing the changes in the ionic current
across the electrolyte in which the insulating membrane
is inserted. This type of DNA detection using nanopores
can perform detections in fewer than 50 µs and is
expected to be employed in biosensors capable of identifying different individual molecules.

4. Field-effect Biosensing Devices
After fixing a biologically-relevant substance to the
surface of a gate insulator in an insulated gate fieldeffect transistor (FET), changes in the electron charge
density, caused by the formation of compounds with the
biomolecules, are detected as changes in the electrical
characteristics of the FET.5–6) DNA molecules, proteins,
and other electrically charged molecules as well as cellular membrane proteins are used as biologically-relevant substances. Gate insulators are usually 50 nm to
200 nm thick, which is thin enough for electrostatic
interactions to occur between the electrons (in the silicon) and the electrically charged biomolecules (in the
solution), which are on either side of the gate insulator.
Because electron densities on the silicon surface (the
channel) change in response to changes in the electron
charge density of the biomolecules on the gate insulator
surface, the biomolecules can be detected as changes in
the drain current or in the threshold voltage.
For example, phosphate ions give a negative charge
to DNA molecules in an aqueous solution. Thus, after
fixing an oligonucleotide probe to the gate insulator surface, immersing it in a solution along with a reference
electrode, and adding the complementary DNA to the
solution, a double-stranded DNA will form on the gate
due to hybridization. This causes the negative charge
density on the gate to increase, which, in the case of an
n-channel transistor, reduces the drain current or else
shifts the threshold voltage in a positive direction.
Hybridization, then, can be detected from these changes.
It has been demonstrated that, based on this principle, it
is possible to detect not only hybridization but also
DNA extension reactions with DNA polymerase or
intercalation where only a double-stranded DNA is
specifically adsorbed. It has also been discovered that
these DNA molecular recognition reactions can poten247

tially be used for single nucleotide polymorphisms
(SNPs)5) and DNA sequencing6) that analyzes DNA base
sequences.

5. Biochips for Public Safety and Security
Many emerging infectious diseases have appeared in
recent years, such as HIV, SARS, avian influenza, and
Ebola hemorrhagic fever, and there is a pressing need to
find countermeasures for these diseases. Furthermore,
the number of factors threatening our daily lives is on
the rise what with the increase in antibiotic-resistant
bacteria, the potential for terrorism using biological and
chemical weapons, the health impacts of nitrogen oxide,
hydrogen sulfide, and other toxic substances in the environment, and the contamination of food by such
microorganisms such as E. coli O157 bacterium. From
this context, there is an increasing amount of public
interest in achieving a safer and more secure society.
To protect our wellbeing from the infectious diseases,
bioterrorism, food contamination, and toxic substances
mentioned above and to react swiftly in emergencies,
we need to develop simple inspection systems that can
be carried into the field. Semiconductor microfabrication techniques can be used to make biological and
chemical sensing systems smaller and simpler and to
integrate their reaction processes. A wide variety of
applications are being developed as techniques enabling
on-site inspections to be performed where needed.
Polymerase chain reactions (PCRs) are used to detect
and analyze microorganisms and viruses. To accelerate
and simplify PCRs, thermal cycler microchips are being
developed using semiconductor technology. 7)
Accelerating PCRs requires the production of smallheat-capacity reaction chambers from a material with
high thermal conductivity. Silicon is well suited to thermal cycler microchips because of its high thermal conductivity, from 3.2 to 150WM-1K-1, and because it can be
readily integrated with thin-film heaters and be fabricated with MEMS technology. In this example, grooves
850 µm deep, where the reaction chambers are placed,
were formed in a 1 mm-thick silicon substrate with
anisotropic etching using KOH solution. Next, heaters
were produced by forming patterns of boron-doped
polysilicon thin films on another silicon substrate, and
Au/Ti contact electrodes were formed. Cylindrical reaction chambers were created using these two substrates
and pasting the grooved surface together with a polyimide. Since anisotropic etching was used to form the
grooves, the cylindrical chambers were hexagonal in
cross section. Teflon-coated thermocouples were fastened to the substrate surface with an epoxy resin that
has very good heat conduction and lead wires were
attached to the metal contact electrodes. A polypropylene tube 1 mm in diameter and 2 cm in length was
inserted in the reaction chamber, where the PCR occurs.
The effective sample capacity of the polypropylene tube
is 20 µl. In a thermal cycle with this PCR tube, the heating speed is about 10ºC/sec and the cooling speed is
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about 2.5ºC/sec. Thus, one cycle of dissociation (96ºC),
annealing (55ºC), and elongation (72ºC) required about
30 seconds. This device was used to examine the continuous sequence of amplification and electrophoresis with
Salmonella DNA and it was found that the time from
PCR to detection of the peak electrophoresis could be
done in less than 45 minutes. It was confirmed, by comparison with the peak of a standard sample, that DNA
with the target base length (159 base) was amplified.
This device is advantageous in terms of speed, size, and
simplicity over conventional nucleic-acid amplification
and electrophoresis devices. These advantages make it
applicable to other fields like molecular biology
research and medicine.
Another device that is being developed concentrates,
purifies, and detects the nucleic acid in bacteria in one
sequence. Ordinarily, five steps are performed to detect
nucleic acid in bacteria: (1) bacteria capture, (2) dispensation into an infinitesimally small solution, (3) cellwall dissolution, (4) capture and purification of the
nucleic acid, and (5) nucleic acid detection. These
processes have been integrated on a glass chip using
semiconductor microfabrication techniques.
Dielectrophoresis (DEP) was used to capture the cells
(bacteria). An asymmetry electric field was generated
with tandem electrodes and the cells were captured and
moved by applying a 1 KHz electric field. The capture
time was 10 minutes. A chaotropic salt like guanidine
(GuSCN) was used to dissolve the cell walls.
Concentration ratios of about 160 times were obtained
through the tandem electrode capture and concentration
process, and the capture efficiency was 100%. The
nucleic acid was detected fluorescently by means of a
molecular beacon specific to the base sequence of the
target nucleic acid. The 90% response time was 20 minutes. The detection limit was 25 cells, and it took 30
minutes from capturing the bacteria to obtaining the
response specific to the nucleic acid. This device is
effective in realizing smaller, faster, portable inspection
systems.
Techniques that detect toxic substances in industrial
emissions are being developed with the use of artificial
olfaction. Intermolecular interactions with the toxic substance that are employed include acid-base, π-π compound, donor-acceptor, hydrogen bond, dipole-dipole,
and van der Waals force interactions. An array of materials that perform these interactions was created on a
substrate and the responses of each material to chemical
substances were studied with pattern recognition.
Chemical-responsive pigments — such as Lewis acid
dyes (metal porphyrin), Bronsted acid/base dyes, and
dyes with large dipoles — were employed as the materials that interact with the chemical substances. By modifying the pigment concentrations as they form on the
substrate, the color tone of a response to a chemical substance can be varied. A 6 × 6 array was created and the
responses of 32 different volatile organic compounds
(VOCs) were studied. The response patterns and colorchange information of the sensor array were measured
and the target chemical substances were analyzed by
Materials Science Outlook 2006

comparing them to a library of 1,000 different patterns.
Multivariate analyses such as principal component
analysis were used in this analysis. The sensor had a
response time to both SO2 and NH3 of two minutes and a
sensitivity of 100 ppb. The sensitivity of gas chromatography/mass spectrometry (GC/MS) without pre-concentration of the substance under test is 500 ppb. Thus, the
sensitivity of this sensor is higher than that of non-concentrated GC/MS. Because metal porphyrin is used as a
chemical-sensitive material, the interactions are stronger
with intramolecular metals and chemical substances.
Therefore, the interaction strengths (concentrations)
vary depending on the type of chemical substance, as
shown below.
• Detectable at a ppb level: amines, carboxylic acids,
and phosphins
• Detectable at a ppm level: thiols and aldehydes
• Detectable at a 100 ppm level: alcohols and esters
• Detectable at more than 100 ppm: arenas and alkenes
All the substrate materials and pigments are
hydrophobic, and range in concentration from 200 to
2000 ppm. Thus, the device is not affected by water
vapor. Being free of water vapor effects is a unique benefit of this sensor not seen in other polymer or oxide
materials. After using this sensor array to evaluate 560
samples, the error ratio was 5/560, or 0.89%, and there
were no false negatives. This sensor array is disposable
for effective use in the field.

one’s arm.8)
This blood-collection assembly has been installed on
a microchip that has an integrated electrochemical
biosensor, as shown in Figure 2. Rotating the chip
guides the blood to the biosensor by centrifugal force
and also separates the blood cells and plasma.
Eventually, the blood is fractionated so that only plasma
covers the biosensor. At the moment, the sensor can
measure the pH, Na +, K + ions, blood urea nitrogen
(BUN), and glucose levels of the collected plasma. We
are now working on improving the stability and reliability of the device.
We have also built a prototype colorimetric
microchip that finds target marker concentrations from
changes in light absorption when blood plasma mixes
with a reagent (Figure 3). This microchip uses centrifugal force not only to separate the blood cells but also to
do all the mixing and weighing of the plasma and two
reagents. In addition to liver function diagnostic items,
this microchip can measure total cholesterol, neutral fat,
and HDL cholesterol. Using both the electrochemical
and the colorimetric healthcare microchips in sequence
is effective in preventing lifestyle diseases. In fact, one
of our staff was diagnosed with hyperlipidaemia during
a health examination. With the consent of NIMS medical staff, the staff member monitored changes in his

6. In-home Health Care Microchips
Considering that prevention is important to living
each day in good health, we are developing a healthcare
microchip that measures a number of health markers in
plasma components extracted from a trace amount of
blood taken at home. To commercialize this microchip,
Adbic, a NIMS venture company, was established in
September 2004.
As a first step, a painless needle was developed since
it was felt that the ability for anyone to take a blood
sample painlessly at home was important. The needle
was made from a stainless steel tube only 0.15 mm in
diameter. First the rough inner wall, formed while
rolling the tube, was polished to a high degree of
smoothness, three sides of the tip were ground to a 10degree angle, and finally the needle underwent electrochemical polishing. The inner wall of the needle is
smooth enough that blood can be extracted with the
patient’s blood pressure alone once the needle reaches a
vein. To guide the needle accurately to a vein, an
infrared light, which easily passes through the body, is
shone on the insertion area and the position of the vein
is confirmed with an image from an infrared camera
before inserting the needle. It is also possible to verify
when the needle reaches a vein by measuring its electrical potential. The needle’s potential changes once it
reaches a blood vessel. In this way, one can collect a
blood sample by watching a display and not looking at
Materials Science Outlook 2006

Fig. 2 Electrochemical diagnostic microchip.

Fig. 3 Three-test colorimetric microchip.
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neutral fat levels with this chip after taking the prescribed medicine. This device is believed helpful in
knowing one’s own levels and being able to diagnose
one’s own recovery after changing dietary and other
habits.
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Section 3. Applied Bio-Nano Technology
3.1. Drug-Carrier Materials and Medical Application
Systems
Yoshiyuki Uchida, Wataru Kamimura and Hennmei Ni
Clinical Technology Group, Biomaterials Center, NIMS
1. DDS Research
Drug delivery systems (DDSs) aim to optimize medical treatments by controlling the in vivo behavior of
drugs using polymer materials and inorganic materials
as drug carriers. In other words, a DDS, a fundamental
technology backing drug discovery and drug therapy, is
able to maximize drug efficacy and to minimize side
effects by delivering the required amount of a drug to
the required area at the required time.
As a technology, new DDS development is closely
linked to advances in biotechnology and nanotechnology. And as an industry, global interest in DDSs is on the
rise, partly due to the context of intensifying international competition and expiration of patents on many
major drugs. This interest is evidenced by the explosion
in research papers on DDSs: where 1,000 papers on
DDSs were published in 1990, 18,000 papers were published in 2001, an increase of 18 times. Competition in
DDS development is expected to escalate further, and
securing intellectual property rights in this area is hoped
to make a major contribution to revitalizing our healthcare industry.
The main directions for DDS research have been
indicated as targeting and controlled release. For example, liposomes or polymer micelles are used to accumulate a drug passively at a cancer lesion or inflamed area
with polyethyleneglycol (PEG), which extends the
drug’s retention period and avoids intake by the reticuloendothelial system. Carriers are also used to permit
oral administration or inhalation. Unfortunately, these
carriers are known to reduce drastically the bioactivity
of not just low-molecular drugs but also high-molecular
drugs like proteins. Additionally, the outermost layer
and innermost layer of liposome particles are
hydrophilic. So although they can carry hydrophilic
drugs, the volumes are quite limited, making it difficult
to increase drug efficacy. What’s more, these carriers are
better suited for drug targeting than long-term sustained
release because they dissolve within the body comparatively quickly.
At the same time, advances in biotechnology are
pushing the rapid development of biopharmaceuticals.
Biopharmaceuticals are predicted to account for 30% of
all pharmaceuticals in Japan in 2010, up from 14% in
Materials Science Outlook 2006

2003. Many biopharmaceuticals, which are composed of
proteins, peptides, genes, and other higher-order polymers, are less stable than low-molecular drugs and have
half-lives of only a few hours. For this reason, DDS carriers, which allow for longer sustained and stable
release of drugs, hold a particular importance for biopharmaceuticals. High-polymer drugs are usually
administered by injection because they cannot easily
pass through mucous membranes or the skin. Thus, in
consideration of patients’ discomfort, there is much
expectation for development of sustained release DDSs
that can minimize the number of administrations.
Clinical development trials are now underway for
inhaled insulin therapy, which began in the United
States.1) These trials are testing the administration of
insulin, which up to now has had to be hypodermically
injected every day, in the transbronchial airways and the
adsorption from respiratory tract mucous membrane.
Besides insulin, other biopharmaceuticals are under
development as inhalants such as growth hormones and
other peptides that cannot be administered orally. The
spread of inhalation DDS treatments has the potential to
dramatically reshape future medical care itself. One of
these changes may be the end of injection treatments
given at medical centers, assuming inhalant DDS drugs
can be used readily. Another change that may be
brought about by moving from orally administered
drugs to inhalants is to slash the more than 7,000 drug
types to less than one-tenth of their number, if inhalants
can be developed that are not metabolized by the gastrointestinal tract or the liver.
Inhalation therapy as a medical treatment began with
the idea of locally treating bronchial asthma. Its history
is long: inhalation of Isoprenaline began in the 1950s. It
is no exaggeration to say that in the 50 years since then
inhalation devices have been developed strictly for antiasthmatic treatments. Today, led by pharmaceutical
firms, there is considerable work in the pharmaceutical
field going into the development of inhalants with particles sizes on the order of 3 µm.
Figure 1 shows the different respiratory tract deposition areas according to the size of the inhalant particles.
Seen from the respiratory tract as a whole, large
amounts of particles larger than 1 µm or smaller than
100 nm are deposited in the respiratory tract itself.
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devices. Attaching nanoparticle drugs to a mask permits
the drug to be inhaled with resting ventilation. It is predicted that intraalveolar gases and particles will be dispersed and transported into blood vessels by short pauses in breathing during inhalation. Extending the retention time of the drug in the lungs increases the amount
of the drug transferred to blood vessels. Nanoparticle
inhalation devices show great potential as effective
delivery systems not only for respiratory illnesses but
also for treatments of other internal organs.

3. Conclusion
Fig. 1 Relationship between the particle size and the deposition
area in the lungs.

Particles between five and 10 µm are mainly deposited
in the upper respiratory tract, such as the nasal cavity,
the pharynx, or the larynx, or else in the trachea or large
bronchial tubes. Smaller particles (500 nm to 5 µm) are
deposited in the small bronchial tubes, the structurally
weak bronchioles, and the alveoli. After particles of this
size are deposited in the alveoli, they are ingested by
alveolus macrophages. In other words, this size of drug
particle offers the greatest potential of forming antibodies to the drug in the body. On the other hand, once fine
particles under 500 nm reach the alveoli, they enter the
capillary vessels distributed in the alveoli and are carried to internal organs throughout the body.
Inhalants consisting of nanoparticles under 500 nm
can administer drugs directly into arteries. Inhalants,
unlike oral drugs or intravenous-drip drugs, can deliver
directly to the target organ (particularly the nasal cavity,
the laryngopharynx, the bronchopulmonary organs, the
heart, the artery system, and the cranial nerves).
Therefore, attention is focusing on inhalants as drug
delivery systems because of their potential as a painless
administration method, for lowering side effects, and for
reducing tremendously the amounts of administered
drugs.

The pros and cons of nanotechnology are being
debated on a global scale. Nanomaterials are anticipated
to bring about enormous changes in the environment,
agriculture, and medicine. To be sure, there are many
benefits to be had with the use of nanotechnology, but it
is equally true that its negative aspects are rarely mentioned. Taking nanoparticle inhalation devices for
instance, there are many problems that have to be
resolved, such as how do we ensure the stability of
pharmaceuticals when they are made into nanoparticles
or what will be the impact on nearby people of particles
that are re-exhaled from a patient who has inhaled a
drug. Nanoparticles are about the same size as viruses.
This may mean we will have to take countermeasures
similar to the measures we take to prevent viral diseases
that cause numerous respiratory infections.
Nevertheless, while only a limited number of facilities
can actually run animal experiments and clinical trials
with these devices, there is information that these types
of facilities have endorsed nano-inhalation devices. In
short, we should recognize that the age of nano-inhalation devices has already come this far this quickly. We
feel that the usefulness of nano-inhalation devices
should be recognized as soon as possible and development using Japan’s consolidated knowledge and technology expedited.

2. DDS Research and Development at NIMS

Reference

The Biomaterials Center is researching and developing inhalation DDS drugs using nano-biotechnology
techniques. Attaching particles to nanofibers to prevent
aggregation between particles makes it possible to
inhale nanoparticles without any solvents. Water-soluble
polymers are used for the nanofibers and the nanoparticles consist of only the drug. The fibers protecting the
particles can accumulate in the lungs if they are not
biodegradable. Fibrous substances like asbestos can
remain in the lungs without breaking down even if they
are ingested by lung macrophages. To avoid this danger,
nanofibers are produced from water-soluble polymers
that are safe for the body and do not maintain their fiber
shape in the lungs. We have confirmed these nanoparticles break away at normal inhalation speeds and, thus,
shown it is possible to develop nanoparticle inhalation
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3. Applied Bio-Nano Technology

3.2. Future of Regenerative Medicine
Tetsuya Tateishi
Biomaterials Center, NIMS
Since molecular biology emerged as a powerful tool
for medical science, we have witnessed the incredible
development from macro medical treatments to micro
medical treatments and the declaration that the human
genome has been decoded, though the functions and
structure of the genome have yet to be analyzed completely. In the wake of these developments an important
issue that remains is coming up with a hierarchy of
mathematical models on life phenomena from the
molecular level to the cellular, tissue, organ, organ system, and individual levels. Figure 1 illustrates the hierarchical structure of the clarification of life phenomena
across genome (gene analysis), proteome (protein analysis), and physiome (analysis of phenomena higher than
cells). While genomics and proteomics are invaluable
analysis tools for regenerative medicine and engineering, much of its theoretical foundation is dependent on
physiomics.
The industrialization of biotechnology is already
yielding results, such as tissue regeneration and genome
drug discovery, in the areas of medical care and drug
manufacturing. In the not-so-distant future, we are
expecting to migrate to “tailor-made” treatments, in
which appropriate treatments are given to appropriate
patients based on their individual genome information,
and preventive medical care, in which the occurrence of
diseases are prevented by discerning a person’s disease

predisposition at the genome level.
In 1988, the U.S. National Science Foundation (NSF)
sponsored a workshop on tissue engineering (TE) and
started building an R&D platform between industry,
government, and universities with the prediction that the
latent global market for TE was worth 48 trillion yen. In
1996, the FDA held a workshop to set unified standards
for TE product approval at the World Biomaterials
Congress in Toronto, where the U.S. showed extraordinary ambition in this field. Today there are around 50
TE venture enterprises with a total stock value of 200
billion yen and employing more than 3,000 people.
Government funding from the National Institutes of
Health (NIH), the National Institute of Standards and
Technology (NIST), and other organizations accounts
for more than 10% of the 600 million dollars spent each
year on development. On the domestic front, Japan
entered the TE age with financing from the Ministry of
Health and Welfare to JTEC, a venture firm set up by
Nagoya University, Nidek, and others.
The most serious ramifications of hypoactivity in the
elderly are motor function disabilities especially in the
load-bearing joints in the hip, knee, and ankle.
Disabilities affecting walking require assistance as a
first priority since they have a direct connection with an
eventual loss of physiology in the whole body. In Japan,
joint replacements are securing a position as permanent

Fig. 1 Hierarchal structure of the clarification of life phenomena from genome and proteome to physiome. Physiome is the basis for regenerative medicine and engineering
concepts.
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treatment for handicapped people, with 90,000 joint
prostheses worth 90 billion yen implanted in patients
each year. Still, usage levels are reportedly 10 times
higher in Europe and North American than in Japan.
These joint prostheses are biological bearings cleverly
composed of metals, ceramics, plastics, and other materials, but when used for many years they frequently
cause full-body reactions and other unresolved problems
due to loosening, infections, and ion elution. With an
average lifespan of 10-plus years at best, today’s prostheses have yet to overcome the enormous predicament
of having to re-operate, which is a tremendous hardship
for elderly people. One prominent solution to this prob-

lem is cartilage regeneration.
The market size in the U.S. for orthopedic implants,
predicted to reach 18 billion dollars by 2020, has been
rising in step with the aging of the population. This projection has the market related to conventional technologies staying flat at about 10 billion dollars, while bioproducts based on tissue cultivation climb to 8 billion
dollars and grow to the point where they rival the market for existing technologies. In the meantime, cellularengineered and tissue-engineered products are expected
to continue to be used concurrently with medical
devices using artificial materials (Figure 2).

Fig. 2 Changes in the global market for orthopedic implants and in the elderly population.
In 20 years, cellular-engineered and tissue-engineered products will occupy 50% of the market.
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Chapter 5. Materials for Environment and Energy
Section 1. Photocatalytic Materials
Jinhua Ye
Photocatalytic Materials Center, NIMS
1. Introduction
Photocatalyst research began to gather momentum
after the publication in 1972 of an article by Honda and
Fujishima1) in the journal Nature describing the decomposition of water in a photoelectro-chemical cell with a
TiO2 photoelectrode and Pt counterelectrode (now known
as the Honda-Fujishima effect). Figure 1 shows the theory involved. Electrons in the semiconductor valence band
are excited to the conduction band by light energy. Holes
holding the positive charge generated in the valence band
have a strongly oxidizing effect. The resulting oxidization of water generates oxygen and captures electrons
from toxic organic substances, which are rendered harmless in the decomposition process. Meanwhile, the reduction effect of excited negatively-charged electrons in the
conduction band generates hydrogen from water. Thus,
photocatalysts are functional materials designed to utilize
the powerful oxidation and reduction effects of excited
holes and electrons in a semiconductor caused by photoirradiation. Photocatalysts have enormous potential for
addressing the great environmental and energy issues of
the 21st century.

many countries around the world devoted considerable
resources to research on hydrogen production through
decomposition of water using semiconductor photocatalysts. But the conversion efficiency of TiO2 proved a
stumbling block, and by the 1980s, photocatalyst
research had virtually ground to a halt. Figure 2 shows
the light absorption characteristics of TiO2 together with
the spectra for sunlight and standard indoor fluorescent
lighting. The range of light wavelengths that will be
absorbed by a photocatalyst and produce catalyst activation depends on the size of the forbidden band for the
photocatalyst semiconductor. TiO2 has a band gap of 3.2
eV, and can only absorb light in the high-energy ultraviolet domain with a wavelength of 400 nm or less. Since
ultraviolet light accounts for barely 4% of sunlight, TiO2
is able to utilize only a small fraction of the energy contained in sunlight. Despite concerted efforts to find suitable alternate materials, the obstacles to practical development have proven formidable. Nevertheless, research
is continuing, mainly in Japan, with a view to finding
the holy grail: technology for chemical conversion of
the sun’s energy via photocatalysts.
Since the 1990s, researchers such as Hashimoto and
his team at Tokyo University have been engaged in joint
research programs with a variety of companies, such as
TOTO, to develop TiO2 photocatalyst materials for environmental purification systems. Photo-induced
hydrophilicity,2) discovered in 1994, opened up many
possibilities for practical applications. For instance, the

Fig. 1 Principles of the photocatalyst reaction.

2. International Research
2.1 History of Photocatalyst Research
Photocatalysts were first discovered in the 1970s.
This was the time of the oil crises and other issues causing grave concern about future energy supplies, and
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Fig. 2 Light absorption by titanium oxide compared to sunlight
and fluorescent light.
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self-cleaning function — a combination of the oxidization and hydrophilicity functions of TiO2 photocatalyst
— is now used widely in anti-fogging construction
glass, mirrors and vehicle windows, while the deodorizing and anti-bacterial properties of TiO2 photocatalyst
3)
are increasingly featured in new products.

2). Researchers around the world are working to develop high-efficiency photocatalyst materials capable of
harnessing visible light, which will considerably expand
the range of photocatalyst applications and the size of
the photocatalyst marketplace.

2.2 Worldwide Photocatalyst Research
Japan pioneered photocatalyst development, and
today leads the world in R&D and the development of
photocatalyst applications. According to figures released
by the Ministry of Economy, Trade and Industry, over
the last 30 years Japan has published more than twice as
many papers on photocatalyst topics than Europe and
the United States combined, and has taken out more
than ten times as many patents in the field. The level of
photocatalyst research and development in Japan is
reflected in the size of the domestic market, estimated to
be worth ¥30 billion in 2002, compared to ¥10 billion in
Europe and barely several hundred million yen in the
United States. The domestic market has recently been
experiencing very strong year-on-year growth of around
30%, and is expected to be worth one trillion yen within
a matter of a few years. Similarly, Europe is recording
annual growth of 50% in 2003, while the market in the
United States has more than doubled in size.
Much of the research outside Japan has focused on
the decomposition and removal of organic materials via
the oxidization reaction of TiO2 photocatalyst, particularly with respect to photodecomposition of toxic substances in aqueous solutions and associated water purification applications. Typical examples include research
conducted by M. R. Hoffmann and D.F.Ollis in the
United States, D. W. Bahnemann in Germany, P. Pichat
in France and E. Pelizzetti in Italy. 4-5) The recent
announcement by the Bush administration of a new
hydrogen economy program illustrates the level of interest in hydrogen as a source of energy, which translates
into more photocatalyst research on decomposition of
water. China and South Korea are also investing heavily
in photocatalyst research. Chinese researchers have generated a substantial volume of papers on air and water
purification and catalyst production, while South Korea
is concentrating mainly on water purification.

3. Domestic Research

2.3 Recent Trends
The development of photocatalyst technology applications is predicated on enhancing the activation of photocatalyst materials. Much research has been devoted to
improving the speed and efficiency of decomposition
and removal of harmful organic substances by TiO 2
using the weak ultraviolet rays in natural and artificial
light, for instance by increasing the surface to volume
ratio, creating a porous structure, or combining with
adsorbent agents. More recently, the research focus has
started to shift away from changing the form of ultraviolet TiO2 photocatalyst towards developing new materials
capable of utilizing a greater spectrum of visible light,
given that both sunlight and indoor (fluorescent) light
spectra consist largely of visible light (see also Figure
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Japan leads the world in both pure and applied photocatalyst research undertaken, in terms of the amount of
research being undertaken and the level of technical
complexity. Government research subsidies in the field
are more generous than in other countries. Photocatalyst
research in Japan covers a wide range of areas, from
reaction mechanisms through to functional enhancement
and development of new applications. This is amply
illustrated by a project entitled Fundamental Science
and Technology of photo functional Interfaces (headed
by Akira Fujishima; project period 2001 – 2006), designated as an important research area by the Ministry of
Education, Culture, Sports, Science and Technology
under the Science and Technology Research Expenses
funding scheme.
3.1 Photocatalytic Reaction Mechanisms (Fundamental
Research)
The photocatalytic reaction in theory involves generation of electrons and holes via light absorption, movement of electrons and holes to the surface and associated
charge separation, creation of surface active species via
electron and hole trapping, excitation of reaction by the
active species, and the process of deriving final products
through intermediate products.6) Understanding the various elements of the photocatalytic reaction requires
expertise in the fields of physics, chemistry, catalysts
and surface interfaces, including evaluation and measurement techniques. This may explain why, even today,
we still do not have a complete understanding of all the
mechanisms involved. Fundamental research in the photocatalyst field is currently concentrated on the dynamic
behavior of radicals generated by photo-irradiation, the
behavior of intermediate products generated from their
reactions, and the decomposition behavior of organic
compounds during the photocatalytic reaction.7) There
are also many studies on the super-hydrophilicity mechanism behind self-cleaning, one of the key functional
applications of TiO2 photocatalytic materials. To date,
this mechanism has generally been attributed to decomposition of hydrophobic organic substances attached to
the surface by the photo-induced oxidization-decomposition reaction of the photocatalyst,8) together with the
increase in the surface OH group caused by changes in
the TiO2 surface structure induced by ultraviolet light.9)
However, the debate has recently been enlivened by the
advent of a new theory attributing self-cleaning to desorption of water molecules by the thermal effects of irradiated light.10)
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3.2 Structural Alteration of Photocatalyst Materials
The key to enhancing activation involves separating
of photo-induced charge, suppressing of recombination
of electrons and holes, and promoting the associated
rapid movement towards the surface and rapid transition
towards reactants. A great deal of research work is being
conducted on the functional aspects of photocatalytic
materials in areas such as the interface structure and
spatial and anisotropic properties at the nanoscale level,
organic-inorganic hybrids, and porous photocatalysts.
The Hiroshima University Group is doing some very
impressive work on nano-composites with TiO2 fine
grains embedded in nano-porous silica. 11) It is well
known that TiO2 photocatalytic materials do not exhibit
molecular selectivity in isolation, whereas a nano-composite such as nano-porous silica provides molecular
selectivity in the form of absorption. When combined
with the highly activated photocatalyst effect, this can
be used to achieve selective decomposition of endocrine
disruptors nonylphenol (NP) and 4-n-peptil-phenol
(NHP), even in the presence of high concentrations of
the blocking agent phenol. In this way, by controlling
the pore size of nano-porous silica it should be possible
to create a functional photocatalyst with selectivity.
3.3 Photocatalyst Materials in Visible Light Spectrum
The development of photocatalytic materials with
sensitivity to visible light is one of the key areas of
research in this field, with enormous potential to open
up a whole new range of applications. There are two
approaches to finding and developing visible light photocatalyst materials: modification of existing materials
to make them responsive to visible light, and development of totally new materials. Most researchers are
working on the former approach. A common method of
producing the required visible light response is to dope
a different kind of metal (Cr or V) into TiO2. However,
since photo-induced electrons and holes tend to re-combine in the doped level, visible light activation is minimal at best. A recent study by Toyota Central R&D
Labs12) reported that partial substitution of oxygen ions
by nitrogen can successfully activate TiO2 for decomposing organic matter such as acetaldehyde under visible light. This has prompted research into the doping
effects of S and C in addition to N, as well as the use of
sputtering to generate oxygen deficiencies.13) However,
the doping amount must be kept to a minimum in order
to maintain the crystalline structure of titanium dioxide,
which limits the visible-light activation effect.
There is a need to look beyond TiO2 in seeking to
develop entirely new photocatalytic materials that are
responsive to a much wider spectrum of visible light.
Promising non-oxide semi-conductors such as cadmium
sulfide and cadmium selenide, with a small band gap
and the ability to absorb visible light, were dismissed
due to the number of problems such as semiconductor
photo-corrosion and instability caused by holes generated in the valence band under photo-irradiation. An oxide
photocatalyst must exhibit good stability to be considered practical. Recent photocatalysts include oxynitride,
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developed by Domen et al at the Tokyo Institute of
Technology (now Tokyo University),14) and sulfides and
associated solid solutions developed by Kudo et al at the
Tokyo University of Science.15)
These materials can generate hydrogen and oxygen
from aqueous solutions containing an electron donor
sacrificial agent (methanol) and an electron acceptor
sacrificial agent (AgNO3) under visible light. Further,
the Domen group at the Tokyo University of Science
and the Inoue group at the Nagasaki University of
Technology have achieved full decomposition of water
under visible light irradiation in GaN-ZnO solid solution.16) This has attracted considerable interest, being the
first successful instance of decomposition using a nonoxide material.
3.4 Practical Research
Photocatalysts have a proven capacity for purification
of environmental pollutants dispersed at low concentrations in air and water, working at room temperature
using relatively weak light sources such as sunlight and
fluorescent light. But further enhancement of the practical applications of TiO 2 is required, by developing
improved fine grain catalyst materials tailored to substrate materials without compromising the activation
and useful life of the material, as well as improved technology for film formation and substrate and interlayer
production. Much research is now underway on production technologies such as crystallization of coating liquids at room temperature, rapid film formation and surface plasma processing. Meanwhile, chromosomal aberration and skin irritation testing programs are attempting
to clarify the potential health implications of photocatalyst nano-grains. The ultimate aim is, of course, to promote the development of photocatalyst technology and
new functionalities and applications.
3.5 NIMS Research
NIMS research on photocatalyst materials can be
broadly divided into two areas: research on enhancing
the activation properties of TiO2 materials, and development of new visible light photocatalytic materials.
In TiO2 research, NIMS has developed a transparent,
columnar, porous catalyst carrier based on glass substrate, along with deposition technology for creating a
TiO2 layer on the substrate. This produces an acetaldehyde decomposition reaction with a decomposition rate
over ten times faster than that of commercially available
high-performance TiO2 photocatalyst.17) NIMS is also
working on a promising new technology involving the
use of soft chemical processing in the creation and regulation of TiO2 nanosheet, which creates a very strong
photocatalyst film.18)
The focus of visible light materials development,
meanwhile, is to look beyond TiO2 in creating new compound oxides capable of more efficient utilization of
sunlight and indoor lighting. Material design and development involves theoretical computation based on first
principles, as well as overall evaluation of factors
including valence of constituent elements, positioning
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launched in April 2006 as part of the second stage of the
research project with a mission to conduct fundamental
research for the development and functional enhancement of photocatalyst materials designed to function
under a wide spectrum of visible light. NIMS will continue pursuing research into functional photocatalytic
materials designed to promote the shift towards a sustainable society through low environmental impact
purification technology and new energy conversion
technology.

4. Future Research
Fig. 3 Decomposition of water by (In,Ni)TaO4 photocatalyst
under visible light irradiation.

Fig. 4 Acetaldehyde decomposition by CaBi2O4 photocatalyst (λ
> 440nm).

of outer shell electrons, spin state and the influence of
the crystal field, particularly with respect to orbital
locality, which is closely related to carrier mobility. In a
joint research with the National Institute of Advanced
Industrial Science and Technology (AIST), we have
successfully developed the world’s first photocatalyst
material capable of decomposing water into hydrogen
and oxygen at the stoichiometric ratio of 2:1 under visible light irradiation — (In,Ni) TaO4.19) This has enormous implications as a totally clean energy production
process (see Figure 3).
Meanwhile, the newly developed photocatalyst
CaBi2O4 (see Figure 4) is designed to decompose and
neutralize acetaldehyde, one of the principle toxins
implicated in “sick house syndrome,” as well as methylene blue, the primary component of industrial waste,
under visible light.20) Whereas TiO2 is activated only
under ultraviolet light, new photocatalysts operate effectively in the visible light spectrum to 580 nm, and are
expected to generate huge markets for indoor environmental cleaning and purification applications. At the
nanoscale level, composites of dissimilar metal oxides
that promote carrier movement and spatial charge separation have been used to develop the nano-composite
Cr-Ba2In2O5/In2O3, a new type of water decomposing
photocatalyst that points to the way of the future in
high-performance material development.21)
The new Photocatalytic Materials Center was
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Photocatalysis technology is currently used in exterior and internal coverings and road-making materials.
The market for photocatalyst air cleaners is also steadily
growing, partly in response to recent concerns about
“sick house” syndrome. Further market growth is
expected, particularly in the construction industry, driven by demand for a healthier environment in the home.
In addition, the fusion of photocatalyst and environmental technologies is expected to produce a growing market for equipment to neutralize harmful substances and
bacteria in the atmosphere, water, and soil by the action
of sunlight or indoor light, and technology based on
photo-induced hydrophilicity for combating the effects
of global warming. In the near future, we will also see
advances in the area of energy production through photocatalysis technology, such as commercial production
of hydrogen via photodecomposition of water.
As the range of applications expands, more fundamental research will be required in areas such as photocatalytic reaction mechanisms, photocatalyst activation,
responsiveness to visible light, and reaction stability.
The key issue in the short term is the development of
efficient visible light photocatalysts. This is crucial to
the development of a wider range of photocatalyst applications. Research organizations in government, private
industry and the academic sector are all making considerable effort in this area.

5. Conclusions
Photocatalysis technology originated in Japan, and
Japan leads the world in the number of papers, the number of patents, and size of the market. However, competition from the United States and Europe is growing, as
well as from China and Korea. In order to remain competitive in the international market, Japan must continue
to enhance the reliability of photocatalyst products and
maintain its current technological advantage. To this
end, working groups from the public, private and academic sectors in Japan are actively involved in international standardization of the performance evaluation of
photocatalysts. At the same time, the development of
highly activated visible light photocatalytic materials
that are stable and secure and responsive to a wide light
spectrum is also extremely important.
Materials Science Outlook 2006
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Section 2. Fuel Cell Materials
2.1. Advances in Solid Electrolyte and Electrode Materials
Toshiyuki Mori and Je-Deok Kim
Fuel Cell Materials Center, NIMS
1. Introduction
Fuel cells generate electricity from hydrogen (or a
combustible gas) and oxygen (or normal air) via the
inverse reaction of water electrolysis. This process produces significantly less carbon dioxide emissions than
thermal power generation with gas turbines. In addition,
fuel cells can be combined with a wide variety of other
energy-related devices such as thermoelectric elements,
secondary batteries and solar cells to create composite
energy systems with a high degree of energy efficiency.
This aspect in particular holds considerable promise for
the future.
Fuel cell research has a key role to play in current
efforts to combat global warming and prepare for the
inevitable depletion of the world’s oil reserves in another 50 or 100 years.1) Fuel cells can resolve a range of
technological difficulties and help us to move towards
the ultimate goal of sustainability.
This paper provides a general overview of R&D on
fuel cell materials, with particular focus on solid electrolyte and electrode materials.

Fig. 1 Types of fuel cells.

2. Fuel Cell Research

trodes to extract hydrogen from solid fuel such as
sucrose via an enzyme reaction.
Each type of fuel cell has its own hurdles and limitations that will need to be addressed in order for fuel
cells to provide a genuine alternative. There is strong
demand for fuel cells providing efficient, stable operating performance in the temperature range 200° - 500° C;
however this is not covered by the fuel cells shown in
Figure 1. Below are listed the primary issues in fuel cell
development at the present point in time.

Figure 1 shows the six main types of fuel cells and
their respective applications.2)
The Solid Oxide Fuel Cell (SOFC) features solid
electrolyte and solid electrodes and is designed for operation at high temperatures, making it suitable for dispersed power source applications. Research is being
conducted on a variety of other fuel cells, including: the
Molten Carbonate Fuel Cell (MCFC), which utilizes
carbon dioxide gas exhaust emissions from thermal
power generators; the Phosphoric Acid Fuel Cell
(PAFC), suitable for facilities with 24-hour hot water
equipment, such as hospitals and hotels; the Polymeric
Electrolyte Membrane Fuel Cell (PEMFC), which features a fluorine-based ion exchange resin membrane; the
Direct Methanol Fuel Cell (DMFC), which features
solid polymer membrane electrolyte and runs on
methanol fuel, making it suitable for portable applications; the Alkaline Fuel Cell (AFC), which uses potassium hydroxide electrolyte; and more recent developments such as the Biological Fuel Cell (BFC),3) which
generate power by using enzymes bonded to the elec-

Issues in Fuel Cell Development
1. SOFC: Exhibits high output characteristics thanks to
the high operating temperature range. Design freedom is limited however by the inability to use metal
materials in the interior of the fuel cell. High-temperature operation also exacerbates material degradation,
affecting performance and necessitating additional
maintenance, which ultimately drives up the cost in
real-life usage applications.
2. PAFC: Reliability has been amply demonstrated in
long-running field tests. Energy-saving performance
however is limited to facilities that use large volumes
of hot water. Not suitable for residential scale applications.
3. MCFC: Use of molten carbonate as electrolyte poses
the limitations for practical use, increasing the maintenance load and rendering this form of fuel cell
largely impractical.
4. PEMFC: Low operating temperature promotes ease
of use but also limits output. Large system is required
in order to generate 1 kW for residential scale appli-
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cation of fuel cells; not suitable for apartment buildings.
5. DMFC: Runs on methanol rather than pure hydrogen,
which is easier to handle. Suitable for portable applications but suffers from low output.
6. AFC: Delivers high output at low temperature
(around 100° C); limited scope however to improve
output by increasing the operating temperature.
7. BFC: Major advantage is that it runs on solid fuels
such as sucrose; however, still has too many problems. For instance, the enzymes on the electrodes last
only about one hour, and output is limited by enzyme
heat resistance, which restricts the operating temperature.
Ongoing research and development is required in
order to resolve these technical issues and create a fuel
cell with high output operating in the temperature range
200° - 500° C. However, current R&D is in totally
unchartered territory in terms of the temperature
domain, and there are no promising solid electrolyte and
electrode materials on the horizon at this time. It is
hoped that R&D will eventually produce the desired
materials to enable high performance from fuel cells
operating in the desired temperature range.
2.1 Solid Electrolyte Materials
This section describes recent research on solid electrolyte, one of the chief components of the fuel cell. The
number of papers published in international journals
increased rapidly after 1998. This was partly in response
to changes in environmental perceptions and the global
energy situation, but also due to the volume of experimental research being conducted in Japan in a bid to
promote fuel cell development and usage. Recent years
have seen new efforts to promote fuel cells in the
research context. The bulk of the research continues to
be concentrated on polymer fuel cells operating at
around 80° C and oxide fuel cells operating at temperatures of 700° C and above, although since around 2002
an increasing number of papers on high-performance
materials for fuel cells operating in the 100° - 200° C
range and 500° - 700 ° C range has been published in
academic journals.
At temperatures below 100° C, protons in polymer
material such as nafion film move through intramolecular water, resulting in high electrical conductivity, as
shown in Figure 2 (a). At temperatures between 100° C
and 150° C, much of the intramolecular water turns to
steam, and the conductivity drops. However, organicinorganic hybrid materials can be used to encourage
proton movement via the mechanism depicted in Figure
2 (b) without compromising the solid electrolyte performance. Conductivity falls away rapidly at temperatures of 180° C or 200° C and above as the polymer film
structure collapses. Thus, totally new material design
principles will be required in order to enable operation
at temperatures above 200° C.
Research on solid electrolyte for oxide fuel cells
operating at temperatures of 700° C and above is now
Materials Science Outlook 2006

Fig. 2 Proton diffusion in polymer solid electrolyte.

looking at the development of dispersed small-scale
power generation configurations for fuel cells, in addition to enhancing power output. There have been many
reports of tests on high-performance solid electrolyte in
the 500° - 700° C temperature range, including lanthanum gallate, 4) barium zirconate compounds 5) and
doped ceria compounds. 6) Lanthanum gallate compounds and doped ceria compounds contain diffused
oxide ions (O2-), while barium zirconate compounds
contain diffused protons (H+). The resulting ion transport characteristics have potential for fuel cell applications but are too weak at temperatures below 500° C, so
the search for a suitable material continues.
Solid phosphoric acid compounds such as SiP2O7 and
SnP2O77) exhibit good conductivity in the 200° - 300° C
range and good proton transport characteristics. The
proton diffusion mechanism is not fully understood,
although some researchers believe it to be similar to that
depicted in Figure 2 (b). Further research is needed in
this area.
At temperatures below 500° C (particularly in the
vicinity of 400° C), research is concentrating on clarifying the structure of existing materials and improving
performance by identifying and removing impediments
to transport such as nano-structures.8) 9) Figure 3 shows
high-resolution transmission electron microscope
(HRTEM) images of nano-sized ion transport impediment domains (also called micro-domains) in yttrium
doped sintered ceria materials Y0.15 Ce0.85 O1.925 (Fig. 3a)
and Y0.25 Ce0.75 O1.875 (Fig. 3b).8) Y0.15Ce0.85O1.925 has smaller
micro-domains (indicated by the dotted lines in Fig. 3),
while Y0.25Ce0.75O1.875 has larger micro-domains. The yttrium concentration is higher inside the micro-domains.
Micro-domains are domains of ordered oxygen vacancy
produced by the heterogeneous distribution of yttrium at
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ductivity. As Figure 4 shows, the smaller micro domains
improve conductivity, which is stable from atmospheric
pressure right down to as low as 10-20 atmospheres. The
improved conductivity is therefore attributed to improved
oxide ion conductivity. Future materials research will
need to study the impact on physical properties of nanostructures that are below detectable level of standard Xray analysis and consider ways to minimize this impact
in order to extract 100% performance from existing
materials.
Thus, a high-performance solid electrolyte designed
to function in the hitherto unchartered area of 200° 500° C would allow us to develop residential scale of
fuel cells operating at user-friendly temperatures, which
would promote the use of fuel cells considerably.

Fig. 3 Nano-structures in yttrium doped ceria solid electrolytes.
a: Y0.15Ce0.25O1.925 sintered body, b: Y0.25Ce0.75O1.875 sintered body,
Micro-domains are denoted by white dotted lines.

the nanoscale level, which spread through the material
in all directions. These constitute a major impediment to
oxide ion diffusion at temperatures of 500° C and
below, which are very low temperatures for oxide ion
diffusion.
Figure 4 presents an attempt to generate and minimize
the size of micro-domains, together with microstructure
observations.9) Because micro-domains are caused by an
heterogeneous dispersion of dopant during sintering,
pulse electric current sintering is used in order to suppress abnormal grain growth, in the sintering process.
This minimizes the segregation of dopant cations, which
minimizes micro domain size and maximizes ion con-

2.2 Electrode Materials
Electrode materials, along with solid electrolyte, represent a key aspect of fuel cell research, as reflected in
the rapid increase in research papers on anode and/or
cathode materials since around 2000. The main topics in
electrode research are reducing platinum content and
identifying suitable active non-platinum materials. The
Polymeric Electrolyte Membrane Fuel Cell (PEMFC),
for instance, generally uses an electrode of 20% platinum on conductive carbon, as displayed in Figure 5.
But platinum is a scarce resource, and its use constitutes
a major impediment to wider usage of fuel cells. Thus
the search is on to find ways to reduce platinum content,
from the current level of 10% to around 1%. One alternative to platinum is the zirconia electrode in solid
superacid form,10) which harbors considerable potential
for future research. In the Direct Methanol Fuel Cell
(DMFC), methanol oxidization at the anode generates
carbon monoxide by-product, which poisons the plat-

Fig. 4 Detailed structure observation of Dy0.2Ce0.8O1.9 sintered body and correlation between conductivity and
average grain size within sintered body.
△ = normal pressure sintering
○ = pulse electric current sintering
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Fig.5 Transmission electron microscope observation of polymer
fuel cell electrode material.

inum electrode and affects its performance. Researchers
are trying to find an alternative electrode material with
good resistance to carbon monoxide and acids in general, particularly with respect to DMFC anodes, where a
combination of platinum-ruthenium alloy electrode and
nano-carbon material has been found to produce good
output levels, as well as preventing carbon monoxide
poisoning.2)
Electrode materials for fuel cells need to be environmentally sensitive, acid resistant, durable, relatively
cheap to produce, easily recycled (particularly in the
case of platinum), and of high activity. Furthermore,
materials with finite reserves (like fossil fuels) should
be avoided as far as possible, and performance will be
increasingly important in future.
As was mentioned in the solid electrolyte research
section above, a key aspect of fuel cell materials
research involves the development of high-performance
electrode materials designed to be safe to use at temper-

atures that have not been studied to date.
For both anode and cathode materials, compatibility
with solid electrolyte is a critical aspect of the overall
fuel cell design. As with solid electrolyte materials, the
aim is to develop a high-performance electrode capable
of operating in the 200° - 500° C range. Research in this
area has only just begun, so it will be some time before
such a material emerges.
Below is an example of a newly developed anode
material with good properties and low environmental
load. As we saw above, the DMFC generally uses platinum-ruthenium alloy anode material. Ruthenium is in
even shorter supply than platinum, with global reserves
estimated at just 1,400 tons compared to 36,000 tons of
platinum.13) It is also not very resistant to acid. Thus, the
search continues for an electrode material with low
environmental impact and good performance.
Figure 6 provides electron microscope images of
platinum-ceria material, considered a potential alternative to platinum-ruthenium alloy for anodes, together
with the associated element distribution. It can be seen
that the ceria exists in the form of spherical grains of
average diameter 40 nm, over which platinum grains of
around 7 nm in size are distributed. Figures 7 and 8
show the electrode characteristics expressed in normalized form relative to the surface area of platinum.
Figures 7A and 7B show the effect of the specific surface area (surface-activity) of the ceria particles in the
platinum-ceria composite anodes on the normalized current density, and Figures 8A and 8B give the influence
of specific surface area of CeO2 in the anodes on the onset potential at the start of the methanol oxidization
process.12) These results suggest that improved activation
of the ceria surface enhances the anode characteristics.
Figure 9 compares this material with commercially
available platinum-ruthenium alloy anode (JohnsonMarcy HiSPEC7000). It can be seen that the platinum-

Fig. 6 Electron microscope images of platinum-ceria compsoite anode material and its element
analysis by energy dispersed spectroscopy (EDS).
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Fig. 9 Characteristics of platinum-ceria composite electrode as
compared to that of ordinary platinum-ruthenium alloy anode.
Data were obtained by cyclic voltammogram (A) and from onset
potential at start of methanol oxidization (B).

Fig. 7 Influence of specific surface area of ceria on current density of platinum-ceria composite anode (platinum surface area calculated via carbon monoxide stripping method; current density
normalized to surface area of platinum).

ceria composite anode exhibits superior properties to the
ordinary platinum-ruthenium material.
Platinum-ceramic composite anode material uses no
rare metal ruthenium whatsoever. Instead it uses ceria,
which has estimated global reserves of 45 million tons13)
and is readily available. Compared to conventional alloy
anodes, this material exhibits better acid resistance,
allows easier access to platinum for recycling and boasts
improved performance. Thus, it offers a promising solution for reducing platinum consumption.
It is believed that active oxygen generated from the
ceria surface will minimize the effect of carbon monoxide poisoning at the platinum surface. Given that the
level of ceria surface activation increases with temperature, it has potential as an anode material for fuel cells
using a variety of different fuels at temperatures in
excess of 200° C, in addition to the current electrode
applications in the 80° - 100° C range.
As mentioned in the solid electrolyte section above,
research on electrode materials for the 200° - 500° C
temperature range is a key research topic for the future,
and an area that is expected to generate some important
new breakthroughs.

3. Future Research

Fig. 8 Influence of specific surface area of ceria on onset potential at start of methanol oxidization of platinum-ceria composite
anode (platinum surface area calculated via carbon monoxide
stripping method; current density normalized to surface area of
platinum).
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Thus, given the importance of encouraging the use of
fuel cells in everyday situations, the main focus of
research in the foreseeable future is likely to be on
developing materials that can generate high output with
stable performance in the 200° - 500° C operating temperature range. If such materials can be found, it will
hopefully lead to the widespread usage of fuel cells
throughout society — even to the point where every
household has at least one fuel cell.
In the longer term, given that oil reserves will eventually be exhausted, we need to find more effective and
efficient ways of using fuel cells. In the world of the
future, we will need new forms of high-performance
fuel cell systems that employ energy in reusable forms
Materials Science Outlook 2006

such as hydrogen or hydrogen compounds, rather than
storing energy as heat or power, which is notoriously
inefficient. To this end, research into fuel cell systems is
also very important.

4. Conclusions
This paper has discussed the current and future outlook for research into fuel cell materials. Fuel cell
research is a collaborative effort involving researchers
and engineers from a variety of fields, and in this sense
it occupies a significant role in the general field of materials research. A more complete understanding of the
nanostructures, interface structures and surface structures within materials will enable us to fully utilize the
properties of these structures, in order to optimize performance and stability. In the future, materials research
is expected to generate many exciting breakthroughs
based on the pure research being conducted today.
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2. Fuel Cell Materials

2.2. Peripheral Technology for Nanostructured Fuel Cells
Chikashi Nishimura
Fuel Cell Materials Center, NIMS
1. Introduction

2. International Research

Fuel cells, expected as the leading candidate for the
next-generation clean energy system, require high-purity hydrogen. The polymer electrolyte fuel cell (PEFC),
which has considerable potential for everyday applications such as vehicles and small household power generators, uses platinum (Pt) as an electrode catalyst, but its
catalytic activity (and hence the electrode performance
characteristics) is affected by carbon monoxide at trace
levels as low as 10 ppm. Thus, the development of mass
production technology for high-purity hydrogen supplies is essential to the growth of hydrogen energy as a
viable alternative.
As Figure 1 shows, hydrogen can be produced from a
variety of raw materials, including fossil fuels, alcohol
and water. However impurities are inevitably present, so
the hydrogen must be refined to improve purity before it
can be used, for instance using a hydrogen permeation
membrane. This paper describes recent advances in the
development of membrane materials and fuel reforming
materials used in the hydrogen manufacturing process,
based on a study of English-language papers in the
Thomson Scientific academic database SCI Expanded
over the 20-year period from 1986 to 2005.

Current worldwide production of hydrogen is around
500 billion Nm3. Some 97% of this is obtained from fossil fuel resources such as natural gas (methane) and
naphtha,1) using methods such as steam reforming, partial oxidation and autothermal reforming, which is a
combination of the first two. Since these are established
commercial processes, there has been virtually no
attempt to conduct associated materials research anywhere in the world (with a few notable exceptions).
Materials research can play a role in the development of
new hydrogen production processes such as membrane
reforming, which features membrane separation via
hydrogen permeation membrane.
The conventional methane steam reforming process
is expressed by equation (3) below, which is the sum of
the reforming reaction in equation (1) and the shift reaction in equation (2):

Fig. 1 Hydrogen producing and refining processes.
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CH4 + H2O → CO + 3H2 (△ H = 169 kJ)

(1)

CO + H2O → CO2 + H2 (△ H = -42 kJ)

(2)

CH4 + 2H2O → CO2 + 4H2 (△ H = 127 kJ)

(3)

Equation (1) is a highly endothermic reaction (169
kJ). A temperature of around 800° C is required in order
to achieve high hydrogen conversion efficiency. The
shift reaction described in equation (2) is an exothermic
reaction that works best at a lower temperature in the
range 200° - 300° C. Thus, the methane steam reforming reaction cannot be completed in one step: unreacted
matter must first be separated out and collected, then the
shift reaction performed in a different reaction vessel.
The membrane reforming process is based on the Le
Chatelier law, whereby conversion efficiency is
enhanced by progressively removing hydrogen from the
reaction system during the reaction process via a separation membrane in order to encourage further hydrogen
generation in the system (shifting of the reaction to the
product side in equations (1) and (2)). This also makes it
possible to reduce the reaction temperature to around
550° C, which makes the overall system size substantially smaller. A new type of reaction vessel, called a
membrane reformer or membrane reactor, is used for the
membrane reforming process. Figure 2 shows the results
of an academic paper search over the last 20 years based
Materials Science Outlook 2006

Fig. 2 Papers on membrane reformers and membrane reactors by country of origin (1986 – 2005).

Fig. 3 Papers on hydrogen permeation by country of origin (1986 – 2005).

on the keywords “membrane reactor.” The United States
had the most papers (240), followed by Japan (202),
then Europe (Germany, Italy and the Netherlands). The
volume of papers began to rise sharply in the early
1990s.2)
The hydrogen permeation membrane performs a key
function in the membrane reformer. Figure 3 shows the
results of a search on “hydrogen permeation”: Japan has
the most papers (148), followed by the United States
on 114, with the rest of the countries (India, China,
Germany and the UK) well behind.

3. Domestic Research
The preceding section shows how Japan leads the
world in terms of the volume of research on hydrogen
permeation membranes. Figure 4 shows the results of a
search on papers with keywords “hydrogen permeation”
with the additional conditions “Nb/V or amorphous.” At
28 papers, Japan is way ahead of other countries. When
the search is restricted to “hydrogen permeation,” the
United States, normally the main rival to Japan, has
only five papers. These figures illustrate the extent to
which Japan is investing for materials research in this
Materials Science Outlook 2006

field.
Hydrogen separation and refining processes using
hydrogen permeation membrane can be broadly divided
into two categories, as shown in Figure 5. Membrane
materials — including polymer, ceramic, zeolite and
nanocarbon — are designed to separate out hydrogen
via differences in permeation rates of gas molecules
through microscopic holes (or pores). A small proportion of other molecules also passes through the membrane, so the process must be repeated at least a few
times to achieve high purity.
Metallic membranes do not have pores through which
gas molecules can pass. The molecules are dissociated
into atoms at the metal surface to form a solid solution
in a crystal lattice. These atoms are dispersed within the
lattice and permeate the membrane, then recombine into
molecules on the reverse surface of the membrane
where they are released. The absorpon/desorption of
hydrogen into/from metal is reversible. The hydrogen
atoms in the metal have a much higher diffusion coefficient than any other atoms, which translates into an
extremely high separation factor in a single pass, provided there are no pinholes in the membrane.
Hydrogen diffuses at a significantly greater rate
through the lattice than other interstitial impurities such
267

Fig. 4 Papers on hydrogen permeation with additional conditions “V/Nb or amorphous” by country of origin (1986 – 2005).

Fig. 5 Types of hydrogen permeation membranes and separation principles.

as oxygen, nitrogen and carbon. For example, the diffusion coefficient for hydrogen atoms in vanadium at 200°
C is 1 x 10-8 m2/s, compared to 3 x 10-19 m2/s for carbon
atoms. This translates into average diffusion distance
per second of 0.1 mm for hydrogen versus 0.5 nm for
carbon — a difference of a factor of 200,000. In the
time it takes hydrogen to pass right through a 0.1 mm
thick V membrane, carbon gets no further than one V
crystal lattice. Since only hydrogen is able (and is considered able) to move freely through the metal, the
metal lattice is effectively permeable only to hydrogen.
Thus, hydrogen permeable metal membrane is far superior to all other solutions with respect to key properties
such as permeation rate and separation coefficient.
The only hydrogen permeable membrane alloy material successfully developed thus far is palladium alloy,3)
generally employed in the form of modules consisting
of large bundles of very thin tubes of diameter 2 mm
and thickness 80 µm. Thinner tubes produce a faster
hydrogen permeation flow rate, but have lower membrane strength. Several trials have been conducted on
the production of palladium and palladium alloy membrane via galvanization on porous base material such as
stainless steel, aluminum, glass and polyimide;4) howev268

er, once the membrane thickness drops below several
µm, pinholes cannot be totally eliminated and a high
separation coefficient cannot be guaranteed. This obstacle has prevented development to the practical stage.
Palladium is expensive and it also generates a substantial environmental burden. Palladium reserves are also
extremely limited compared to Group 5 elements with
good hydrogen permeation properties; for instance,
there is 26,500 times as much vanadium buried in the
earth’s crust, and 2,100 times as much niobium. As a
rare metal, palladium is also much harder to extract;
compared to vanadium and niobium, it takes 1,000
times more raw material to produce the same quantity of
palladium. Thus, it is highly unrealistic to use large
quantities of palladium, and attention is now turning to
the development of alternative high-performance metal
membrane materials. As mentioned above, Japan leads
the world in this field.
Figure 6 shows the number of papers involving
hydrogen permeation presented at Japan Institute of
Metals conferences over the past five years. It can be
seen that the number has risen from around 10 in 2002
to nearly 50 in 2006. In Autumn 2005, Hydrogen
Permeation was given a section of its own, and research
Materials Science Outlook 2006

Fig. 6 Papers on hydrogen permeation presented to Japan Institute
of Metals conferences over the past five years.

increased further with hydrogen permeation being officially defined as a field.
In a promising domestic research, Aoki and Ishikawa
from the Kitami Institute of Technology have successfully developed an Nb-Ti-Ni alloy5) as part of a series of
alloys that exhibit excellent characteristics on the composition curve where ternary eutectic composition {NiTi
+ (Nb, Ti)} and primary crystal (Nb,Ti)bcc phases coexist in the ternary phase diagram. The (Nb,Ti)bcc phase
is thought to be largely responsible for hydrogen permeability, while the eutectic NiTi phase minimizes lattice
expansion and boosts the resistance for hydrogen
embrittlement of the alloy. In this way, the two phases
have differing roles ingeniously.
NIMS is concentrating on bcc structure vanadium,
which has the highest rate of hydrogen diffusion, and
currently leads the world in the development of metallic
membrane materials and structures for hydrogen permeation.6)
In addition to hydrogen permeation membranes,
NIMS has generated some promising results in the very
new field of micro-reactor materials for hydrogen production.7) NIMS has previously had success using directional solidification to improve the ductility of Ni3Al
intermetallic compound, which has good thermal resistance properties.8) By studying transformation mechanisms in Ni3Al and optimizing heat treatment conditions, NIMS has developed technology for creating 20
µm foil with better than 99% reduction.9) Recent studies
have shown that when cold rolled foil is heated in
methanol vapor, methanol decomposition begins at 713
K, and hydrogen is released; at 793 K the methanol to
hydrogen conversion rate is better than 90%. Ni3Al cold
rolled foil serves as both a heat-resistant reactor vessel
and a fuel reforming catalyst, and therefore has considerable potential for use in micro-reactors for hydrogen
production. The first step in developing Ni3Al for this
purpose is making honeycomb structures using laser
spot welding as shown in Figure 7.

4. Conclusions and Future Research

Fig. 7 Prototype Ni3Al honeycomb for catalyst reaction.

mobile devices, automobiles and household applications
is underway, generating increasing demand for ultrapure hydrogen supplies. There is a need for thinner and
better metal membrane materials with higher hydrogen
permeation rates and improved resistance to hydrogen.
Controlling the microstructure of the material can
improve overall properties and performance, as demonstrated by Nb-Ti-Ni alloy, where two-phase structure is
used to deliver both hydrogen permeation rate and
resistance for fracture. The development of compounds
with ceramics which offer better resistance to high temperatures and gaseous impurities, or with other separating materials such as zeolite is another important area
for study. Meanwhile, the properties and characteristics
of hydrogen-permeable membrane materials and fuel
reforming catalysts need to be evaluated using separation membrane modules and micro-reactor modules for
the purpose of optimization to ensure optimum performance in real-life applications.
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Section 3. Solar Cell Materials
Masatomo Sumiya
Sensor Materials Center, NIMS
1. Introduction

2. International Research

Carbon dioxide emissions, held to be the single
largest contributor to global warming, are estimated at
10 tons per person per year in Japan1) (the worldwide
total was 23 billion tons in 2000). Household emissions
are in the range 2 – 3 tons per person per year (equivalent to 7,000 200-litre bathtubs), divided fairly evenly
home electrical appliance, hot water and heating/cooling
systems. This means that reducing household energy
consumption alone would enable Japan to meet its CO2
emission obligations under the Kyoto Protocol. Solar
power represents the most viable technology at present
for addressing environmental and energy supply issues.
Figure 1 shows total worldwide solar power production over the last decade. It can be seen that solar power
production levels remained at under 100 MW during the
1990s, but have been rising rapidly since 2000, reaching
1 GW (equivalent to the power output of a nuclear reactor) in 2004. Nearly half of this was generated within
Japan. Production levels continue to rise, with the total
expected to reach 1.6 GW in 2005. Japan is planning
more solar power facilities — the NEDO Solar Power
Roadmap specifies a production target of 4.82 GW by
2010 (up from 0.62 GW at present), to be generated at a
cost of ¥23 per kWh.2)
This paper analyses current issues in solar cell development around the world, particularly with respect to
materials research, and considers the future outlook in
this industry.

Total worldwide energy consumption is equivalent to
10 billion tons (1 × 1010 k liters) of oil. A solar energy
simulation3) finds that 1 GW of solar energy is equivalent to 2.5 × 106 k liters and saves 680,000 tons of CO2
emissions.
This paper considers key questions such as: What are
we doing around the world to encourage solar energy
use? What are the key impediments at this stage? And,
what is Japan’s role in this area?

Fig. 1 Solar power generation by country/region.
(from PV News 2004)
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2.1 Strategies to Encourage Solar Cell Use
A surplus power buyback scheme was introduced in
Japan in 1992, followed by subsidies in 1994. Although
the subsidy rate has fallen (to an average ¥100,000 in
2005), the government policy of subsidizing households
with solar energy remains in place. Just as the Sunshine
Plan was already in development when the global oil
crises hit, so today Japan continues to lead the world in
promoting the use of solar energy.
In Germany, a 2 – 3% levy on consumer power bills
is used to fund programs to promote solar energy usage.
A power buyback scheme was introduced in 2000, and
in 2004 the buyback price was increased to the equivalent of ¥76/kWh for residential customers. This has
prompted many people to enter the solar energy market.
A mini-industry is emerging, with unused land increasingly used for solar power systems. By 2004, Germany
had outstripped Japan as the world’s leading proponent
of solar energy. The rest of Europe has been quick to
follow suit, including Italy (with a buyback price equivalent to ¥63/kWh), Spain (¥56), Portugal (¥58) and
France (¥21). The buyback price in Japan is currently
¥23 per kWh. China, South Korea and Taiwan are also
working on solar energy policies.
2.2 Solar Cell Materials
Figure 2 shows solar power generation broken down
by type of cell. Single and polycrystal Si are used in
nearly 90% of all solar cells, with polycrystal Si alone
accounting for about two-thirds of the total. The next
largest categories are thin film amorphous Si (a-Si) and
crystal Si hybrids, followed by CuInSe (CIS), new
spherical Si and pigment-sensitized materials. Silicon
therefore constitutes the primary material used in solar
cells. But supplies of silicon are increasing at only 22%
per year, less than the growth rate of solar cell production (30%). Despite attempts to use recycled silicon in
solar cell manufacturing, demand levels have already
Materials Science Outlook 2006

crystal Si (to ensure efficient utilization of finite
resources) and better extraction technology and processes to minimize abatement.
Polycrystal Si can be manufactured by conventional
casting, with either separate melting and solidification
or melting and solidification in the cast mold, or by
electromagnetic casting. As mentioned above, suppliers
such as Hemlock and Tokuyama are already investing in
additional production facilities. Tokuyama has achieved
high productivity using Vapor to Liquid Deposition
(VLD) production technology, which boasts a separating speed more than ten times that of casting.

Fig. 2 Solar power generation by cell type (2003).
(from PV 2030 Roadmap)

begun to edge past supply levels. Research into thinfilm solar cells such as CIS and a-Si, discussed below,
offers a potential solution to this problem.
The biggest producer of polycrystal Si in 2005 was
Hemlock at 7,000 tons, followed by Tokuyama at 5,000
tons. China is likely to become a major solar cell production hub in the near future, as evidenced by plans by
China-based
Semiconductor
Manufacturing
International Corp. (SMIC) to start manufacturing
99.9999% solar grade polycrystal Si.

3. Domestic Research
Nearly half the world’s solar cells are manufactured
in Japan, the majority from polycrystal Si, while the silicon shortage is steadily worsening. This section discusses current issues in relation to polycrystal Si production,
and considers the outlook for alternative solar cell materials.
3.1 Si crystal Solar Cells
Sharp and Kyocera are involved in the development
and production of Si solar cells, and have achieved a
conversion efficiency in the range 14 – 15% through the
use of higher quality polycrystal Si, reduced sunlight
reflectivity (texturing) and passivation technology
(using SiN protective film). There is further scope for
efficiency improvements and cost reductions through
joint production with flat-panel television and semiconductor processing lines, which would in turn help to
increase solar cell sizes and boost yield.
Under current production technology, a 200 – 250 µm
Si crystal solar cell substrate requires approximately 10
– 12 g of silicon per Watt. As solar cells become more
widespread, shortages of polycrystal Si will reach critical proportions. Deriving maximum efficiency from
small quantities of silicon is thus a critical aspect of
solar cell development. The latest research is looking at
100 µm thin films, which require high-efficiency polyMaterials Science Outlook 2006

3.2 Thin Film Solar Cells
Thin film solar cells, increasingly in demand due to
the need to minimize silicon consumption, may well
provide the impetus for genuine market growth in
future. One potential solution is offered by direct transition forms of silicon such as a-Si and microcrystal (µcSi), which have higher absorption coefficients than crystal Si. Sanyo Electric produces a hybrid solar cell with
a-Si (which has a higher band gap than crystal Si), using
p-type a-Si/i-type a-Si (10 nm) above monocrystal Si
and i-type a-Si/n-type a-Si (20 nm) beneath. The 19.5%
conversion rate for this hybrid cell is the highest of any
mass-produced solar cell in the world. Meanwhile,
Kaneka and Mitsubishi Heavy Industry have produced
a-Si and µc-Si hybrid cells that are over ten times thinner than conventional polycrystal Si with conversion
efficiency of 13 – 14%. Fuji Denki Systems produces aSi solar cells via a low-temperature a-Si thin film
process (at around 200° C). The cells are mounted on
flexible transparent plastic substrate, and deliver conversion efficiency of 9% after correction for photodegradation stability. This unique lightweight and bendable product offers immediate potential for integration
into roofing materials for gymnasiums and shopping
arcades.
Showa Shell and Honda are working on the development of CIS (Cu-In-Ga-Se compound) solar cells, which
contain no silicon whatsoever and in theory have an
even higher conversion efficiency. Production of 10
MW cells is due to begin in 2007. The CIS solar cell
features a very thin 3 µm film on Mo electrodes, and is
barely 1/80 the thickness of Si crystal solar cells. Rising
production of flat panel devices has created a surge of
demand for In, leading to shortages and associated price
inflation. However, CIS solar cells capable of generating 1 GW per year would require no more than 8 tons of
In, which could easily be recovered from ITO (150 tons
per year).
3.3 Dye-sensitized and Spherical Si Solar Cells
The dye-sensitized solar cell consists of electric field
solution sandwiched between opposing electrodes on a
transparent substrate of TiO2 particles coated with Ru
complex pigment. Conversion efficiency is around 8%,
and spectral characteristics are similar to those of a-Si.
The main feature of the dye-sensitized solar cell is its
ability to generate energy with good conversion effi271

ciency during the morning and evening periods when
the angle of the sun is lower. Although the use of solution means the cell must be properly sealed, this problem could be eliminated through development of a solid
electrolyte version.
Drops of molten Si released from a height of 10 – 12
meters form into spheres due to the action of surface
tension. The spherical Si solar cell is a systematic
arrangement of p-type Si spheres of diameter 1 mm
coated with n-type layer. Although essentially a siliconbased cell, it utilizes silicon more efficiently by reducing the wastage associated with cutting into ingots.
Conversion efficiency is currently just under 10%, but
researchers are confident that this can be boosted to
around 12 – 15% through design modifications such as
mounting Si spheres on the combined electrode-reflector plate.

new materials research, it seems likely that the polycrystal solar cell will be with us for some time. While
LCD and plasma television screens can be differentiated
on the basis of factors such as color authenticity and
movement tracking response, electricity is simply electricity, regardless of which materials are used to generate it. The occupants of a household with a 3 kW solar
power system should not need to be aware of the source
of their power. In today’s world of uncertainty and rising oil prices there is considerable concern about the
future of fossil fuel supplies. Alternative energy sources
in general, and solar energy in particular, have the
potential to solve environmental and energy issues and
provide a way forward.

3.4 NIMS Research
NIMS is not directly involved in solar cell research at
present, although it has much to contribute in the way of
pure research knowledge in areas such as TiO2 particles
(as used in dye-sensitized solar cells), electrolyte solidification, transparent conductive ZnO thin film and photocatalyst GaN thin film. As we have seen with oil, the
world is effectively dictated by energy supplies. Given
the level of concern over potential shortages of silicon,
mass production of solar grade silicon is the key to promoting solar energy as the energy supply of the future.

1) Japan Centre for Climate Change Actions
http://www.jccca.org
2) http://www.nedo.go.jp/informations/other/161005_1/
161005_1.html
3) http://www.sharp.co.jp/sunvista/housing/simulation/knowledge.
html#t04
4) http://unit.aist.go.jp/rcpv/
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4. Future Research
Although the polycrystal Si solar cell should be seen
as the long-term future of solar energy, it contains the
problem in view of the inevitable prospect of silicon
shortages created by rapidly rising levels of demand.
This situation has provided the impetus for development
of new materials and cell designs as an alternative to the
silicon-based solar cell. While the existence of competing technologies provides the driving force for improving performance and reducing prices, it should be
remembered that solar cells are fairly sizable pieces of
equipment, with a surface area of around one meter.
This translates into enormous plant and equipment
investment costs for the private sector. Development of
new materials and concepts is beyond the capacity of
individual companies. One solution is the pilot line at
the Solar Power Research Center at the National
Institute of Advanced Industrial Science and
Technology (AIST), which is pursuing strategically-oriented research into materials (both new and existing)
and processes.4)

5. Conclusions
Production of energy from high-efficiency, low-cost
solar cells remains the ultimate goal. Although the
prospect of shortages of solar grade silicon is driving
272
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Section 4. Catalysts Using CO2 as Raw Materials
Seiichi Takami
Advanced Electronic Materials Center, NIMS
1. Introduction

2. International Research

Human activity in all its forms continues to generate
carbon dioxide and cause rising concentrations in the
atmosphere. A global strategy to reduce concentrations
of the greenhouse gas carbon dioxide in the atmosphere
is vital in order to minimize the damages associated
with global warming. Previous efforts have concentrated
on reducing energy consumption, using alternative (nonoil-based) energy and developing recycling systems.
More recent research includes technology for converting
recovered carbon dioxide into industrial products using
high-efficiency catalyst. By synthesizing carbon dioxide
into plastic, we are effectively delaying the release of
carbon dioxide into the atmosphere, from the initial production stage through to final disposal. Carbon dioxide
based plastics would provide an alternative to conventional plastics derived from petroleum, thereby minimizing the net increase in carbon dioxide concentrations
in the atmosphere.
Figure 1 illustrates the process of polymer synthesis
via alternating copolymerization with carbon dioxide
and epoxide, considered the most viable carbon dioxide
recycling process at present. The driving force of the
copolymerization reaction with carbon dioxide comes
from eliminating the strain energy associated with ring
opening of the three-member ring epoxide. The reaction
proceeds spontaneously without the need for external
energy input. This process, first discovered in Japan in
1968, 1,2) has been subject to extensive research both
within and outside Japan.3) At the time it was not fully
developed due to difficulties with catalyst efficiency, but
following the subsequent development of improved catalysts, development on an industrial scale has recently
commenced in China,4) with construction now underway
on a production facility with annual capacity of 10,000
tons. The synthesized polymer is biodegradable,5) so
waste disposal does not require any additional energy
input. This paper discusses catalyst materials used for
polymer synthesis via alternating copolymerization with
carbon dioxide and epoxide, based on the report of the
Biodegradable CO2 Polymer Industrial Development
Committee at NIMS.

The alternating copolymerization reaction involving
carbon dioxide and epoxide, originally discovered in
Japan, has attracted interest from researchers around the
world. Many studies have been conducted on catalyst
performance, structural mechanisms and, more recently,
industrial applications of this process.
2.1 Catalyst Development
This reaction was discovered using diethyl zinc –
hydrogen catalyst. Since then a variety of organic and
inorganic zinc and metal complex catalysts has been
developed. At the initial stage, researchers were working on organic zinc-based catalysts, by-products of the
reaction between diethyl zinc and chemical compounds
with multiple active hydrogen within the molecules.6, 7)
Such catalysts do not have simple structures and are
thought to be oligopolymer mixtures. Subsequent
research revealed the molecular structure of high-performance zinc complex catalyst. The zinc complex with
textured substituent shown in Figures 2 and 3 is
extremely active,8,9) and much effort has been devoted to
studying the reaction mechanism and designing new
catalyst materials. Transition metal complex11) (which
has porphyrin and Schiff base derivatives as ligands)
and the epoxide homopolymerization catalyst aluminum
complex10) both function as copolymerization catalysts,
and inorganic zinc catalysts synthesized from bivalent
carboxylic acids and inorganic zinc sources such as zinc
oxide and zinc hydroxide are also studied as alternatives
12)
to costly organic zinc catalysts.
Combinatorial chemistry has also been employed in
recent years in the search for new catalyst materials.
Combinatorial chemistry refers to the technique of conducting experiments using a large number of reactor
vessels simultaneously under different conditions (such
as temperature, pressure and concentration) rather than
varying each individual condition in turn. This approach
significantly speeds up the synthesis processes involved
in materials development. Meerendonk et al. developed

Fig. 1 Carbon dioxide and epoxide copolymerization.
Fig. 2 Mononuclear zinc bisphenoxide complex.
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Fig. 3 Zinc β-ziminate complex.

a combinatorial catalyst evaluator containing 12 pressure-resistant reactor tubes capable of conducting
copolymerization reactions on 12 catalysts in a single
experiment.13)
2.2 Industrial Applications
Carbon dioxide was initially thought to have low
chemical reactivity, so reports of polymer synthesis met
with considerable interest from industry both at home
and overseas. Several companies in the United States
began experimental production and provided specimens
and datasheets, but were unable or unwilling to progress
to full-scale production. However, new developments
have recently emerged in China. Wang et al. from the
Institute of Chemical Physics at the Chinese Academy
of Sciences in Changchun have developed a three way
catalyst, based on zinc catalyst with rare earth additive,
with ten times the activity of previous catalysts. The
new catalyst has been used in a pilot plant with annual
production capacity of 1,000 tons that processes carbon
dioxide emissions recovered from adjacent factories.
Construction is about to begin on a larger plant with
10,000 tons capacity. The resulting synthesized polymer
is reported to be biodegradable, and is being seen as a
genuinely viable solution for reducing carbon dioxide
emissions.

3. Domestic Research
As we saw earlier, polymer synthesis via alternating
copolymerization between carbon dioxide and epoxide
was discovered in Japan in 1968, and has since been
used extensively by researchers throughout the world as
the basis for catalyst development. The first copolymerization reactions were performed using a diethyl zinchydrogen catalyst, but recent years have seen considerable progress in transition-metal complex uniform catalyst development. Here, we will discuss the work of
Inoue, Aida, Sugimoto et al. on metallic porphyrin complex catalysts, and asymmetric copolymerization using
optically active zinc binucleate complex by Nozaki et
al.
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Fig. 4 Manganese porphyrin complex.

3.1 Epoxide and Carbon Dioxide Copolymerization
using Metallic Porphyrin Complex
Porphyrin is a hetero-ring compound with four
pyrroles joined by four methine bridges. The bulk of
porphyrin research to date has been limited to biochemical fields. However Inoue, Aida, Sugimoto et al. chose
instead to use it as a complex catalyst, in light of its
unique structural and reactivity characteristics.
Sugimoto, Inoue et al. have achieved copolymerization
between carbon dioxide and cyclohexene oxide using
manganese porphyrin acetate complex (see Figure 4).14)
Whereas carbon dioxide and epoxide copolymerization
was initially conducted at a carbon dioxide pressure of
30 – 50 atmospheres, this catalyst generates a reaction at
normal atmospheric pressure. Sugimoto et al. achieved
full alternating copolymer synthesis with a high degree
of polymerization using cobalt porphyrin chloride complex.
3.2 Asymmetric Copolymerization with Optically Active
Zinc Binucleate Complex
Stereoregularity is the single major factor governing
polymer properties. Vinyl high polymers, for instance,
are known as isotactic or syndiotactic where regularity
exists in the configuration of the side chain, or atactic if
there is no regularity (see Figure 5). Atactic high polymers have a significant impact on physical properties,
for instance by inhibiting crystal formation. Nozaki et
al. achieved a world first in asymmetrical copolymerization, achieving copolymer synthesis by controlling
stereoregularity through copolymerization of carbon
dioxide with optically active cyclohexene oxide (see
Figure 6).15) Although the resulting copolymer has a
molecular weight of less than 10,000 g/mol, the glass
transition temperature is a respectable 117° C — equivalent to a glass transition temperature of 115° C for
atactic material with high molecular weight of 42,000.
Theoretically it should be possible to achieve copolymer
synthesis with an even high glass transition temperature
with improved stereoregularity and large molecular
Materials Science Outlook 2006

Fig. 5 Stereoregularity of vinyl polymer.
(a) Isotactic (b) Syndiotactic

of complex catalyst is already known; thus, what is
needed now is optimization of the catalyst by altering
the substituent and solid structure of complex catalyst
and systematically analyzing the outcomes. Meanwhile,
a combinatorial chemistry approach is required for inorganic zinc catalysts, which are not fully understood as
yet.

5. Conclusions

Fig. 6 Asymmetric alternating copolymerization of cyclohexene
oxide and carbon dioxide.

weight synthesis.
3.3 NIMS Research
NIMS has set up a Biodegradable CO 2 Polymer
Development Committee with members drawn from
industry, government and academia. The Committee
met five times in FY2005 to deliberate on the development of industrial polymer synthesis processes in Japan
based on alternating copolymerization of carbon dioxide
and epoxide. The report of the Committee identifies five
key issues:
1) Improving catalyst activity by 1,000% or more ;
2) Providing carbon dioxide sources at the required
level of purity;
3) Evaluating the physical properties of and developing applications for synthesized polymers;
4) Design and economic feasibility of production
facilities; and
5) Analyzing the cost and characteristics of biodegradable polymers made from existing natural sources.
The Committee proposed joint projects between private industry and the government and academic sectors
as a means of tackling these issues. The work of the
Committee has since been taken over by the CO 2
Polymer Study Group of the Society of Polymer Science
Japan.

4. Future Research

Copolymerization with epoxide, a promising industrial process for utilizing carbon dioxide resources, was
discovered well before the advent of global warming
and concern about dwindling oil resources. It has
recently enjoyed a resurgence in popularity due to growing concerns about the global environment. Ongoing
advances in catalyst development have opened the way
forward for industrial development, and the future looks
promising indeed.
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Development of catalyst materials designed for
industrial production applications is the key to promoting the utilization of carbon dioxide. In order to keep
polymer synthesis costs down, it is important that catalysts exhibit a high degree of activity and selectivity and
are capable of functioning without the need for a hightemperature and/or high-pressure reaction environment.
For maximum value, the resulting polymer should have
a high degree of uniform polymerization. The structure
Materials Science Outlook 2006
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Section 5. Superconducting Materials
5.1. Physical Properties of Superconductors
Kazuto Hirata
Superconducting Materials Center, NIMS
1. Introduction
Research on the physical properties of superconductors encompasses a range of fields, simply because of
the number of superconducting materials and evaluation
methodologies in existence. Evaluation methodologies
involve measurement in broad categories such as transport characteristics (e.g., electrical and thermal conductivity), magnetic characteristics (magnetization and
magnetic field distribution), optical characteristics
(Raman scattering, neutron diffraction and optical
absorption), photoelectron spectroscopy characteristics
(X-ray absorption, angle resolved photoelectron spectroscopy (ARPES)) and nuclear magnetic resonance
characteristics (NMR and QSR). As a result of continuous improvements in the accuracy of these techniques,
researchers are able to modify and enhance past
research findings as well as conducting new research,
and it is increasingly possible to verify physical phenomena that have been previously proposed.
Similarly, there are many different types of superconducting materials, including oxides, conventional intermetallic compounds and heavy electron materials, with
new ones being discovered all the time. Since certain
types of superconducting materials such as diamond and
NaCoO superconductors have been discussed by other
authors, this paper discusses recent trends in superconductor research in other areas.

2. International Research
Research into phase diagrams of non-superconducting and superconducting phases in hole-doped and electron-doped high-temperature oxide superconductors is
closely correlated with the theory of how these superconductors function. Some researchers have suggested
non-uniformities in the superconducting state of holedoped superconductors and vortices in the pseudo-gap*1
above the superconducting transition temperature, and

the criticality of the transition between pseudo-gap and
superconducting states*2 is hotly debated. There is also
considerable research on electronic phase diagrams for
electron-doped superconductors and the contrasts with
phase diagrams for hole-doped superconductors. The
improved measurement precision of ARPES has generated important new discoveries about how superconductors work, particularly concerning the key role of electron-phonon interaction. Important discoveries have also
been made about vortices in the superconducting state,
with respect to both high-temperature oxide superconductors and metal superconductors. Meanwhile,
advances in nano-processing technology for superconducting materials permit control over vortex states, and
static and dynamic vortex distribution.
2.1 Superconducting State of High-temperature Oxide
Superconductors
The behavior of high-temperature oxide superconductors is being studied through experiments on phase
transition from the antiferromagnetic state of non-superconducting state to the superconducting state as a function of carrier concentrations and temperature. Figure 1
shows schematic drawing of the phase diagrams for the
hole-doped superconductor Bi2Sr2CaCu2O8+y (Bi-2212)
and the electron-doped superconductor Nd2-xCexCuO4
(NCCO), showing the electronic state in each phase. For
the sake of the improvement in ARPES energy resolution, it is now possible to measure band structures in the
vicinity of the Fermi energy with much greater preci1,2)
sion, with recent research suggesting polaron type
coupling due to the strong electron-phonon interaction
in La2CuO4 superconductors with low carrier density.1)
Study on the electronic state of Bi-2212 d wave superconductor in the vicinity of Fermi energy, based on
energy band dispersion results, indicates a strong correlation between phonons and the density of states near
nodes,*3 as well as pairing structures associated with
magnetic modes*4 caused by spin.3,4)
Although the pseudo-gap state at temperatures above

*1

Pseudo-gap state: An electronic state very similar to an energy gap, where the electronic density-of-states decreases in the vicinity of the Fermi
surface.
*2
Criticality: Materials adopt different states (or phases) depending on conditions such as temperature, pressure and magnetic fields. A critical
point is a point where multiple boundaries among different states (or phases) intersect — for example, the triple point of water. Criticality refers
to changes in the nature and quantity of the material in the vicinity of the critical point.
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Fig. 1 Temperature-carrier concentration phase diagram for oxide
high-temperature superconductor. Left-hand side = phase diagram for electron-doped superconductors, right-hand side = for
hole-doped superconductors.

the superconducting transition temperature was identified ten years ago using ARPES,5) more recent research
has confirmed the existence of a Fermi arc.*5 2) Research
on La 2-xSr xCuO 4 six years ago the Nernst effect was
observed in the magnetic field to demonstrate a heat
transportation caused by vortex excitation.6) However it
has since been theoretically proven that the Nernst
effect can occur in the absence of the vortices.7) Vortices
have been observed in the non-superconducting phase
using scanning SQUID microscopes,8) although in many
cases the results could not be replicated. It could be that
new methods and specimen selection are needed. The
quantum critical point in the phase diagram in Fig. 1*6 is
said to exist for both the hole-doped and electron-doped
superconductors.9)
The existence of the pseudo-gap has been confirmed
in the electron-doped superconductors, and the density
of states and the energy band dispersion by ARPES is
required. Yet although the phase diagram is similar to
that for hole-doped superconductors, the electronic state
is quite different and it is highly vulnerable to antiferromagnetic fluctuation.10)
2.2 Periodic Structure and Non-uniformity in Superconducting State
Distribution of the checkerboard type quasi-particle
density of states, identified in high-temperature oxide
superconductors such as Bi-2212 and Ca2-xNaxCuO2Cl2

via scanning tunnel microscope (STM) observation,11,12)
has a periodic structure approximately four to five times
larger than the lattice constant, and exhibits correlation
between the vortex centers in a magnetic field, even
between flux line centers (Figure 2 (a) shows the
checkerboard-like density of states observed by STM in
Bi-2212 on and near vortices). By augmenting these
findings with the ARPES results described above and
applying Fourier transformation of STM-derived in real
space data into momentum space, we can analyze the
impact of nanoscale actual space modulation on superconducting energy gap formation. This approach is providing us with new information on superconducting
mechanism. Further, observation of the quasi-particle
density of states distribution based on STM current –
voltage characteristics indicates a distribution of the
quasi-particle state, or a superconducting energy gap,13,14)
as shown in Fig. 2 (b). Although the distribution was
initially attributed to oxygen deficiency, it has been
shown to exist regardless of the doping.15) It has therefore been suggested that the nonuniform distribution of
the superconducting energy gap may not be a character-

Fig. 2 STM images of Bi-2212 single crystal surface.
(a) Checkerboard-like patterns of quasi-particle density-of-states
distribution
(b) Superconducting energy gap distribution in magnetic field
(6K, 8T)
(Joint research project with Prof. Nishida of Tokyo Institute of
Technology)

*3

Node: Isotropic superconductors normally exhibit an energy gap in the vicinity of the Fermi energy in a superconducting state. The gap is the
same size in all directions. Some anisotropic superconductors, however, have a closed superconducting energy gap, which coincides with the
Fermi surface. The node is the location where the two intersect, and it may be a point, line or surface formed in the vicinity of the Fermi surface.
*4
Magnetic mode: In materials with magnetic moment, factors such as temperature can cause a random electron spin arrangement. Normally, the
magnetic moment caused by spin does not affect the material in its entirety. However, external factors (such as magnetic fields within crystals
and ferromagnetic elements) can cause spin precession, whereupon the magnetic moment distribution adopts a periodic structure at certain frequencies or wavelengths, behaving much like a wave and exhibiting magnetic oscillations.
*5
Fermi arc: The phenomenon whereby the density-of -states exhibits an arc-like distribution in the vicinity of the Fermi surface.
*6
Quantum critical point: The transition from order to disorder that occurs at absolute zero (i.e., the quantum mechanics phase transition, irrespective of actual temperature). An example is the magnetic quantum critical point.
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istic unique to high-temperature oxide superconductors
but rather the result of external factors such as surface
state.14)
2.3 Vortex Visualization
The Bitter method of vortex visualization is probably
the best known technique. Even today it is used for
observation of chain vortex distribution in Bi-2212
under the influence of a tilted magnetic field. 16)
Scanning Hall probe systems that combine with recent
advances in nano-processing technology for fabricating
fine Hall elements are also used to observe vortex distribution.17) It is possible to visualize vortex distribution
with STM, while small-angle neutron scattering18) and
muon spin resonance19) are also used extensively in the
analysis of vortex structures. These approaches are
being employed on intermetallic compound superconducting materials as well as high-temperature oxides,
and herald a new advance on prior knowledge of vortex
physics. Figure 3 shows an example of STM observation on YNi2B2C material. It can be seen that quasi-particle distribution in the vicinity of the vortex core is
clearly growing in the <110> direction due to the crystallization effect.20)
2.4 Vortex Control via Nano-processing
With recent advances in processing technology, it is
now possible to perform nano-level processing on
superconducting materials and analyze the associated
impact on physical properties. The first findings generated in this way involved fabricating triangular and rectangular superconductor membrane dots measuring several microns in size, implanting vortices in the dots, and
observing how the distribution and number of flux lines
affects the superconducting transition temperature.21)
Vortex quantum computing was considered for competition between dot symmetry*7 and vortex (and anti-vortex) distribution.21,22) The ratchet effect*9 was observed
when multiple dots or, anti-dots were arranged in
23)
order. It was also found that the shape and size effect
and the number of vortices can cause the vortex distribution to take on a giant vortex configuration.24)
2.5 Superconducting Characteristics of Intermetallic
Compounds
The FFLO (Fulde-Ferrel25) and Larkin-Ovchinikov26))
phase is a special state of the vortex phase diagram in a
Pauli paramagnetic limit of magnetic field*10. The idea
of an FFLO phase occurring in the superconducting

Fig. 3 Quasi-particle density distribution in vicinity of vortices in
YNi2B2C.
(a) STM atomic image
(b) Distribution of quasi-particle density-of-states
The quasi-particles spread out around the vortices in the predetermined crystal axis direction
(Joint research project with Prof. Nishida of Tokyo Institute of
Technology)

state in the vicinity of the critical magnetic field was
proposed in 1950. Jumping behavior was first observed
in CeInCo5 single crystal via specific heat measurement,
and was thought to be caused by the first order phase
transition in the vicinity of the low-temperature and
high field and the critical magnetic field.27) Subsequent
ultrasonic measurement of the shear stress coefficient of
vortices identified structural phase transition in the form
of separation and modulation of the superconducting
phase as a cooperative phenomenon with the vortices in
the vertical direction28) to the magnetic field shown in
Fig. 4. Similarly, NMR analysis confirmed modulation
of superconducting parameters.29) Measurement of the
pressure effect indicated that the phase diagram for the
FFLO state*11 occurring in the phase separated from antiferromagnetic fluctuation in d wave superconductor is

*7

Dot symmetry: Superconducting material formed into a nano-size point is referred to as a dot. Superconductor dots can be symmetrical when
round, triangular or square in shape. The level of symmetry governs the vortex distribution within the dot.
*8
Anti-dot: Whereas a dot is a nano-size point or circle of superconducting material, an anti-dot is a piece of nano-size thin film with a dot
removed (i.e., with a hole).
*9
Ratchet effect: In the same way as a ratchet allows a gear to turn in one direction only, the ratchet effect refers to the use of superconducting
anti-dots to create a specially designed distribution that permits vorticea to move in one direction only.
*10
Special state of the vortex phase diagram in Pauli paramagnetic limit of magnetic field: Materials generally have a magnetic moment, classified
as paramagnetic, ferromagnetic or antiferromagnetic according to its arrangement and intensity. If the magnetic energy in the presence of a
magnetic field is greater than the energy of the superconducting state, the superconducting state of the material is said to be in a special state.
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Fig. 4 Depiction of FFLO phase identified in CeInCo5 single
crystal (reprinted with kind permission from Prof. Matsuda of
Kyoto University).

similar to the phase diagram for high-temperature oxide
superconductors.30)
Among the newly discovered intermetallic compounds are Y 2C 3 (T c = 18 K approx.), 32) pyrochroite
AOs 2O 6 (A=K, Rb, Cs; T c = 9.6, 6.3, 3.3 K) 33) and
Li2Pd3B (Tc = 7.8 K),34) which had been identified some
50 years ago31) but now have higher superconducting
transition temperatures.Each material shows crystal
structure deformation and C loss vs Tc, spin orbit bonding, and replacement of Pd with Pt have little effect on
electronic density-of-states, T C drops by some 5 K,
respectively. These facts suggest significant implications in relation to the superconducting mechanism. The
superconducting characteristics of these materials are
essentially as per BCS theory, although at a more
detailed level the superconducting states are closely
related to the individual electronic states.

3. Domestic Research
The research being done in Japan is much the same
as that elsewhere in the world. Japan is generating
world-class research experimental outcomes, particularly with respect to material design and production, with
Japanese researchers responsible for the vast bulk of
superconducting single crystals grown thus far. Given
the limited number of researchers in this field and the
limited availability of large-scale measurement facilities
for neutron scattering, muon spin resonance and
ARPES, high-quality Japanese samples are highly
regarded around the world for their ability to generate
superior research outcomes.

*11

3.1 Domestic Research at Present
High-quality samples have been used extensively in
research to achieve excellent outcomes, particularly
with respect to studies involving exotic superconducting
materials. Research is being conducted on the broken
spatial inversion symmetry and superconducting or
coexistence of superconductivity and ferromagnetism.
Research on high-temperature oxide superconductors is
focusing on the physical properties of over-hole-doped
region and investigation of superconducting mechanism
in the electron-doped superconductors .
In the area of vortex physics, meanwhile, research is
looking at nano-dot manufacturing and the ratchet
effect, and evaluation of vortex distribution characteristics, as well as vortex states and high-frequency THZ
emittion at the intrinsic Josephson junctions in hightemperature oxide superconductors and other strongly
anisotropic superconducting materials under a parallel
magnetic field.
3.2 NIMS Research
NIMS has been mainly involved in preparation of highquality single crystals in high-temperature oxide superconductors such as Bi-2212, NCCO and Sr2YCu2FeO6+δ
(polycrystal), as well as intermetallic compound single
crystalline superconductors such as ReNi2B2C, Li2Pd3B
and Nb. Under a joint research initiative, samples are distributed among a wide range of researchers to enable evaluation of properties where this cannot be done at NIMS.
Evaluation findings from a range of sources have provided
useful insights into the mechanism of superconductivity
and associated properties.
NIMS is evaluating the basic properties of superconductors, particularly with respect to vortices. NIMS is
studying Josephson vortex phase diagrams for strongly
anisotropic superconducting materials such as Bi-2212
in a parallel magnetic field based on the periodic oscillations35) identified in Josephson vortex flow-resistance.
This approach, developed by the Superconducting
Materials Center, is the only available methodology for
36)
studying the Josephson vortex phase. Artificially-regulated nano-sized defects in configuration, strength
and/or density are introduced into superconducting
materials to control the vortex state and allow scientists
to study its characteristics.37) NIMS is also working on
the preparation, evaluation and investigation of exotic
superconducting materials.

4. Future Research
4.1 High-temperature Oxide Superconductors
There will be further development of methodologies
for assessing properties and characteristics involving a
range of different measurement techniques, as a means

Antiferromagnetic fluctuation: Electrons possess unit charge and unit magnetic moment (or spin). Antiferromagnetism occurs when adjacent
spins are aligned in opposite directions, so that the material in its entirety has no magnetic moment. Antiferromagnetic fluctuation refers to fluctuation in spin direction caused by external factors such as temperature.
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of finding out more about the mechanism of superconductivities. Characteristics will be derived across the
hole- and electron-doping in its entirety, generating universal properties for these materials. Research will continue into promoting superconducting mechanism by
increasing the carrier concentration from based antiferromagnetic properties at low carrier concentrations, and
the behavior of the electronic state in pseudo-gap phase.
4.2 Intermetallic Compound Superconductors
Synthesis of new intermetallic compounds will continue, and new exotic superconductors and other superconducting materials will be discovered. Although
superconducting transition temperatures do not extend
to high-temperature oxide superconductors, the study of
their properties can provide valuable clues to superconducting mechanism in oxides, as well as enhancing our
understanding of the physical aspects of superconductors.

5. Conclusions
This paper has presented an overview of current
research on superconducting properties. Given the
breadth of the field, it has not been possible to cover all
aspects, and some worthy findings and results have had
to be omitted. Though it is nearly 20 years since the discovery of high-temperature oxide superconductors,
there is still much to be learnt about superconducting
mechanism. Nevertheless, sound progress is being made
in materials research and manufacturing technology, and
these will surely lead to important new discoveries and
breakthroughs in the near future. The next few years
will be a key period in superconductor research.
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5. Superconducting Materials

5.2. Theoretical Aspects of Superconductivity Research
Akihiro Tanaka and Xiao Hu
Computational Materials Science Center, NIMS
1. Introduction
Superconductor physics has multifaceted characters,
ranging from the purely theoretical to the application
inclined. This unusual breadth reflects the dual properties of superconductivity, which on the one hand is a
phenomenon of fundamental significance (a prototypical example of spontaneous gauge symmetry breaking),
and on the other hand gives rise to features bearing
immediate implications for applications, such as a vanishing electrical resistance and the DC/AC Josephson
effects. With the discovery of new superconducting
materials, as well as the appearance of a new generation
of applications, such as quantum computation, it is clear
that theory will continue to play a crucial role in superconductor science. Rather than attempting an exhaustive
survey into the various research directions, we will, in
this short report, pick up a number of representative theoretical topics from the viewpoint of physics, materials
science, and applications, which we hope will help illustrate where this vast and active field is heading.

2. International Trends
In spite of its long history, the landscape of the field
of superconductor science still continues to evolve rapidly, refueled by experimental breakthroughs and developments in related research areas. In subsections 2.12.4 we discuss notable worldwide trends in theoretical
research that have emerged in recent years.
2.1 Theories on New Superconducting Materials
The appearance of a new superconductor often has
the effect of stirring up activity in the scientific community. Here we briefly account several instances that have
taken place recently, focusing on theoretical activity.
The experimental status of the first two materials
addressed below are discussed elsewhere in this
Outlook.
The superconductor NaxCoO2 • yH2O, discovered by
researchers at NIMS in 2003,1) has attracted wide attention from experimentalists and theorists alike, as evidenced by the organization of sessions at American and
Japanese physical society meetings devoted specifically
to this compound. The initial attraction arose since theorists considered it to be a likely candidate for the longsought resonating valence bond (RVB) superconductor,
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advocated by theorist P. W. Anderson shortly after the
discovery of the cuprate high-Tc superconductors.2) The
main building blocks of NaxCoO2 • yH2O are stacked
layers of CoO2 planes (intercalated with H2O, whose
precise role still remains to be clarified), which are akin
to the CuO2 layers of the cuprates. In contrast to the latter, in which copper atoms organize themselves into a
square lattice, the network of cobalt sites in each CoO2
plane forms a triangular lattice. Hence, the presence of
antiferromagnetic exchange would render the system to
be highly frustrated, a condition generally believed to be
a prerequisite for RVB physics to come into play.
Baskaran, in particular, modeling low energy physics in
terms of a two-dimensional t-J model on a triangular lattice, emphasized that the inherent spin-chirality fluctuations could drive the system into a novel superconducting ground state, which violates time-reversal symmetry.3) In later subsections we will outline how subsequent
activities, with relevant domestic contributions, have
lead to detailed analysis on the probable pairing symmetries of this material.
A second superconductor worthy of mention is the
boron-doped diamond, discovered in 2004.4) Theoretical
work at the time of writing mainly consists of first-principles calculations.5) The central feature exposed by
these studies is the finite density of states near the top of
the sigma band at the zone-center, which would readily
couple to soft optical phonons, thereby causing Cooper
pairing. This situation is best viewed as a three-dimensional analogue of the pairing scenario commonly
accepted for MgB2. Unlike its 2d cousin (with a Tc of
39K), the renormalized electron-phonon coupling
strength of boron-doped diamond turns out to be considerably weaker, resulting in a modest estimate of Tc=25K
even at a hypothetically high boron concentration rate of
10%. We note in passing that these results should be
interpreted with due caution, since the effect of randomness brought about by doping boron, as well as electron
correlations are not fully accounted for. Indeed there are
claims that such aspects would bring on qualitatively
new physics.6)
The third and final material for this subsection is the
heavy-fermion magnetic superconductor CePt3Si.7) The
crystalline structure of this superconductor is peculiar in
that it lacks an inversion center; hence the spatial part of
the superconducting order parameter cannot, as in usual
cases, be classified into symmetric and antisymmetric
components. This in turn would imply that the spin secMaterials Science Outlook 2006

tor also fails to be characterized as either pure singlets
or triplets, suggesting that hitherto-unobserved superconducting properties would arise. Indeed, theoretical
suggestions have been advanced,8) which suggest that an
admixture of spin-singlet and triplet components would
consistently explain the unusual set of features
observed: an Hc2 in excess of the Pauli limit, a pronounced peak in the temperature versus nuclear-spin
-1
relaxation rate T1 curve just below Tc, and low temperature behaviors indicative of nodal excitations.
2.2. Theories of Cuprate High Temperature Superconductors
The year 2006 marks the twentieth anniversary of the
discovery of high-Tc superconductors by Bednorz and
Mueller. To this day high-Tc physics reserves a place in
the expanding field of strongly correlated electrons, as a
major source of both controversy and inspiration. The
status on our current theoretical understanding would
more or less depend on how one prefers to view this
problem. One attitude would be to zero-in on the superconducting dome from the overdoped regime, where the
behavior generally resembles those in conventional metals.9) From this viewpoint one may naturally be inclined
to conclude that a perturbative Fermi-liquid theory,
incorporating pairing effects mediated by spin fluctuations, would suffice to explain at least how superconducting order sets in. Meanwhile, it had been recognized
early on that physical properties in the ‘normal’ phase of
the underdoped region are, in fact, far from normal, and
their unraveling may require furnishing a whole new set
of theoretical tools. Thus began a huge effort to understand the nature of doped Mott insulators, where correlation effects can enter physical properties in a highly
nonperturbative fashion. Analytical frameworks, such as
gauge theory formulations, as well as several highly
efficient numerical schemes, are among methods that
have become a part of the condensed matter theorist’s
tools in this process. It goes well beyond our scope to
describe such endeavors in any detail, and we refer
instead the interested reader to recent review articles
written by leading practitioners.10),11) The general tone
voiced there is not that the mechanism of high-Tc superconductors remains an impenetrable mystery, but rather
that theory has entered a new phase now that the basic
electronic properties are generally understood. A conceptual paradigm that has been forming gradually in this
regard is that of emergence, i.e., self organization of a
myriad of qualitatively new degrees of freedom that
appear on low energy scales as a result of strong electron correlations. Prominent among these new states-ofmatter are nanoscaled modulations of electron densities,
and ‘electronic liquid-crystalline states’, such as the segregation into rivers of charge and spin stripe as depicted
in Fig. 1, both of which are now observed in many of
the high-Tc compounds.12)-15)
2.3 Superconducting Qubits
In recent years, a variety of physical systems have
been proposed as being capable of implementing
Materials Science Outlook 2006

Fig. 1 The stripe state observed at 1/8 filling in the Lanthanium
based cuprate compounds. Charge (green) stripes act as domain
walls that interrupt the antiferromagnetic alignment of the spin
degree of freedom. Transport experiments in several high-Tc
compounds infer that dynamically fluctuating variants of such
striped states also exist in certain portions of the phase diagram.

‘qubits’, the fundamental operating unit of a quantum
logic gate. Cold atomic gasses and liquid-state NMR
qubits are typical examples. Composed of solid-state
materials, superconducting qubits (along with quantum
dots) clearly stand out as being the most stable. Thus it
is reasonable to regard nanoscale superconducting
devices as promising building blocks for constructing an
actual quantum computer in the future. In 1999, the successful observation of quantum coherence in Cooper
pair boxes by a team based in Japan sparked worldwide
interest in theoretically devising low-decoherence qubits
using fabricated superconductors16) (an example is illustrated in Fig.2). On the experimental front, researchers
now face the challenge of combining several qubits
while fighting off the (generally inevitable) accumulation of decoherence.
A completely different strategy17) attracting recent
attention (but is so far purely theoretical), is the attempt
to design a fault-tolerant multi-qubit system from the
outset, sidestepping the struggle of assembling the system qubit-wise from scratch. Since qubits are mathematically equivalent to a quantum mechanical spin 1/2
degree of freedom, such a task would amount to (1)
identifying a quantum many-body spin system with a
built-in measure of protection against noisy perturbations, and (2) translating such magnets into the language
of superconducting devices. Incorporating the latest
progress in the theory of quantum magnetism, theorists
can now design novel magnetic states with a set of
degenerate ground states endowed with “topological
orders” i.e. quantum mechanical orders that are robust
against local perturbations. The order changes only
when subject to specific perturbations that change the
global boundary conditions (which in superconductor
terms correspond to the adiabatic transportation of
Cooper pairs or flux quanta). Unfortunately, devices
thus designed have a highly complex geometric structure, and further efforts are necessary to make them feasible for fabrication.
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Fig. 2 Example of a superconducting device equivalent to a spin-1/2 degree of freedom (i.e., a qubit)
subject to an external magnetic field. The device consists of two junctions, J1 and J2. Adjusting the
amount of magnetic flux φ , which pierces the loop and the gate voltage V, corresponds to varying the
orientation of the qubit.

2.4 Related Development: Pairing in Ultracold Fermi
Gas
A related breakthrough that may have important
implications for our theoretical understanding of superconductivity in strongly correlated electrons is the successful observation of the condensation of pairs of 40K
atoms in a dilute Fermi gas.18) An intriguing aspect of
these experiments is the ability to tune the magnitude of
the coupling constant of the inter-atomic force through
several orders by an external magnetic field (the
Feshbach resonance technique). Researchers can therefore study the pairing behavior at various regimes,
which ranges from the weak coupling (BCS-like) limit,
to the opposite extreme where the atoms are bound in
preformed molecular pairs. This technique is thus
expected to provide relevant insights into the physics of
the cuprate high Tc superconductors lying intermediate
between these two limits – a regime that has resisted
access via straightforward perturbations in terms of
small parameters.

3. Theoretical Research Activities in Japan
The research community in Japan maintains a high
standard of scientific activity, and plays a leading role in
various branches of superconductor science. While the
overall emphasis on research topics/methods are roughly the same in Japan and elsewhere, subtle differences in
research atmosphere are nevertheless to be noted.
Theoretical activities on the physics of superconductors
in the United States, in particular, often have a strong
overlap with the latest developments in several of the
more fundamental areas of quantum many-body systems
represented by topics such as quantum critical phenomena, and the fractionalization of electrons. Such trends
are weaker in Japan, where a more material-oriented
research style is generally taken. Both are of course
important avenues in contemporary superconductivity
theory. One may also note that the number of theoretical
works regarding the application of quantum computation is still rather small in Japan. This may be contrasted
with the instrumental role played by Japanese experimental teams, perhaps suggesting an area where theoretical activity may need reinforcement in the future.
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In subsection 3.1 we take up research conducted in
Japan on new superconductors, mostly focusing on one
aspect, Fermiology, which has been producing insightful
results. Subsection 3.2 describes current/recent theoretical activities carried out at NIMS.
3.1 Fermiology and the Study of New Superconductors
Microscopically, superconductivity occurs through
the pairing of electrons that occupy energy levels proximate to the Fermi energy. It is therefore not difficult to
understand that ‘Fermiology’, the study of the effect of
Fermi surface geometry and the electronic states in its
vicinity, often provides important insights into the pairing tendencies of a strongly interacting electron system.
Here we shall review some of the activities carried out
in these directions.
First, we recall that strong Coulomb repulsions
between electrons will generally make a conventional swave pairing state energetically unfavorable (owing to
the large spatial overlap between the wavefunctions of
the two electrons in a Cooper pair). It is possible, however, that the system can still gain energy from pair condensation by creating one or more gapless regions
(nodes) on the Fermi surface. Such condensates, consisting of electron pairs with nonvanishing relative
angular momenta, are analogous to the generalized BCS
states previously proposed within the context of superfluid 3He, and are expected to be ubiquitous in strongly
correlated electron systems. The dx2-y2 symmetry pairing
state realized in the cuprate high-Tc superconductors is a
typical example of an unconventional (i.e. non-s-wave)
superconductor. Fermiology offers a qualitative understanding on how this can occur for strongly correlated
electrons situated on a square lattice. Namely, one can
show that nodes along the Brillouin zone diagonals
(implying a dx2-y2 superconductor) are precisely what are
needed for the Eliashberg equations to support a pairing
state mediated by antiferromagnetic fluctuations (Fig.3
(1)). (How this actually relates to cuprates is not totally
apparent, especially in the underdoped region where
well defined-Fermi surfaces are not seen.) Similarly, for
Sr2RuO4, the nesting between two parallel and disconnected fermi surface segments can be shown to favor a
chiral p-wave superconductor, in agreement with experiments.19) As mentioned below in subsection 3.2, an analMaterials Science Outlook 2006

Fig. 3 Examples where the Fermi-surface geometry fixes the favorable nodal structure of
the superconducting order parameter. The ± characters represent the signs of the order
parameter, while dotted lines represent the nodal directions.
(1) An example of an electron system on a square lattice, where pair scatterings due to
antiferromagnetic fluctuations at wavevector Q = (π, π) induce a superconducting state
with dx2-y2 symmetry.
(2) In this example, a chiral p-wave superconducting state is formed as a superposition of
processes (a) and (b), each involving the nesting vectors Q1 and Q2, which connect parallel
Fermi surface segments.

ogous reasoning was also applied by the present authors
to NaxCoO2 • yH2O within a one-band picture, which
was followed by multi-band extensions. (Accompanying
these works are numerous other important contributions20),21) from Japanese groups related to this materialextensive phase diagrams of the t-J model on a triangular lattice, a symmetry-based reduction of the CoO2
plane into two interpenetrating Kagome sublattices, etc.)
Fermiology can also be turned into a useful tool to
design superconductors with desirable properties, such
as a high transition temperature.22) Such strategies are
being used in priority areas Grant-in-aid-programs in
conjunction with other methods that attempt to produce
new high-Tc materials.23)
3.2 Research Activities at NIMS
The quasi-1d compound β ’-(BEDT-TTF 2) 2ICl 2 is
known to superconduct under an applied pressure of
8.2GPa at 14.2 Kelvins, the highest Tc to date among all
organic superconductors.24) Combining first-principles
calculations with a fluctuation-mediated-exchange
(FLEX) study, Kino and Miyazaki25) investigated the
phase diagram of this material, and observed a 1d to 2d
crossover of the Fermi surface geometry with increasing
pressure, a finding with strong implications regarding
the origin of the onset of superconductivity.
As already mentioned, the present authors carried out
a symmetry-based study on the sodium cobaltate superconductor within a single-band framework. Aided with
input from early experimental data, we pointed out the
possible occurrence of a spin-triplet pairing state (as
opposed to a spin-singlet state which derives naturally
from an RVB ansatz), which would be favored by pairscattering among segments of a nearly hexagonal Fermi
surface.26) There is presently an ongoing investigation
incorporating the effect of multiple bands and their corresponding Fermi surfaces, aiming to settle the issue on
the correct superconducting state of this intriguing compound.
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In collaboration with Kita (Hokkaido University),
Arai has recently put forth a new theoretical framework
for evaluating the temperature dependence of Hc2 using
band calculation data as the input.27) This method, capable of incorporating the subtle effects of the Fermi surface geometry, was applied to materials such as Nb,
NbSe2, and MgB2. In contrast to previous undertakings,
satisfactory agreements with experimental measurements were obtained, opening a route toward a reliable
and much needed scheme for predicting the H c2 (T)
curve.
The study of quantized vortices is an important subfield of superconductor science, for both fundamental
and practical purposes. The cuprate high-Tc materials,
with their characteristically strong anisotropy and thermal fluctuations, add an interesting twist to this subject.
In view of the diversity of spatial/temporal structures
that arise, the collection of vortex lines in superconductors are themselves now regarded by researchers as a
new form of complex matter. Employing large-scale
numerical calculations, Hu and colleagues in the Strong
Coupling Modeling Group have made numerous fundamental contributions to the understanding of such ‘vortex matters’, covering topics such as the thermal melting
of the Abrikosov vortex lattice, the phase diagram in the
presence of random pinning centers, and the statistical
and dynamical properties of Josephson vortices, which
are created by an external field directed parallel to the
CuO2 planes.28)-31) (Related materials can also be found in
Outlook 2005.)
Finally, we mention activities at NIMS in areas where
direct impacts on near-future technologies are anticipated. Physically, the layered crystal structures of the
strongly anisotropic cuprates are arrays of atomic-scaled
intrinsic Joesphson junctions (IJJs). A striking consequence of this structure is the appearance of collective
excitations lying within (and thus protected from damping by) the superconducting energy gap. Tachiki and
coworkers have proposed that such modes are ideal
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sources of continuous wave emission in the terahertz
range. Working in close contact with experimental
groups, they have carried out theoretical and large-scale
numerical studies to support this idea and to suggest
suitable experimental setups.32) Due to its high plasma
frequency, the IJJ may also be expected to function as a
good superconducting phase qubit. A first step towards
this goal would be to confirm the occurrence of the
macroscopic quantum tunneling (MQT) of the phase of
the superconducting order parameter. An NIMS research
team, including one of the present authors, recently
observed and analyzed such MQT events in IJJs of a
bismuth-based cuprate superconductor, with an operat33)
ing temperature higher than that of artificial junctions.
The realization of an IJJ qubit is now being pursued by
several groups around the world.

4. Outlook on Future Directions
4.1. Designing a Superconductor from Theory
Having now given a broad overview of the present
status of the field, we believe that theoretical work designated to designing a new superconductor (especially
those with high transition temperatures) would most
probably become an important future direction. One
needs only to recall, for example, the well known work
by Little, proposing a structure for a high temperature
organic superconductor,34) to realize that such attempts
are by no means new. However, it is also true that theories so far have not lead to a direct discovery of a new
superconducting material. With considerable progress
made over the years in theoretical methods, the predictability of material properties has steadily improved.
It is also conceivable that superconducting systems constructed from artificial structures such as quantum wires
can be designed as well, with perhaps a better degree of
accuracy than natural materials. (Indeed there are
already several such proposals.35)) Hence it seems to us
not unreasonable to anticipate that a theory-guided production of new superconductors will become a reality in
the future.
4.2 New Applications
Another area in which we expect an enhancement in
scientific activity is the interface between superconductor science and new quantum technologies/information.
While experts agree that realizing a full quantum computer would yet require many technical breakthroughs,
several closely related applications (e.g. a superconducting quantum charge pump36)), involving a much smaller
number of degrees of freedom are expected to come
within reach of contemporary technologies in the near
future. Strong experiment-theory collaboration would be
essential there.

5. Summary and Conclusions
In these pages we have described the theoretical
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aspects related to some of the relevant developments in
recent years in the field of superconductivity. We have
emphasized that certain important paradigm shifts are
currently taking place, and that the nature of many of
the important topics are becoming increasingly interdisciplinary.
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5. Superconducting Materials

5.3. Diamond as a New Superconducting Material
Yoshihiko Takano
Nanosystem Functionality Center, NIMS
1. Introduction
Twenty years have passed since the discovery of
high-temperature superconductors in 1986. During this
period, the layered perovskite structure of copper oxide
has yielded a large number of new superconductors.
Superconducting transition temperatures have risen
remarkably, from 30 K at the initial stage to 135 K (for
mercury-based copper oxide) today. Since 1993, however, there has been little improvement in superconducting
transition temperatures, with the focus now on development of new superconducting materials other than copper oxide. This paper looks at the development of diamond superconducting materials in recent years.

2. Basic Characteristics of Diamond Superconductors
2.1 Characteristics of Diamond
Diamond is revered by women all over the world for
its beauty. However it is only relatively recently that
diamond has been embraced for its aesthetic pleasures.
As the Greek derivation adamanteous suggests, diamond is the hardest substance known to man, an indestructible material that has proven extremely difficult to
cut and polish into gemstones. Diamond is also transparent to a wide range of wavelengths and has a very
high index of refraction. This is what makes brilliant cut
diamonds sparkle with such beauty.
Diamond has a number of other interesting characteristics, including the highest thermal conductivity at
room temperature of any substance, an extremely high
Debye temperature, and excellent insulating properties.
Materials with high thermal conductivity, such as copper, are generally good electrical conductors as well,
because the conduction electrons transport heat. But
despite its high thermal conductivity, diamond is electrical insulator not a conductor, on account of its very high
Debye temperature, which translates into a high phonon
frequency. The development of diamond as a superconductor began when scientists hit upon the notion of harnessing the superconducting properties of the powerful
phonons.
2.2 Superconducting Properties of Diamond
Diamond can be synthesized artificially using highpressure synthesis and chemical vapor deposition
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(CVD) processes. High-pressure synthesis is performed
at high temperature and high pressure — conditions
similar to those in which natural diamond is formed —
while CVD involves converting a gas (usually methane)
to diamond in a plasma state. While pure diamond is an
electrical insulator, very low concentrations of boron
additive can be used to convert it to a semiconductor
with electrical conductivity, at the same time producing
a brilliant blue luster. Higher concentrations of boron
generate metal-like conductivity properties, along with a
distinctive black coloration.
In the spring of 2004, Russian researchers demonstrated that synthetic diamond produced via the highpressure process and dosed with a high concentration of
boron additive exhibits superconducting properties with
a superconducting transition temperature of Tc (zero
resistance) = 2.3 K.1) The synthesis process requires
incredibly high temperature and pressure conditions —
2,500° - 2,800° C and nearly 100,000 atmospheres —
which are enough to trigger spontaneous conversion of
graphite directly into diamond. Due to the very short
heating time and restricted space, this method is not
suitable for large sample sizes or single crystals.
Several months later, a group in Japan successfully
produced superconducting diamond with high boron
content via CVD.2, 3) The CVD process allows greater
control over the boron concentration and has a more
generous solubility limit; as a result, the superconductivity transition temperature is more than twice as high.
Further, it can be used to synthesize a single crystal diamond film with superconductivity transition temperatures in excess of 10 K: (111) film starts exhibiting
superconductivity at 11.4 K and has a zero resistance
temperature of 7.4 K (see Figure 1). The corresponding
figures for (100) film are 6.3 K and 3.2 K respectively:
roughly half as good as (111) film, despite the presence
of equal amounts of boron additive.
Figure 2 illustrates the correlation between the boron
concentration and the superconducting transition temperature. (111) film has a high superconducting transition temperature overall, and this rises in line with boron
content, while (100) growth film has the same boron
content but a lower overall superconducting transition
4, 5)
temperature — only about half that of (111) film.
Thus, the direction of crystal growth has a significant
bearing on superconductivity characteristics. Recently it
has been shown using NMR and X-ray emission spectrum that boron additive has two states: independent,
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Fig. 1 Temperature dependence of resistivity under magnetic
field from 0 to 9T.

Fig. 2 Superconducting transition temperature as a function of
boron concentration.

and in a boron-hydrogen pair. In the paired state, boron
is electrically neutral and will not support a carrier. The
lower superconducting transition temperature of (100)
film has been attributed to the influence of the boronhydrogen pair.6)

2.3 Electronic State of Diamond Superconductor
CVD can be used to create large, homogenous specimens for the purpose of research into the superconducting behavior and mechanisms of diamond materials.
The latest research developments in this area are summarized below.
Analyzing the superconducting behavior of diamond
requires an understanding of its electronic state. Figure
3 shows the first ever data describing the electronic state
of boron-doped diamond, observed using soft X-ray
angular resolved photoemission spectroscopy at the
7)
SPring-8 facility in Japan.
The origin of metallic conduction is the bands in the
carbon from which diamond is composed, indicating
superconductivity. X-ray inelastic scattering indicates
that phonons have some role in this superconducting
behaviour.8) Weak energy photoemission spectroscopy
showed clear evidence of a superconducting gap at temperatures over 10 K (see Figure 4). The gap is relatively
broad, indicating the effects of some form of disorder.9)
Superconducting gaps have also been observed using
Scanning Tunneling Spectroscopy (STS). (111) film,
with a high superconductivity transition temperature,
showed a relatively broad superconducting gap,10) as per
the photoemission spectroscopy, while (100) film, with
lower boron content and lower superconducting transition temperature, was found to have an simple s-wave
gap. The discrepancy between the two is thought to be
attributable to disorder caused by the addition of
boron.11)
Diamond superconductor represents a totally new
type of superconducting material derived from typical
band semiconductor. It consists of only two elements:
the base carbon and the boron additive. It has a simple
crystal structure and a fairly simple band structure, and
is ideally suited to theoretical analysis.12-18) For details of
theoretical research, refer to the previous chapter,
Trends in Theoretical Research; this paper discusses
only the most recent topics.
The previous chapter briefly discussed the disorder
effect of boron doping, including theories that it suppresses superconductivity to a significant degree.
Eliminating this disorder by introducing the boron in a
systematic and orderly fashion, or somehow introducing
a carrier into pure diamond, would boost the superconducting transition temperature considerably. The proposed increase in the superconducting transition temper-

Fig. 3 Band dispersions of boron-doped diamond.
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Fig. 4 Temperature dependence of photo emission spectroscopy
in boron doped diamond symmetrized at EF.

ature must be proven theoretically and experimentally.
Hopefully this will happen at some point in the near
future.19)

3. Conclusions
This paper has discussed recent developments in the
superconductivity characteristics of diamond, particularly with regards to pure research into physical and other
properties, which has been made possible by CVD
processes capable of producing large, high-quality specimens for research purposes. A better understanding of
the superconducting behavior of semiconductors will
lead to the discovery of superconductivity in similar
compounds with large band gaps and bring us closer to
the theoretical ideal of a high Tc superconductor. There
is also a wide range of carbon compounds, including
diamond, graphite, fullerenes such as C60 and carbon
nanotubes.
The three-dimensional sp3 bond of diamond exhibits
superconductivity, as does the two-dimensional sp2 bond
of graphite. C60 and carbon nanotubes would be midway
between these two. C60 has the highest superconducting
transition temperature of the carbon-based substances.
The author is of the opinion that carbon nanotubes, with
their interesting properties such as one-dimensional
characteristics at the minute level, can likewise exhibit
superconducting behavior. Thus, carbon compounds
harbor immense potential in the sphere of superconductors.
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5.4. Cobalt Oxide as a New Superconductor
Kazunori Takada
Nanoscale Materials Center, NIMS
1. Introduction
In a so-called “superconductivity fever”, which started with the discovery of a lanthanum–barium–copper
oxide superconductor, 1) many new superconducting
materials had been found, and superconducting transition temperatures had been much raised. However all
these materials are copper oxides with CuO2 square lattices where superconductivity takes place. To date there
have been no superconductors found even in nickel or
cobalt oxides, both of which often show similar character to copper oxides. The first cobalt oxide superconductor recently discovered after the long stagnation was
synthesized by a unique method categorized in “soft
chemistry”.

2. Softchemical Synthesis of Hydrated Cobalt Oxide
Layered compounds, such as graphite, are built up
from basic layers (or sheets) stacked along a unique
direction. In some cases, ions and molecules enter and
exit the interlayers of the materials as if a person visits
someone’s house. Therefore, the layered materials and
the interlayer species are sometimes analogized to host
and guest, respectively, and reactions such as the ion
exchange reaction and insertion-extraction reaction are
collectively called as host-guest reactions. “Chimie
douce” or softchemistry is a conception for the synthesis
of new materials via host-guest reactions. When the
host-guest reaction proceeds under moderate conditions,
for example, at room temperature, it can derive a variety
of metastable phases without changing the host structure, which can not be obtained by conventional ceramics synthesis involving high-temperature calcination.
The host-guest reaction is indeed effective to derive
valuable new materials; however, the most familiar
example will be a lithium ion battery used in mobile
phones and laptop computers. Lithium ion batteries
have LiCoO2 as cathode and graphite as anode, both of
which have layered structure. While the battery is operated, only lithium ions go back and forth between their
interlayers, as shown in Figure 1. In other words, when
the batteries are charged, lithium ions move from the
galleries between the CoO2 layers to those between the
graphite layers; while they move to the opposite direction during discharge; the structures of the graphene
sheet and CoO2 sheet are not changed by the reaction.
Materials Science Outlook 2006

Fig. 1 Host-guest reaction in a lithium ion battery.

The hydrated cobalt oxide superconductor has a CoO2
layer with the same structure as the cathode material.
Hydrated cobalt oxide superconductor is derived
from a sodium cobalt oxide with a layered structure, in
which CoO2 and sodium layers are alternately stacked.
In the layered structure, the negatively charged CoO2
layers and positively charged sodium layers attract one
another. When it is reacted with bromine as an oxidizing
agent, electrons and sodium ions are extracted from the
CoO2 layer and the sodium layer, respectively, to reduce
the charge densities of the layers, and hence the interlayer attraction is weakened. Since the interlayer
becomes easy to be open by the weakened attraction,
when the oxidized material contacts water, the water
molecules are introduced into the galleries to be coordinated to the remaining sodium ions. They prop up the
galleries to increase the interlayer distance to 9.8 Å and
2,3)
induce superconductivity in the CoO2 layer.

3. Soft Chemistry and Superconductors
All high-Tc copper oxide superconductors consist of
CuO2 square lattice planes alternating with so-called
block layers. Differences in the composition and structure of the block layers and the resulting different
charge density in the CuO2 layers change the superconducting properties. On the other hand, the softchemical
reaction alters the composition and structure of the guest
layers between the host layers without changing the host
layer structure; the composition of the guest layer governs the charge density in the host layer. In the synthesis
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of the cobalt oxide superconductor, indeed, water molecules are introduced as guests to change the structure of
the guest layer and enlarge the interlayer gap between
CoO2 layers. Simultaneously, the bromine oxidization
alters the charge density in the CoO2 layer. Thus, there
are many commonalities between softchemical reactions
and superconductor synthesis; in fact, softchemistry has
been used in superconductor exploration for a long time.
3.1 Graphite Intercalation Compounds
As I mentioned, the cathode material in lithium ion
batteries is LiCoO2; it involves CoO2 layers, which are
identical in structure to those in the cobalt oxide superconductor. On the other hand, the anode material is
graphite. When the battery is charged, lithium ions
(which are alkali ions) enter between the graphene layers. Interestingly, the graphite also shows superconductivity, when the lithium ions are intercalated, which was
found over 30 years before the commercialization of the
lithium ion battery. In recent years, significant breakthroughs have been made with superconductivity using
materials other than alkali ions, such as calcium and
yttrium.4)
3.2 Transition-metal Sulfides
As we have seen, the lithium ion battery works on the
basis of the host-guest reaction. Such a concept was proposed for the first time in 1976 in a report on electrochemical insertion-extraction of lithium ions in the
interlayer of TiS2. This work was followed by many
researches on transition-metal sulfides with similar layered structure to TiS2, which led in turn to the modern
lithium ion battery. These layered transition-metal sulfides were also superconductors studied on the basis of
softchemistry.
Large gallery height is considered to play an important role in the superconductivity in the hydrated cobalt
oxides. That is, water molecules introduced in the galleries to increase the separation between CoO2 layers,
weakening the interlayer interaction. The resulting high
two-dimensionality of the CoO2 layer is considered to
give rise to superconductivity. Such correlation between
interlayer separation and superconductivity has been
studied on TaS2 and NbS2, both of which are layered
transition-metal sulfides and inherently exhibit superconductivity. The superconducting transition temperature of these materials was varied with changing interlayer distance by inserting different kinds of large
organic molecules between layers to change the interlayer distance.5) The correlation between interlayer separation and transition temperature has been studied
extensively in the range over 50 Å.

time. Besides the examples described above, lithium
extraction induces superconductivity in LiNbO26) and, to
the contrary, the lithium insertion does in KCa2Nb3O10,
KLaNb2O77) and HfNCl.8) The recently discovered lithium-inserted Sr2CuO2Br29) is the first electron-doped copper oxide superconductor with a K2NiF4 structure. In
every case, after the host structure was built up as a conductive framework, the softchemistry modified the
guests to promote the superconductivity in the host
layer. This eloquently suggests that softchemistry is a
powerful ally in the search for new superconductors.
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4. Conclusions
Although the discovery of cobalt oxide superconductor has thrust superconductor synthesis via softchemistry firmly into the limelight, softchemistry has been
basically used in the superconductivity study for a long
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5. Superconducting Materials

5.5. Superconducting Wire Materials
Takao Takeuchi and Hitoshi Kitaguchi
Superconducting Materials Center, NIMS
1. Introduction
Of the thousands of superconducting materials that
have been identified already, only six have been developed for practical use or are considered likely to be of
practical use: niobium-titanium (Nb-Ti) alloy, niobiumtin (Nb 3Sn) compound, niobium-aluminum (Nb 3Al)
compound, magnesium diboride (MgB2), bismuth oxide
and yttrium oxide. Table 1 summarizes the properties of
these six materials.
Since electrical resistance is zero in the superconducting state, a large current passing through a coil
wound with superconducting wire (i.e., a superconducting magnet) generates a magnetic field with no power
loss. Similarly, using superconducting wires for power
transmission would dramatically reduce losses through
electrical resistance. The problem is, however, that in
the presence of an external magnetic field (or the magnetic field generated by the current itself), quantized
magnetic flux lines acting within the superconductor
affect the current and are themselves subject to Lorentz
forces. The associated movement of flux lines can generate induced electromotive force, and current cannot

flow with zero electrical resistance. Non-uniformities
such as impurity phases where free energy is lower and
other lattice defects are introduced into the superconductor in order to prevent movement of flux lines
(known as magnetic flux pinning). However pinning
energy declines as the temperature increases. If for any
reason some of the flux lines stray from the pinning
point, Joule heating occurs in the conductor, raising its
temperature and reducing the pinning energy. This in
turn causes further movement of flux lines, creating a
vicious circle, and the overall temperature of the conductor can rise to the point where it makes the transition
to normal conducting state, a phenomenon known as
quenching. It is possible to suppress such a magnetic
instability by reducing a superconducting wire down to
several tens of µm in diameter, but this wire-size is too
small to be of any practical use. In order to increase the
current carrying capacity, multi-filament wires consisting of a large number of fine superconducting filaments
dispersed within a normal conducting metal matrix are
commonly used. Production technology is being developed to enable multi-filament wire manufacturing from
a range of superconducting materials, except for yttri-

Table 1 Practical superconducting materials developed to date.
Critical
temperature
Tc

Critical
magnetic field
Bc2(4.2K)

Properties

Applications

Nb-Ti alloy

9.6 K

11.5 T

Ductile (easy to handle), low cost,
below 10 T

Medical MRI, NMR, particle accelerator, maglev train

Nb3Sn

18 K

26-28 T

High strain sensitivity

High field NMR/MRI, magnet for
research, particle accelerator, nuclear
fusion reactor

Nb3Al

17.5-18.5 K

25-30 T

Low strain sensitivity

Nuclear fusion reactor, high field
NMR/MRI, particle accelerator, magnet for research

MgB2

35-39 K

10-30 T

20 K operation, lightweight

Liquid hydrogen refrigerant, maglev
train, space environment

BSCCO
(2212)

70-85 K

Several tens
to 100 T or
more

Low-temperature high magnetic field

High field magnet for research

BSCCO
(2223)

105-115 K

Several tens
to 100 T or
more

Refrigeration (20 K) – liquid nitrogen
cooling

Electric applications involving liquid
nitrogen cooling (e.g., cable and transformer), marine motor, maglev train

YBCO

up to 90 K

Several tens
to 100 T or
more

Excellent properties at liquid nitrogen
temperature (77 K), requires biaxial
orientation

Electric applications involving liquid
nitrogen cooling (e.g., cable, limiter,
transformer)
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um, which can only be produced in tape form.
This paper provides a general overview of research
and development on the manufacture of superconducting wire materials for practical applications, including
the latest developments in domestic and international
research, major technical issues, and the future outlook
for superconducting wires.

2. Niobium-titanium (Nb-Ti) Alloy
Figure 1 shows the first Nb-Ti alloy material produced: a single billet consisting of copper matrix-rod
with a solution treated and forged ingot Nb-Ti alloy
core-rod. This highly malleable superconducting wire is
used extensively throughout the world. After extrusion,
the material is drawn into a rod, then deformed into a
hexagonal shape by passing through a die. The hexagonal rods are then cut to length and bundled together, and
inserted into copper pipe to form the multi-billet. The
billet is again extruded and drawn down into a fine wire.
The fine wire is then twisted to prevent electromagnetic
coupling between the filaments. The pinning center for
Nb-Ti alloy is hcp phase Ti, which is elongated via
repetitive heat treatment at around 400° C during the
wire drawing process. The hcp phase Ti then changes to
a ribbon shape and disperses at high density during the
wire drawing process.1)

Fig. 1 Nb-Ti alloy multi-filament wire manufacturing process:
intermediate heat treatments at up to 400° C are several times
performed during wire drawing to precipitate hcp Ti particles
from bcc alloy phase.
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2.1 Domestic and International R&D
The Northwest Institute for Non-Ferrous Metal
Research in Xian, China, has recently set up a venture
business with annual production capacity of 300 tons for
ITER use.2) It is expected that this facility will be able to
supply cheap materials to the global marketplace.
Research is also underway on a technique for artificially
introducing Nb as the pinning center using Nb-Ti/Nb
3)
composite rod in place of single-billet Nb-Ti rod. The
technique is designed to enhance a critical current density in a low magnetic field than the conventional precipitation heat treatment is, although this is more expensive.
2.2 Technical Issues and Future Outlook
On the one hand, it could be argued that superconducting properties of Nb-Ti have reached virtual saturation point, with little room for further development of
superconductor materials. But there is still scope to
reduce production costs for superconductor wires, to
further optimize wire cross-section design and refine the
associated manufacturing processes.

3. Niobium-tin Compound (Nb3Sn)
Nb3Sn wire is used in high magnetic field superconducting magnets that generate a magnetic field more
than 10 Tesla (T). There are three different processes
used to manufacture Nb3Sn wire: bronze-route, internal
tin (Sn), and Powder In Tube (PIT). All three can be
used to produce single wire (hexagonal rod formed from
single billet), since they all employ the same multi-filament process as Nb-Ti, namely, stacking single wires
into a multi-billet Cu can to form finally a multi-filament wire. Figure 2 shows the cross-section of the
hexagonal rod used for the multi-billet (the same as the
hexagonal rod in the Nb-Ti alloy multi-filament wire
production process shown in Fig. 1) in each manufacturing process. In the bronze-route process (Fig. 2(a)), Nb
is located in the centre of the Cu-Sn alloy (bronze).
Bronze-route process is the most commonly used one.
Internal Sn diffusion process (Fig. 2(b)) involves multiple Nb fine-filaments dispersed in a Cu matrix, with Sn
at the center. The PIT process (Fig. 2(c)), meanwhile,
utilizes NbSn2 powder, as a tin source, packed in a Nb
sheath lined with Cu. All three processes involve creating a multi-fiament wire and then dispersing Nb3Sn via
heat treatment. The role of Cu is essential to promoting
the formation of Nb3Sn via heat treatment. The Wind
and React method, in which the Nb3Sn wire is wound
onto coils prior to heat treatment, is generally used,
although for large-scale applications the wire material is
sometimes subjected to heat treatment before winding
(React and Wind).
3.1 Domestic and International R&D
In the bronze-route process substantial work-hardening of the bronze inevitably happens during wire drawing, which necessitates several times intermediate
annealing of the bronze. Once the final wire diameter is
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Fig. 2 Cross-sections of single wire (hexagonal rod) for Nb3Sn multi-filament manufacturing process.

achieved, heat treatment at approximately 700° C is
used to create a Nb3Sn layer at the interface between the
bronze and Nb. European manufacturers4) use Ta additive in the Nb to enhance the critical magnetic field (the
upper limit of a magnetic field that allows the superconductivity of material, Bc2) and improve the critical current density Jc in a high magnetic field, while Japanese
and American manufacturers 5,6) use Ti additive. The
bronze-route process is suitable for making superconducting joints, and accordingly is used extensively for
high magnetic field NMR applications. Increasing the
Sn concentration of bronze above the solid solution
limit (16 wt%) generates a pronounced improvement in
material characteristics in a high magnetic field.
Hitachi Cable has successfully developed an Nb3Sn
wire bronze-route process using Sn concentrations of up
to 18 wt%,7) however the Sn content cannot be increased
any further without encountering significant solid solution hardening and work hardening problems. Internal
Sn diffusion, meanwhile, does not cause solid solution
hardening essentially and thus enables a higher Sn content, although it requires a pre-heating treatment to form
the bronze alloy by diffusing Sn through a Cu matrix. In
the United States, Oxford Superconducting Technology
(OST) has achieved further improvements8) suitable for
the high-performance specifications of a next-generation accelerator (J c without Cu stabilizer [hereafter
“non-Cu Jc”] = 3,000 A/mm2 at 4.2 K and 12 T), enhancing the non-Cu Jc with a very small Cu content. Oxford
Instruments in the United Kingdom has successfully
energized a 950 MHz – NMR magnet using this OST
wire. 9) The problems of electromagnetic coupling
between filaments and magnetic instability caused by
Sn contamination of stabilizers, however, have yet to be
satisfactorily resolved. Research is now underway on
adding Ti by replacing some Nb filaments with Nb-Ti
alloy filaments and introducing Ta fins to prevent electromagnetic coupling between filaments. Shape Metal
Innovation (SMI) in Europe, in a joint initiative with
European Advanced Superconductor (EAS), has successfully modified the PIT process (which has a relatively high Jc value) to produce longer pieces from large
billets weighing 50 kg.10) Meanwhile, Tokai University11)
has developed a modified PIT process using powdered
Ta-Sn compound in place of NbSn 2 powder, while
NIMS12) has proposed a method using powdered Cu-Sn
compound (ε phase, η phase).
Materials Science Outlook 2006

3.2 Technical Issues and Future Outlook
Much attention has been devoted to recent remarkable improvements in non-Cu Jc of Nb3Sn wire produced
via the improved internal Sn diffusion process. It is easy
to overlook the fact that this has been achieved at the
expense of stability, which is vital if the wire is to be of
any practical benefit. High Jc and stability are both necessary in order to use the wire in accelerators and
nuclear fusion reactors. The drawback with Nb3Sn is its
extreme hypersensitivity to stress and strain. For this
reason, every time a new (or improved) wire material
process is developed (such as the improved internal Sn
diffusion process, which has higher strain sensitivity
than bronze-route one), it is necessary to determine the
level of stress and strain tolerance. Scientists hope that
the strain-stress problem will eventually be resolved
with the advent of totally new kinds of materials or
alloys. Meanwhile, it has been shown13) that the superconducting properties of Nb3Sn can be enhanced by subjecting it to numerous repetitions of very slight bending
strain, in what is known as the pre-bending effect. This
has important implications for the React and Wind
method.

4. Niobium-aluminum Compound (Nb3Al)
Nb3Al has advantages of a high Bc2 and good stressstrain tolerance, but unavailable is the diffusion reaction
that is promoted by Cu and used to produce Nb3Sn.
Nb3Al is produced either via a direct diffusion reaction
between Nb and Al at approximately 750° C, or by
forming a supersaturated solid solution of Nb and Al via
rapid heating and quenching (RHQ) treatment and subjecting it to a transformation reaction. In both cases, the
Al has to be reduced to a maximum of 100 nm prior to
heat treatment . Such very fine Al size cannot be
achieved for the conventional rod-in-tube multi-filament
wire. Instead, a jelly roll method is employed, whereby
a metal core wrapped with a laminate of Nb and Al foil
layers is inserted into a metal outer sheath to produce a
single wire. Due to differences between the processes,
different single wire configurations are used for the
inner core and the outer sheath, as shown in Fig. 3.
Figure 3(a) shows the structure of the single wire used
to manufacture Nb3Al via a diffusion reaction. The core
and outer sheath are made of Cu stabilizer, wound with
295

Fig. 3 Cross-sections of single wire (hexagonal rod) for Nb3Al
multi-filament manufacturing process.

a laminate of Nb/Al foil layers separated by an Nb barrier to prevent a chemical reaction between Cu and Al.
Figure 3(b) shows the single wire produced via the rapid
heating, quenching and transformation (RHQT) process,
which includes rapid cooling from temperatures in
excess of 1,900° C. The outer sheath is made of Nb,
since the material is heated above the melting temperature of Cu. The single wires are used to produce multifilament wire from multi-billets (just as for Nb-Ti and
Nb3Sn), which is then subjected to heat treatment.
4.1 Domestic and International Research
The Japan Atomic Energy Agency has developed an
Nb3Al wire for nuclear fusion reactors using the jelly
roll diffusion method with Cu matrix.14) The wire offers
excellent stress-strain tolerance and has been used to
trial manufacture a one layer coil with maximum current
throughput of 46 kA at 13 T via the React & Wind
method (involving heat treatment at 750° C followed by
coil winding with maximum 0.4% bending strain).
However, such formation of Nb3Al via direct diffusion
reaction in low temperatures deviates the composition
from stoichiometry, with the result that the values of Tc
(critical temperature), Bc2, and Jc in a high magnetic field
are all inferior to those of Nb3Al wire produced via
RHQT process.
The RHQT process involves very rapid heating and
quenching of Nb matrix jelly roll Nb/Al (see Figure
2(e)) to produce a supersaturated solid solution, which is
then transformed into Nb3Al via additional heat treatment at 800° C. The resulting wire has a stoichiometric
composition and finer grain structure than the low-temperature diffusion–reaction processed wire does, and it
produces a higher non-Cu Jc value in magnetic fields of
over 20 T, without compromising the inherent strain tolerance of Nb3Al. It is now being developed for applications such as high magnetic field NMR, next-generation
accelerators and nuclear fusion reactors. NIMS has successfully developed a 1 km class long-wire that is jacked
with Cu stabilizer by a post-cooling rolling process. The
resulting coil generates a magnetic field of 19.5 T at 4.2
K, currently a world record. The wire has also demonstrated highly consistent length performance.15)
4.2 Technical Issues and Future Outlook
The development of a process for incorporating the
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stabilizer onto the thin round wire that would be strands
of high-current conductors will provide a major step forward in the use of RHQT processed Nb 3Al wire in
nuclear fusion devices and accelerators. Ion plating and
electroplating combinations have been considered as a
means of combining Cu with round wire, but the Cu still
does not bond adequately to the wire. Cost reduction is
a major issue in large-scale superconductor applications.
One potential method of reducing costs is to use electroplating on Ni substrate instead of ion plating, followed
by thick Cu plating. The superconducting joint is also an
important research area, in particular for NMR applications.

5. Magnesium Diboride (MgB2)
The intermetallic compound MgB2 is classified as a
high-temperature superconductor under JIS specifications, where “high-temperature” is defined as a critical
temperature above 25 K. In terms of superconducting
properties, however, it is similar to low-temperature
superconductors such as the intermetallic compound
Nb3Sn. MgB2 exhibits a good superconducting connectivity between crystal grains only by high-density compaction even without grain orientation. For this reason,
two PIT processes are used for MgB2 wire materials, as
shown in Fig. 4. The first is an in-situ process in which
metal tubing is filled with magnesium and boron powder and drawn into a wire, then subjected to heat treatment to promote a magnesium-boron reaction and produce MgB2. The other is ex-situ, whereby metal tubing
is filled with pre-formed MgB2 powder and drawn into a
wire; this is often followed by an annealing process.

Fig. 4 MgB2 wire PIT manufacturing process.
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5.1 Domestic and International Research
Research on MgB2 wire is being carried out in Japan,
the United States and Europe. In Japan, the JR Central
Japan Railway Company, NIMS and the Hitachi Group
are busy developing maglev railway and MRI applications, producing wire from pure iron and copper composite metal tube via the in-situ process. Tests have
demonstrated that small magnets using this wire can
generate magnetic fields of 2.0 T at 4.2 K and in the
absence of external magnetic fields. 16) Meanwhile,
Hitachi and NIMS are studying superconducting joint
using MgB2 wire, and have reported magnetic field capture of 1.5 T in permanent current mode using combinations of MgB2 coils and Nb-Ti switches.17)
In the United States, a joint venture between HyperTech and the University of Ohio has produced a wire
manufacturing technique called Continuous Tube
Forming and Filling (CTFF). A combination of ex-situ
processing and annealing, CTFF involves filling semicircular metal strips (generally of Cu-Ni alloy) with
MgB2 powder, then rolling the resulting composite into
a circular shape and drawing it into a wire. Already this
method has successful produced MgB2 wire of length 1
km. 18) Hyper-Tech is supplying the wire to the
Massachusetts Institute of Technology for a MgB2 wire
MRI testing project, and is apparently planning to
increase production capacity in the near future.
In Europe, an Italian company called Columbus has
developed a composite wire using nickel matrix and
successfully produced tape wire of length 1.6 km.19) The
wire is a multi-filament tape wire containing 14 MgB2
filaments together with copper stabilizer laid in the center of a nickel matrix, separated by an iron barrier layer.
The manufacturing process is essentially ex-situ,
although annealing at 900° C is also involved.
MgB2 is the subject of considerable pure research at
the moment. In Japan, NIMS, the University of Tokyo
and Kagoshima University are conducting materials
research in this area, with NIMS and Kagoshima
University successfully showing clearly that the grain
boundary acts as a magnetic pinning center in MgB2
thin-film specimens. NIMS has also demonstrated the
benefits of hydrocarbon additive in improving strong
magnetic field properties. The University of Tokyo has
produced high-density bulk materials with high current
density using a Pellet in Closed Tube (PICT) process. In
the United States, an R&D group led by the University
of Wisconsin is pursing material science research
designed on critical magnetic fields, 20) while the
Pennsylvania State University has successfully produced thin film via epitaxial growth on sapphire and
SiC substrates with very promising properties. 21)
Wollongong University in Australia has reported on the
use of SiC additive as a means of promoting finer crystals and improving magnetic field characteristics.22)
5.2 Technical Issues and Future Outlook
The single most important issue in MgB2 wire development is reducing filament size. At well over 100 µm
in size, the filaments currently used in wires often cause
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magnetic instability in low magnetic fields. Along with
multi-filament wires, it is necessary to develop filaments measuring several tens of µm in size. MgB2 has a
relatively short history as a superconducting material,
and consequently there is no dedicated method for producing MgB2 as a superconductor (such as MgB2 powder more suitable for the PIT process). So further
advances in wire research hinge on the development of
a process for producing the powdered material(s). MgB2
also boasts unique characteristics that are not available
in other practical superconducting materials — for
example, it is the only superconductor that consists solely of light elements.
Most wires at the moment are made from composite
metals, generally iron and nickel, with copper as a stabilizer. As research moves in the direction of lightweight
superconducting wires, the range of potential applications will steadily increase. NIMS is working on the
development of a MgB2/aluminum wire23) which it is
hoped will eventually provide a form of superconducting wire with a lower specific gravity than that of conventional superconducting materials. In the case of light
elements, it should be possible to reduce radioactivity
induced by neutron beam irradiation to almost negligible levels, opening up potential fusion reactor applications.

6. Bismuth-system Oxides (BSCCO)
Typical superconducting bismuth-system oxides
(BSCCO) include Bi2Sr2CaCu2Ox and Bi2Sr2Ca2Cu3Oy
(known as Bi-2212 and Bi-2223 respectively), which
are usually shaped into wire via the PIT process. Figure
5 illustrates a typical wire manufacturing process. A
metal tube filled with oxide powder, the raw material, is
formed into a single-filament wire via extrusion or die
extraction. Multiple single-filament wires are then collected together in a silver alloy tube, which is again
drawn out to form a multi-filament wire. This is essentially the same as the process used to make metallic
superconducting wire. Oxide superconductors have a
serious problem in that consolidating the crystal grains
is not enough in itself to generate superconducting connectivity between grains (also known as a “weak link”
problem). This can be prevented by aligning (or orienting) the oxide superconductor crystal grains. Orientation
substantially improves connection between crystal
grains and generates relatively large superconducting
current.
All oxide superconductors have a laminated crystal
structure. BSCCO crystal grains have a scaly form
which is more conducive to orientation. However Bi2212 and Bi-2223 are oriented in different ways. Bi2212 wire uses a partial melting-slow cooling heat treatment24), whereby the material is heated gradually to melting point and then slowly cooled, to promote crystallization from the liquid-solid co-existence state while orienting the Bi-2212 crystal phase. This approach cannot
be used to produce a Bi-2223 crystal phase only, so a
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no research being conducted on Bi-2223 round wire at
present. Sumitomo Electric Industries in Japan and
American Superconductor in the United States lead their
respective countries in the development of long wire
materials for practical applications, and are world leaders in the production of Bi-2223 wire. Both companies
produce a wide range of km-scale tape products, which
are supplied to government research institutes and
national research projects.
Sumitomo registered an important breakthrough with
Bi-2223 tape during FY2005. The 1.5 km scale tape
product released in October 200430) is made using a
high-density superconducting filament process involving pressurized annealing, called Controlled Over
Pressure (CT-OP), which boasts significantly improved
yield (which is critical to industrial applications). The
critical current Ic at liquid nitrogen temperature (77 K)
with no external magnetic field was around 100 A when
the product was initially released, but this was improved
to an impressive 150 A during 2005, and further to 200
A by January 2006, 31) a world record. Most of the
research underway in the United States is concentrated
on yttrium superconductors (discussed below), while in
Europe, German companies EAS and Trithor have
developed and are now producing a range of Bi-2223
tape products.

Fig. 5 PIT manufacturing process for BSCCO wire (single-filament/multi-filament/tape).

combination of mechanical processing (usually rolling)
and heat treatment is used to orient the crystals.25)
6.1 Domestic and International Research
Bi-2212 wire is being developed in Japan by SWCC
Showa Cable Systems, and in the United States by OST.
Bi-2212 wire has far superior properties compared to
metallic wire under low temperature and high magnetic
field conditions, and is therefore suitable for high field
magnet applications. Both SWCC and OST are busy
working on the development of round wire for use in
high-field and/or large-scale magnet systems, with
development of tape materials currently on the back
burner. Over the last few years, both companies have
managed to produce km-scale high-capacity multi-file26,27)
On the applications side, the
manet round wires.
National High Magnetic Field Laboratory at the Florida
State University is currently working on a 30 T class
high field NMR magnet using Bi-2212 wire. 28) The
Laboratory has previously built a small coil using Bi2212 tape of total length 2 km (supplied by OST),
which generates 5.11 T when installed inside a 19.94 T
normal conducting magnet for a combined magnetic
field of 25.05 T.29)
The Bi-2223 manufacturing process involves a combination of rolling and heat treatment, producing a
multi-filament tape profile. As a result, there is virtually
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6.2 Technical Issues and Future Outlook
The partial melting-slow cooling heat treatment
process used in Bi-2212 wire manufacturing is normally
configured as a Wind & React process, with the heat
treatment being performed on the wire pre-wound on
the coil. This becomes more problematic with larger
coils, however, because the optimum temperature for
heat treatment is confined to a narrow range (± 2° C).
Solving this problem requires further research to reevaluate basic fundamentals such as the chemical composition of the powdered material and the wire structure (filament dimensions and configuration). Meanwhile, wire
strength must be improved for high magnetic field
applications, where the wire material is subject to large
electromagnetic forces. Continued validation testing of
high-field generation, which cannot be achieved with
metallic superconductors, will be necessary for practical
development.
Since Bi-2223 wire products can be supplied in large
volumes for practical applications, the focus for the
immediate future will be development of prototype systems and devices. A power cable project currently
underway in Albany, New York State, will feature Bi2223 wire in a working power distribution system32) In
Japan, meanwhile, prototype power cable, transformers
and marine motors are already in development. Since
most prototypes are for AC applications, it is important
to reduce AC losses in superconducting wire in order to
boost overall efficiency. Further research is needed into
wire design (dimensions and configuration) and the
potential for insulation barriers between superconducting filaments. In order to incorporate barriers and boost
wire strength, we need higher critical current density Jc
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in superconducting filaments, and this requires further
material science research at the nanoscale level in areas
such as controlling the grain boundary structure. NIMS
is hoping to set up joint Bi-2223 research initiatives
with the private sector (for instance, Sumitomo Electric)
and academic sectors (such as universities).

7. Yttrium-system Oxides (YBCO)
YBa2Cu3Oy (also known as Y-123) is less anisotropic
in superconductivity than BSCCO, together with super
critical current characteristics at liquid nitrogen temperature (77 K). However it suffers from the same weaklink problem, requiring biaxial orientation since uniaxial
orientation (c axis orientation) is inadequate.33) Since a
biaxial orientation cannot be realized in a composite of
Y-123 and metal tube, the conductor must be manufactured using a thin-film manufacturing process, in contrast to the processes used with superconducting materials discussed above. The standard approach involves
deposition of a Y-123 layer a on metal substrate tape in
the gaseous phase, resulting in what is known as ordinary coated conductor.34) Thus, in order to achieve biaxial orientation, it is necessary to create a Y-123 layer on a
template with oriented structure.
Figure 6 shows the two processes used to manufacture templates. In Ion Beam Assisted Deposition
(IBAD), a biaxially oriented intermediate layer such as
Yttria Stabilized Zirconia (YSZ) is deposited onto a
non-oriented metal substrate tape such as hastelloy,
using angled ion beam irradiation to promote orientation
of the YSZ film. In Rolling-Assisted Biaxially Textured
Substrate (RABiTS),35) a metal substrate (such as Ni) is
oriented using a combination of mechanical processing
and heat treatment, then the intermediate layer is
deposited in such a way that it inherits the orientation of
the substrate. Pulsed Laser Deposition (PLD) or Metal
Organic Deposition (MOD) are generally used to
achieve biaxial orientation of the Y-123 layer on the
template via epitaxial growth. The metal substrate thickness is usually around 50 µm, and the Y-123 layer 1 – 3
µm in practice. Several different intermediate layers are
often combined in order to enhance performance characteristics. There has been much research on superconductors using rare earth metals (RE) such as Nd, Dy and
Ho instead of yttrium. Collectively termed RE-123,
these are similar in many respects to Y-123, particularly
in relation to properties such as the necessity of biaxial
orientation and the superconducting characteristics at
liquid nitrogen temperature.
7.1 Domestic and International Research
Japan, the United States and Europe are actively pursuing research on applications for liquid nitrogen cooled
power generation systems. In Japan, a joint initiative
involving the public, private and academic sectors and
led by the International Superconductivity Technology
Center (ISTEC)/Superconductivity Research Laboratory
(SRL) is developing manufacturing technology based on
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Fig. 6 YBCO coated conductor manufacturing processes.

the IBAD process described above, while a number of
national-level projects are also in progress. In the
United States, much research is devoted to the RABiTS
process. The bulk of superconductor research at the
moment is concentrated on coated conductors, with
research being undertaken by various combinations of
national research institutes, universities and private
enterprises. Recent research is focused on extending the
length of 100 – 200 A grade wire. The length of 212.6 m
(Ic = 245A)36) achieved by ISTEC/SRL in August 2005
represents the current world record.
Scientists are also endeavoring to improve the rate of
film formation in the IBAD and PLD processes. The
difficulty is that coated conductor wire has a relatively
low proportion of superconducting materials (i.e., the Y123 layer) due to the fact that the metal substrate is substantially thicker than the Y-123 layer and also the presence of non-superconducting elements such as the intermediate and stabilizing layers. The solution would be to
use a thicker layer of Y-123; however this disrupts the
biaxial orientation, which is dictated by epitaxial growth
from the template. One potential solution is to insert
intermediate layers formed via Trifluoroacetates-Metal
Organic Deposition (TFA-MOD) or CeO2 (based on the
Liquid Phase Epitaxy process) intermittently between Y123 layers, as a means of increasing the overall thickness of the Y-123 without affecting the orientation.
Meanwhile, on the pure research side, both Japan and
the United States are pursuing research on magnetic299

flux pinning and its effect on critical current characteristics in a magnetic field, particularly with respect to
nano-indentation and artificially introduced pinning
centers.
7.2 Technical Issues and Future Outlook
The main technical issues with coated conductors are
manufacturing costs and AC losses. As mentioned
above, there are inherent limitations on the film formation rate in the IBAD and PLD processes, and these,
together with the requirement of vacuum conditions,
make it difficult to reduce manufacturing costs to any
significant extent. Furthermore, both processes use
metal substrate (Ni or Ni alloy), but at present nearly all
materials have some degree of magnetism, which translates into AC losses. There have been attempts to create
filaments by using lasers to cut longitudinal slits in Y123 film, but the problem then in filament twisting.
Thus, it appears likely that for the time being the bulk of
research in this field will be focused on prototype development and validation using existing wire materials, as
well as development of new materials and processes
designed to reduce production costs and AC losses.

8. Conclusions
This paper has described the development of practical
superconducting wire materials, mainly in the form of
multi-filament wires, as well as associated manufacturing processes based on material science research and
advanced manipulation and heat treatment processes.
Superconductor research can be broadly divided into
two main areas: pure research designed to generate
basic information about superconducting behavior as a
branch of material science, and practical research with
the objective of improving and enhancing the properties
and characteristics of superconducting materials, particularly with respect to critical current and critical magnetic fields. Of course, these two areas are closely correlated. Given the fundamental importance to humankind
of systems such as MRI, NMR and fusion reactors that
are dependent on superconducting materials, as well as
the issue of minimizing energy loss (particularly in relation to the use of high-temperature superconductors in
electric-power applications), both pure and applied
research on superconducting applications is expected to
continue for the foreseeable future.
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5. Superconducting Materials

5.6. Superconducting Wire Applications
Tsukasa Kiyoshi
Superconducting Materials Center, NIMS
1. Introduction
The year 2005 saw two important breakthroughs in
superconducting wire applications: increases in highest
magnetic field generated by superconducting NMR
magnets and cryocooler-cooled superconducting magnets, and the development of a superconducting ship
motor using Bi-2223 wire. This paper discusses each of
these.

2. High-field Magnets
Figure 1 illustrates the improvement in the highest
field of superconducting magnets. In 2005, the magnetic
field generated by NMR magnets rose from 21.9 T (proton resonance frequency 930 MHz) to 22.3 T (950
MHz), while the highest field of cryocooler-cooled
magnets rose from 17. 3 T to 18.1 T.
The magnetic field generated by NMR magnets is
steadily approaching the magical 1 GHz (23.5 T) goal
touted by researchers eager for more powerful NMR
spectrometer to aid research in fields such as bioscience.
Figure 2 shows the technology used to achieve the
breakthrough improvement in the NMR magnets.
Recent increases in magnetic field are due to the
enhanced performances of superconductors. The 950

Fig. 1 Highest magnetic field of superconducting magnets.
Hollow symbols indicate cooling temperature of less than 3 K.
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Fig. 2 Highest magnetic field of NMR magnets and key technological developments.

MHz magnet developed by Oxford Instruments employs
Nb3Sn wire produced via the newly developed Restack
Rod Process (RRP) (as opposed to the Nb3Sn wire used
in conventional NMR magnets, which is produced via a
bronze-route process) for the innermost coil.1) The critical current density of this wire in high magnetic field is
superior to that of all other practical low Tc superconductors (LTS).
The highest field of a cryocooler-cooled superconducting magnet has been achieved by the Institute for
Materials Research at Tohoku University.2) Using the
innermost coil wound with Bi-2223 wire, a magnetic
field of 18.1 T was generated in a 52 mm diameter room
temperature space.
Research is continuing on 30 T class magnets for
research applications such as NMR and neutron diffraction. 3) Researchers are exploring the use of high T c
superconductor (HTS) coils inside the LTS coils, in
much the same way as the cryocooler-cooled magnets
described above.
The NMR magnet is now only one step away from
attaining the holy grail of 1 GHz. Nb3Sn wire manufactured by the RRP process is the most likely candidate. It
is likely that a 1 GHz NMR magnet will appear within
the next few years. Meanwhile, scientists are already
working on NMR magnets capable of generating fields
far beyond 1 GHz. So long as HTS inner coils are used,
Materials Science Outlook 2006

operation in persistent current mode is a problem; nevertheless, the goal is magnetic fields in the range 1.2
GHz (28.2 T) to 1.3 GHz (30.5 T).
The 18.1 T cryocooler-cooled superconducting magnet is designed so that the innermost coil is easy to
replace. It is expected that the highest field will be
increased by the new innermost coil.
Researchers in France are developing a 11.7 T (500
MHz) magnet for whole-body MRI equipment. 4)
Conventional whole-body MRI magnets use NbTi wire
in liquid helium; in magnetic fields over 10 T, it is necessary to choose either Nb3Sn wire in the inner coils or
NbTi wires cooled with superfluid helium, but both
require significant efforts over conventional technology.

1427.
4) NeuroSpin, http://www.meteoreservice.com/neurospin/
5) T. Okazaki, K. Ohkura, T. Kato, K. Fujino, K. Hayashi and
K. Sato: IEEE Trans. Appl. Superconduct. 16 (2006) 1088.

3. Superconducting Ship Motor
A superconducting motor for ships has been developed by a seven-company consortium in collaboration
with Fukui University. 5) Although superconducting
motors have been developed before, this one represents
a breakthrough in that it uses Bi-2223 wire cooled with
liquid nitrogen and boasts a much improved output
level. Important features of the system include the
enhanced characteristics of Bi-2223 wire, field and
armature coils featuring superconducting wire with
rotating normal temperature inductors, and use of magnetic material to reduce flux components acting vertically on the Bi-2223 tape surface. The rated output of the
prototype motor is 12.5 kW, but a 400 kW motor is in
development, with potential for other applications such
as railcar motors.

4. Conclusions
While progress has been relatively slow in the development of superconductor wire applications, particularly with respect to new applications for HTS, the last few
years have seen important breakthroughs in two areas:
marine motors and high-field magnets. These new applications are designed to utilize the unique properties of
HTS, namely, high critical temperature and high critical
magnetic field, in order to provide functionality superior
to that of conventional technology and materials.
Research and development of superconducting wire
with a clear application target is getting more and more
important.
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Section 6. High Temperature Materials
6.1. High Temperature Alloys
Hiroshi Harada
High Temperature Materials Center, NIMS
1. Introduction
There is a pressing need to improve the efficiency of
gas turbines used in jet engines and power plants in
order to reduce both energy consumption and CO2 emissions, which contribute to global warming. The best
way to improve efficiency is to boost the turbine intake
temperature, which requires high temperature materials.
To this end, research is underway in Japan and elsewhere to develop next-generation Ni-base superalloys
with superior temperature capability
This section discusses the development of Ni-base
superalloys for high-temperature turbines in Japan and
overseas, and looks at the key outcomes from the High
Temperature Materials 21 Project1) by the Ministry of
Education, Culture, Sports, Science and Technology and
NIMS (phase one runs from 1999 to 2005). In particular, we will focus on the development of turbine blade
materials, including fifth-generation Ni-base single
crystal (SC) superalloys, newly developed coating technology, and disk alloys.

2. Engine Development and Material Demand in
Japan and Overseas
The turbine intake gas temperature in civil aircraft
engines is over 1,500° C during take-off. Next-generation engines will operate at higher temperature for higher efficiency. These include the Airbus 380 (A-380), to
be brought into service in 2007, the 250-seater mediumsized high-efficiency Boeing 787 (B-787, from 2008),
and the similar-sized Airbus 350XWB (A-350XWB,
from 2013). GE Corporation2) in the United States and
Rolls Royce3) in the United Kingdom are also developing high-efficiency jet engines.
High demand is expected for the high-efficiency,
medium-sized B-787 and A-350XWB aircraft, and as a
result there is considerable competition among engine
manufacturers. The specific fuel consumption (SFC) of
the engine is a key factor determining both the environmental impact of the engine and its operating economy.
Annual fuel costs for a single domestic airline in Japan
are of the order of several hundred billion yen; an efficiency improvement of just 1% would reduce costs by
over ten billion yen. Improving the SFC is now an area
of urgency, in light of soaring fuel prices, and this in
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turn requires the development of enhanced turbine
materials capable of withstanding very high inlet gas
temperatures.
In Japan, the Eco Engine project, a joint initiative of
the Ministry of Economy, Trade and Industry, NEDO
and the heavy industry manufacturing sector launched
in 2003, is developing an environmentally friendly
small jet engine for 50-seater civil jets. Meanwhile, the
Ministry of Education, Culture, Sports, Science and
Technology and the Ministry of Economy, Trade and
Industry are also conducting a joint research study on
1,700 ° C gas turbine technology. Thus, there is a considerable amount of research both in Japan and overseas
aimed at the development of high-performance engines
and turbines. The key technology area in this regard is
high-temperature turbine materials, particularly nextgeneration Ni-base superalloy turbine blades and turbine
disks.
Ni-base superalloy turbine blades are normally treated with thermal barrier coating (TBC) and internally
cooled, either by air cooling or steam cooling. This regulates the metal temperature and allows the blades to be
used in a gas flow that is actually hotter than the melting
point of the superalloy. However, the cooling process
affects thermal efficiency, so the temperature resistance
of the alloy needs to be as high as possible so as to minimize the degree of cooling required.

3. Superalloy Development
3.1 SC Superalloys
Figure 1 shows a typical microstructure of Ni-base
superalloy, while Table 1 shows the composition of SC
Ni-base superalloys widely used in turbine blades. The
Ni-base superalloy development process has moved
from forged alloy to conventional cast alloy, directionally solidified alloy and finally to a SC alloy. The SC
alloy has developed from the initial first-generation
alloy to a second-generation alloy containing 3 wt%
rhenium (Re), a third-generation alloy containing 5 – 6
wt% Re, a fourth-generation alloy containing 2 – 3 wt%
precious metals such as ruthenium (Ru), and now a
fifth-generation SC alloy containing 5 – 6 wt% precious
metals. During this time, the maximum operating metal
temperature of SC superalloys has risen by approximately 100° C. Figure 2 shows the improvement in the
Materials Science Outlook 2006

Fig. 1 Typical microstructure of Ni-base superalloy.

Table 1 Composition of Ni-base SC superalloys used in turbine blades (wt%, residual Ni).
Alloy name
PWA1480
CMSX-2
TMS-26
PWA1484
Rene’N5
CMSX-4
TMS-82+
YH 61
Rene’N6
CMSX-10
TMS -75
MC-NG
MX4/PWA1497
TMS-138
TMS-162
TMS-196

Co

Cr

5
10
4.6 8
8.2 5.6
10
5
8
7
9
6.5
7.8 4.9
1
7.1
12.5 4.2
3
2
12
3
<0.2 4
16.5 2
5.8 3.2
5.8 2.9
5.6 4.6

Mo

W

4
0.6 8
1.9 10.9
2
6
2
5
0.6 6
1.9 8.7
0.8 8.8
1.4 6
0.4 5
2
6
1
5
2
6
2.8 5.9
3.9 5.8
2.4 5

Al

Ti

Composition
Nb
Ta
Hf

Re

5
5.6
5.1
5.6
6.2
5.6
5.3
5.1
5.75
5.7
6
6
5.55
5.9
5.8
5.6

1.5
1
1
0.5
0.2
0.5
-

12
9
7.7
9
7
6.5
4.4
0.8 8.9
7.2
0.1 8
6
5
8.25
5.6
5.6
5.6

3
3
3
2.4
1.4 0.07 0.02 5.4 0.05 0.004 6
5
4
5.95 0.03 0.004 5
4.9
6.4
-

Fig. 2 Improvement in temperature capability of Ni-base superalloys (filled shapes denote alloys developed by NIMS and/or its
research partners).

maximum operating temperature,4) where “development
target” represents the stated objective of the High
Temperature Materials 21 Project.
Development of the fourth and subsequent generaMaterials Science Outlook 2006

0.2
0.1
0.1
0.25
0.15
0.03
0.1
0.1
0.15
0.1
0.1
0.1

C

B

Zr Others
0.01Y
4 Ru
3 Ru
2 Ru
6 Ru
5 Ru

Gen.
1st
1st
1st
2nd
2nd
2nd
2nd
2nd
3rd
3rd
3rd
4th
4th
4th
5th
5th

tions of SC superalloys has been undertaken by GE
Corporation5) in the United States, ONERA6) in France
and the High Temperature Materials 21 Project 7) in
Japan (with which the authors are directly engaged).
The main advance with fourth-generation alloys was the
addition of precious metal elements to improve
microstructure stability (a major problem with thirdgeneration SC alloy) and, in turn, creep strength over
prolonged periods at high temperature.
The High Temperature Materials 21 Project has successfully met its development targets of a fourth-generation SC alloy TMS-1388) with a temperature capability
of up to 1,083° C and a fifth-generation SC alloy TMS162,9) the first such alloy with a temperature capability
of 1,100° C. This has been achieved by stabilizing the
microstructure through the addition of Ru and also
refining the misfit dislocation networks at the interphase
interface by controlling the γ/γ’ misfit when an element
is added.
Figure 3 shows the microstructure of TMS-138 during a creep test. The γ’ precipitates are joined in the
direction vertical to the stress axis in what is known as a
raft structure, while very fine dislocation networks are
formed at the γ/γ’ interface. Dislocation movement is the
elementary process behind material deformation. The
formation of networks at the interface via dislocation is
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Creep rupture temperature at 137 MPa/1000 hours (° C)

Fig. 3 Ni-base superalloy misfit dislocation network formed at
γ/γ’ interface during high-temperature creep.

Development objectives for next phase

Development To be used in cooling blades
in A380 and B787 engines
target
Developed during
current phase
Used by GE in
1,500° C gas
turbine blades

Developed overseas

Developed in Japan

Fig. 5 Temperature resistance of typical Ni-base SC alloys.

Fig. 4 Dislocation spacing versus creep rate.

mutually constraining, while creep strength is improved
by preventing the newly created mobile dislocation
from cutting across the interface. As Figure 4 shows,
this effect is inversely proportional to the interface dislocation spacing, leading to a substantial increase in
creep strength.
Figure 5 shows temperature capabilities for typical
SC superalloys of each generation, from the first
through to fifth. MX-4 (or PWA1497) is a fourth-generation alloy developed jointly by GE Corporation, P&W
and NASA. The High Temperature Materials 21 Project
has shown that fourth-generation and fifth-generation
alloys exhibit good creep strength but also excellent outof-phase thermo-mechanical fatigue strength. Figure 6
shows SC alloys (including practical/commercial alloys
such as CMSX-4) arranged in terms of creep strength
and thermal fatigue strength. It can be seen that, for
instance, the fifth-generation SC alloy TMS-196 combines both creep strength and thermal fatigue strength.
TMS-196 also exhibits oxidation resistance equivalent
to that of second-generation alloys, which is significantly better than that of fourth-generation and fifth-generation alloys. Thus, TMS-196 represents a well-balanced
fifth-generation alloy suitable for further development
for practical applications.10)
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Fig. 6 Creep strength versus thermal fatigue strength.

3.2 Jet engine Applications
The fourth-generation alloy TMS-138 has been tested
successfully in short high-temperature, high-pressure
turbine blade tests as part of the ultrasonic engine development project undertaken by the Japanese Ministry of
Economy, Trade and Industry in conjunction with
domestic jet engine manufacturers. Researchers are now
studying the applications of these findings to eco
engines, and it is hoped that firth-generation alloys will
be embraced by domestic and overseas jet engine manufacturers in the future.
The Ru used in fourth-generation and fifth-generation
alloys costs around ¥600,000 per kilogram, similar to
Re. It is relatively inexpensive for a precious metal, and
can be extracted as a by-product of Pt, ensuring good
supply stability. The purchase price of a single TBC
treated jet engine SC turbine blade is currently around
¥1 million. A blade made of fifth-generation alloy containing approximately 5 wt% Ru additive would cost
only one percent more than this. When consumption
associated with the casting feed and casting yield is
taken into account, the unit manufacturing cost would
increase by a factor of several times, although this
would steadily decline through recycling. Ultimately,
the increase in production costs associated with the use
Materials Science Outlook 2006

of Ru in turbine blades is relatively small, so the costperformance benefit is considerable. Thus, it is considered a certainty that fourth-generation and fifth-generation alloys will be used in next-generation jet engines.
While it is expected that the Rolls Royce Trent1000
engine and the GE GEnx engine on B-787 aircraft will
continue to use second-generation and third-generation
SC superalloys for the foreseeable future, the fourthgeneration and fifth-generation alloys will inevitably be
introduced at some stage.
The development of SC alloys for large gas turbines
in power generators is also proceeding apace, with the
second-generation SC alloy CMSX-4 already in use at
large gas turbine installations in Europe, and another
second-generation SC alloy Renè N5 used in first stage
movable blades of a GE 1,500° C gas turbine in the
United States. In Japan, a joint research project on
1,700° C large-scale gas turbine systems (2005 – 2008)
involving the Agency for Natural Resources and Energy,
Mitsubishi Heavy Industries and NIMS is developing
new alloy turbine components for a combined-cycle
power generation facilities with thermal efficiency of
56% (HHV) or higher.
3.3 Coating Technology
Ni-base superalloy components such as turbine
blades and combustors are exposed to extreme conditions such as very high gas temperatures and are nearly
always treated with corrosion-resistant, oxidizationresistant coatings and thermal barrier coatings (TBCs)
used in conjunction with air cooling. Metallic coatings
range from chrome and aluminum diffusion coatings
through to thermal spray NiCoCrAlY coating and electro-plating processed Pt-Al coating. TBC has become
increasingly important due to rising gas temperatures.
Using the EB-PVD process, it is possible to generate
fine columnar crystals vertical to the surface of the
metallic coating (bond coat) layer. Thermal expansion
differences between the base alloy and the bond coat
and ceramic coating layers can be alleviated by the gaps
between columnar crystals. The thermal characteristics
of EB-PVD coating gradually deteriorate over time due
to the effects of sintering and other processes, so
researchers are working to develop zirconia oxides and
other new oxides with slower rates of sintering.
Spallation due to oxidization at the interface between
the top coat and the bond coat is a major problem, as is
material degradation due to interdiffusion between the
bond coat and the Ni-base superalloy of the substrate.
This is particularly true of turbine blades of thickness 1
mm or less, where interdiffusion can reduce the usable
cross-sectional area of the blade. Re-coating to extend
the usable life is limited to one or two repetitions.
Researchers in Japan are studying the feasibility of
inserting a diffusion barrier coating made of a compound of elements such as Re with slow diffusion rate
between the substrate and the bond coat as a means of
reducing interdiffusion and degradation.11)
In a bid to resolve this problem, the High Temperature
Materials 21 Project has proposed an unusual approach
Materials Science Outlook 2006

Fig. 7 Cross-sections after diffusion treatment at 1,100° C for 300 h.

involving an EQ coating which is in thermodynamic
equilibrium with the Ni-base superalloy substrate.12) For
instance, since the γ’ phase deposited on the Ni-base
superalloy is in equilibrium with the alloy, it can be used
as a thermodynamically stable coating. In theory, this
should prevent interdiffusion. Diffusion couple tests
found virtually no evidence of a diffusion layer after
heating at 1,100° C for 300 hours (see Figure 7). It can
be seen that the EQ coating, which in principle does not
create a diffusion layer, provides vastly superior thermodynamic stability to the existing bond coat material
(AMDRY962), which generates a diffusion layer of
thickness 100 µ or more. The γ’ phase contains more Al
and offers better oxidation resistance than the alloy itself,
and therefore serves as an oxidation-resistant coating.
The B2 phase contains even more Al, and in the same
way can be used as an EQ coating.13) In this way, it is
expected that the concept of the EQ coating will be used
more extensively in future.
These diffusion couple results have been used as the
basis for evaluation tests involving thermal spray coating of powdered EQ material, which are starting to yield
good results with respect to oxidization resistance and
microstructure stability. This has major implications for
end users such as airlines as well as manufacturers of
power generation equipment (including gas turbines), in
that it will extend the usable life of expensive turbine
blade coatings, particularly with the potential for recoating.
3.4 Ni-base Superalloys for Turbine Disks
Similarly, there is a need for new, next-generation
turbine disk superalloys designed for prolonged use at
temperatures of 700° C and above. Disk alloys can be
broadly divided into forged or cast materials and powder process materials (P/M).
Among the forged and cast materials, Inconel 718,
which uses precipitation hardening in the Ni3Nb γ’’
(double gamma prime) phase, is commonly used,
although there is a gradual shift towards conventional
superalloys such as Waspalloy and Udimet 720 with
Ni3Al γ’ phase precipitation, which offer superior stability at high temperatures. In particular, Udimet 720Li (Li
denotes Low interstitials) with low trace elements such
as carbon is steadily being adopted as the norm. P/M
materials offer homogenous disks with less segregation
than forged/cast materials, and is more readily converted to a high alloy with good strength properties. On the
other hand, the manufacturing process is subject to
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Table 2 Composition of Ni-base SC superalloys used in turbine disks (wt%, residual Ni).
Type

Alloy name

P/M

MERL76
AF115
N18
RR1000
ME3

Forged

Inconel
718
WASPALOY
U 720Li
TMW-4

Co
18.6
15
15.7
18
14-23
-

Cr

Mo

W

Al

12.4 3.2
5.0
10.5 2.8 5.9 3.8
11.5 6.5
4.4
15
5
3
11-15 2.7-5 0.5-3 2-5
19

13.5 19.5
14.6 16.2
26.3 14.9

Composition
Nb
Ta
Hf

4.3
1.4
3.9
1.8
4.4
3-6
2
3-6 0.25-3 0.5-4

Re

C

B

Zr Others

0.4
0.8
0.45
0.5
-

-

0.03
0.05
0.02
0.03
0.1

0.02
0.02
0.02
0.015
-

0.06
0.05
0.03
0.06
-

0.04

-

-

3

-

0.5

0.9

5.1

-

-

-

4.3
3
2.8

1.3
1.1

1.3
2.5
1.9

3
5
6.1

-

-

-

-

stringent requirements to avoid impurities, and consequently production costs are three to four times greater.
More recently developed alloys, such as RR1000 from
Rolls Royce and ME3 from GE, look likely to be adopted in engine manufacture. Table 2 lists the composition
of some typical alloy materials.
In Japan, there has not been any materials development at the national level since the “High-Performance
Crystal Control Alloys” next-generation fundamental
industry technology project that ran from 1981 until
1988. As a result, Japan still does not have any locally
produced materials in this field. Countries such as the
United States consider development of turbine disk
materials to be of strategic importance, and Japan is
likely to find overseas procurement increasingly difficult in future. Thus, development of local technology is
a matter of some urgency.
In 2005, the High Temperature Materials 21 Project
commenced development of high-temperature turbine
disk alloys produced via forging/casting processes but
with strength on a par with the new P/W materials, in
line with the development targets shown in Figure 8.14)
As the alloy design in Figure 9 shows, Co additive
improves microstructure stability and facilitates forging,
while Ti additive boosts strength. U720Li (TMW-1) and
a typical prototype alloy (TMW-4) were hot rolled from
20-kg ingots and subjected to heat treatment, then tested
for tensile strength. The test results14) indicated that the
prototype alloy had around 70° C better temperature
capability in the vicinity of 650° C compared to the
U720Li. Creep tests also showed superior creep resistance compared to the P/M material ME3.
A cutting-edge research study conducted by NEDO in
2005/2006 analyzed the scaled-up ingot properties of
two 1.7-ton ingots produced at Mitsubishi Materials via
a triple-melt process involving vacuum high-frequency
melting, electroslag re-melting and finally vacuum arc
melting. Cast/forged high-strength Ni-base superalloys
helped to boost output and efficiency in a variety of jet
engine components including high-temperature turbine
disks, high-pressure compressor blades, high-pressure
compressor disks and sealing materials. These superalloys can also help to boost temperature and efficiency in
a wide range of machinery applications including indus308
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Fig. 8 Major advances in common turbine disk materials and development targets in the High Temperature Materials 21 project.

Fig. 9 Disk alloy design.
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trial gas turbines, diesel engines and steam turbines that
will eventually be operating at temperatures in excess of
700° C.
Closed die forging of large turbine disks requires a
30,000 – 70,000 ton class forging press.15) Since there is
no such facility in Japan, almost all large disks are
imported at present. The construction of a large-scale
forging facility in Japan would provide a major boost
for jet engine and gas turbine manufacturers.
3.5 Superalloys with High Melt Temperature
16)
As noted in the 2005 Materials Science Outlook,
the High Temperature Materials 21 Project is working
on the development of a refractory superalloy that
reproduces the γ/γ’ structure of Ni-base superalloy, using
oxidation-resistant platinum group metal as the base
metal. An alloy based on Ir with a melting point of
2,447° C has the same crystallographic microstructure
as Ni-base superalloy — in other words a structure suited to higher creep strength — and a melting point some
1,000° C higher than that of Ni-base superalloy. The Irbase refractory superalloy exhibited excellent strength
characteristics in compression creep tests at 1,800° C
and 137 MPa, with a 2% deformation period of around
100 hours.
Buoyed by the achievements of NIMS, development
of platinum-based refractory superalloy is already
underway in South Africa, Germany and the United
Kingdom. Platinum-group metals generally have much
higher oxidation resistance than metals with high melting point such as Mo, W and Ta, so platinum-based
superalloys harbor considerable potential for ultra-high
temperature applications. However, many issues remain
to be solved, namely cost, high specific gravity of alloys
(approximately 20 for Ir alloy), and poor ductility of the
Ir-base alloy. In order to reduce the cost of Ir-base
refractory superalloys, new approaches to material
design are being taken — for instance, boosting costperformance by combining with Ni-base superalloy or
enhancing ductility by combining with Pt-base refractory superalloy.

5. Domestic Alloy Production
There are some significant differences in approach
between domestic and overseas development of superalloys. Domestic heavy industry manufacturers in Japan
are producing jet engines for civil aircraft under collaborative arrangements with overseas engine manufacturers such as JV (joint ventures) and RSP (risk share partnerships). However the domestic manufacturers are not
involved in manufacturing high-temperature, high-pressure (or occasionally medium pressure) turbines, which
represent the heart of the jet engine. Domestic engine
development projects include the ongoing Eco Engine
research project, which may contribute to the development of a 100% locally produced engine. However,
given the lack of concrete commercialization plans for
the post-development phase (i.e., actual machines and
Materials Science Outlook 2006

models), there is no guarantee at the present point in
time that the materials will be developed to the product
stage. Thus, although Japan has led the world in the
development of high-temperature alloys for high-pressure components, it has not always been blessed with
opportunities to take these to the next level. Meanwhile,
Honda has been developing a business jet and HF118
engine as an entirely in-house project for several years.
New engine development projects and enhancements to
existing engines commissioned by the Defense Agency
will also provide new opportunities to utilize newly
developed materials.
Outside Japan, meanwhile, new engines and derivative engines are generated every two to three years, providing a cornucopia of opportunities for utilizing new
materials. Furthermore, the machines and models and
their development timetables are known, which provides a focus and an important incentive for materials
research and development.
The approach of the High Temperature Materials 21
Project in taking newly developed materials to the next
level involves working closely with domestic manufacturers while at the same time adopting a global perspective and actively exploring opportunities for supplying
overseas engine manufacturers. By refining materials
for use in commercial engine production overseas,
Japan can acquire valuable experience working with
components of actual operational engines — including
significant repair and maintenance after-markets — and
will be well placed to supply materials at such time as
the domestic industry moves into full-scale engine
development.
NIMS and Rolls Royce in the United Kingdom have
already launched a joint initiative to develop sixth-generation SC superalloys. The Rolls Royce Aerospace
Materials Center at NIMS, launched on June 30, 2006,
has attracted international attention.

6. Conclusions
This section has discussed the development of Nibase superalloys and coating materials for use in hightemperature turbine components of jet engines, including an examination of the latest research outcomes from
the High Temperature Materials 21 Project at NIMS
with reference to technology being developed elsewhere
around the world. NIMS research in this field continues
with the second phase (2006 – 2010) of the High
Temperature Materials 21 Project, a joint initiative with
Rolls Royce to further develop and refine materials for
practical applications.
In order to reduce consumption of fossil fuels, cut
CO2 emissions and combat global warming, all types of
heat engines (including gas turbines as used in jet
engines) must be made more powerful and more efficient. This requires the development of improved hightemperature turbine components, particularly Ni-base
superalloys capable of operating at much higher temperatures than at present. In the future we are likely to see
309

closer collaboration between materials research and
engine design research and greater use of locally produced materials. More efficient jet engines and gas turbines will provide an important contribution to environmental conservation and also help to make local industry more competitive in the global arena.
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6. High Temperature Materials

6.2. Super Heat-Resistant Silicon Nitride Materials
Toshiyuki Nishimura and Naoto Hirosaki
Nanoceramics Center, NIMS
1. Introduction
Silicon nitride (Si3N4) is a covalent bonded material
and its decomposition temperature is as high as about
1800 ˚C. A polycrystalline (ceramic) of Si3N4 can be
made to be tough, although a ceramic is brittle in general. Therefore, research for its application to mechanical
parts has been conducted, taking advantage of its high
hardness, low thermal expansion coefficient, etc.
Development of Si3N4 ceramic materials for gas turbine
components has been carried out through national projects to make them highly heat resistant. Results of the
“Development of Ceramic Gas Turbine Technology”
(CGT) project and other big projects completed up to
1998 fiscal year in Japan and other countries were mentioned in “Materials Science Outlook 2005”.1) Research
results after 1998 are surveyed and future research
trends on the material are explained in this chapter.

2. Overseas Research Trends
Evaluation of stability at high temperatures is necessary for applying Si3N4 ceramics as heat resistant materials. A material, which is applied to a lower stress than
its fracture stress at high temperature, deforms slowly
and fractures when the deformation reaches a critical
value. This phenomenon is called “creep”, which is a
very important evaluation tool for high temperature
structural materials. Many reports on creep resistance of
Si3N4 ceramics have been published. Fatigue and foreign objective damage (FOD) of Si3N4 ceramics have
been reported because the properties are important in
practical use. New types of Si3N4 ceramics are developed to obtain higher mechanical properties than conventional types, e.g., composites with silicon carbide
and fabrication from organometallic polymers are
reported.
2.1 Creep Resistance
Recent creep data on Si3N4 ceramics are summarized
in Fig. 1, which depicts the relationship between applied
test stress and strain rate.2-5) In Fig. 1, a plot in the lower
right means higher creep resistance. “SN88” and
“SN281” were developed in the CGT project and “Yb”
and “Lu”, which will be explained more precisely in
3.4, were developed by the National Institute for
Materials Science (NIMS). SN281 is the most creep
Materials Science Outlook 2006

Fig. 1 Recent tensile creep results of Si3N4 type super heat resistant ceramics.

resistant, followed by “Lu”. Cavitation, which is pore
formation with increased plastic deformation during tensile creep tests, is generally observed. Cavitation was
not observed in the SN2813) creep test.
2.2 Other Mechanical Properties
Example: A foreign object accidentally gets into an
airplane engine and damages an engine part. Damage to
a ceramic component in this situation can be evaluated
by a foreign object damage (FOD) test. The evaluation
is important because a ceramic is basically brittle.
NASA measured the strength degradation of Si3N4 after
impact with steel balls. The strength decreased with the
increase in the steel ball’s velocity, and specimens were
fractured upon impact with the balls at a higher velocity
than the critical value. It is reported that the critical
velocity depended on fracture toughness.6) Reports on
ceramics fatigue are limited, although numerous
researches on metal materials fatigue have been published. A group in Oak Ridge National Laboratory in the
US measured the dynamic fatigue of Si 3N 4 at 700850 ˚C. Within the temperature range, fatigue of a heat
resistant Si3N4 was not observed and the results suggested that dynamic fatigue of Si3N4 correlated with the stability of the grain boundary phase.7)
2.3 New Silicon Nitride Type Materials
The addition of SiC particles in Si 3N 4 matrix has
311

Table 1 Recent Si3N4/SiC materials.
Fabrication process

Evaluation

Comment

Ref.

Gas pressure sintering at T > 1900 ˚C
and heat treatment at 1500 ˚C for grain
Tensile creep
boundary crystallization (Honeywell
Technology Center)

Higher creep resistance than monolithic Si3N4 up to 1400 ˚C

8

Si 3N 4+SiCN+Y 2O 3 mixed powder or
Si 3N 4+SiC+Y 2O 3 mixed powder are Bending creep
gas-pressure-sintered at 1900˚C or hot- Bending strength
pressed at 1840 ˚C.

Addition of Si-C-N is effective for
improving creep resistance and
strength.

9

Si3N4+SiCN+Y2O3 mixed powder are Dynamic fatigue at No improvement of Si3N4/SiC composhot-pressed at 1750 ˚C.
1350 ˚C
ite, compared with monolithic Si3N4

10

Internal friction at high
Si3N4+Y2O3+C+SiO2 mixed powder is temperatures
Low cost process. Cavitation is not
hot-pressed at 1750 ˚C.
observed by TEM.
Bending creep
Wear resistance

11,12

Powder is fabricated by cross linking
and pyrolysis of Poly(urea-silazane),
Compressive creep
and sintering of the powder with 0-8%
of Y2O3 at 1600 ˚C by SPS.

already been implemented to improve mechanical properties. Si3N4/SiC composites reported recently are summarized in Table 1.8-13) A traditional fabrication process
involves mixing Si3N4, SiC and powdered sintering additives, and sintering the mixed powder. A new development is the use of amorphous Si-C-N powder as an SiC
source.9,10) Other development is the use of cheap carbon
and silica powder as an SiC source, aiming both lowering cost and improving properties.11,12) Bulk materials are
fabricated by high-energy milling of powders from
pyrolyzed organometallic polymers and spark plasma
sintering (SPS) of the milled powder. Densification is
difficult, but creep resistance is improved when the
amount of sintering additive, Y2O3, is less.13)

Higher creep resistance with lower
amount of sintering additives.

13

sialon/Si3N4 ceramics, although there are few reports on
cyclic fatigue of ceramics due to technical difficulties.16)
Mass transportation and softening of grain boundary
phase in ceramics can be detected by measuring internal
friction at high temperature. Pezzotti et al. reported
the internal friction of SN281, mentioned in 2.1, up to
2100 K.17)
3.3 New Silicon Nitride Type Materials
Highly anisotropic Si3N4 ceramic was developed by
hot-pressing and partially sinter-forging in the “Synergy
Ceramics” project. The porosity of the materials was
about 20% and room temperature strength was not high,
500-800 MPa. The room temperature strength of a material sintered with Y2O3 was maintained up to 1300 ˚C18)
and that of a material with Lu2O3 was up to 1400 ˚C.19)

3. Domestic Research Trends
After the completion of the CGT project in 1998 fiscal year, the “Synergy Ceramics” and the “Research and
Development on Practical Industrial Co-generation
Technology” projects were finished in fiscal year 2003.
Research results of the projects on heat resistant Si3N4
materials and other domestic trends are summarized in
this chapter. An item is as same as in chapter 2. Results
of NIMS are also mentioned in 3.4.
3.1 Heat Resistant Silicon Nitride
The effect of the addition of Y2O3-Nd2O3 on tensile
creep of Si3N4 ceramics,14) the tensile creep of Si3N4 with
Yb2O34) and that of Si3N4 with Lu2O35) were reported as a
collaborative work of NIMS and Japan Fine Ceramics
Center (JFCC). The JFCC has taken part in international
round-robin tests on the creep rupture of Si3N4 and a
portion of the test results were reported.15)
3.2 Other Mechanical Properties
Hatanaka et al. measured the push-pull fatigue of
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3.4 Recent Result of NIMS
The development of ceramic materials that had a
longer creep life than 1000 h at 1500 ˚C under 137 MPa
was conducted as part of the NIMS project “High
Temperature Materials 21”. The aim was accomplished
by controlling sintering additives.20) The materials are
compared with the SN281 in Fig. 2. “Lu12” and “Lu48”
are developed in the project and “Lu12” was sintered
with less Lu2O3 than “Lu48”. The data that verifies the
aim is indicated in a red circle with a right-headed arrow
in Fig. 2.3,5)

4. Future Trends
The silica (SiO2) layer formed on Si3N4 ceramics prevents further oxidation at high temperatures in air. The
silica layer was removed from the Si3N4 specimen and
the Si3N4 was reduced in volume in fuel gas flow conditions – which were reported as part of the CGT results –
and pose serious problems when using Si3N4 as compoMaterials Science Outlook 2006

Fig. 2 Creep life of heat resistant Si3N4 developed by NIMS (plots
with an allow are data from interrupted tests before failure).

nents of a gas turbine. A thermal barrier coating, which
prevented the silica layer from being removed, was
investigated in the “Research and Development on
Practical Industrial Co-generation Technology” project.
Improvements in heat resistance by preparing composites; maintaining the fabrication process; and the development of thermal barrier coating will be investigated
more extensively in the near future.
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5. Conclusion
Research regarding heat resistant Si3N 4 continues
through the improvement of properties, development of
new materials systems and novel processes, and is moving to development of thermal barrier coating techniques. Creep measurement of Si 3N 4 will continue,
although there are few research institutes in the world
that measure the creep of ceramics, and conducting
creep tests is a very lengthy process.
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Section 7. Ferrous Structural Materials
7.1. Power Plant Steels for High Temperature Applications
Fujio Abe
Structural Metals Center, NIMS
1. Introduction
Coal is an abundant, low cost resource used for electric power generation; therefore, one of the largest and
most reliable energy supplies for Japan in the future will
be coal-fired power, together with nuclear power.
Traditional coal-fired power plants, however, emit environmentally damaging gases, such as high levels of
CO2, relative to other electric power generation options.
The adoption of ultra supercritical (USC) power plants
with increased steam parameters significantly improves
efficiency, which reduces fuel consumption and CO2
emissions.1)
Power plants with increased steam parameters higher
than 536/566ºC and 24.1 MPa in conventional power
plants are usually called USC plants. Fig. 1 shows a
continuous increase in the steam parameters of coalfired power plants in Europe, Japan, USA and China.2)
In Japan, coal-fired steam power plants have already
extended to the USC conditions set in the 1990s, which
are based of materials technology accumulated for highstrength heat resistant steels. This enabled the steam
temperature to be raised to about 610ºC. Today, China is
adopting these new technologies in order to use USC
conditions for the challenge of developing its electricity
supply industry to meet the needs of its growing population and economy.
Coal-fired power plants consist of boiler and turbine
components. The boiler component consists of small
diameter and thin-walled tubes, such as super heater

tubes, and of large diameter and thick walled pipes, such
as main steam pipes and headers. The steam temperature
of the main steam pipes usually denotes the plant temperature, which is about 20 degrees lower than that of
the super heater and about 20 degrees higher than that of
the turbine inlet. Creep- and corrosion-resistant
austenitic heat resistant steels have been used for super
heater tubes because of their excellent high-temperature
creep strength, oxidation and corrosion resistance, weldability and hot workability. Ferritic heat resistant steels
have been used for thick section components, such as
main steam pipes and turbine rotors because of their
lower thermal expansion and larger thermal conductivity compared to austenitic steels. The thermal cycling
capabilities of thick section components in a USC plant
would be severely restricted by fatigue damage due to
thermal stress; however, the creep strength and oxidation resistance of ferritic heat resistant steels are lower
than those of austenitic heat resistant steels due to
enhanced self-diffusion at elevated temperature and
lower chromium content, respectively. Thus critical
issues for the improvement of high efficient, low emission power plants are the enhancement of oxidation
resistance as well as creep strength at elevated temperatures. Under these circumstances, R&D projects of
advanced ferritic heat resistant steels have been promoted around the world.1)

Fig. 1 Development of coal-fired power plants in Europe, Japan, USA and China.
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2. Overseas Research Trends
2.1 Research and Development Projects for Power
Plant Steels and Alloys
The research and development of heat resistant steels
and alloys for high-efficient USC power plants at 650ºC
and above are being now promoted in Japan, USA and
3)
Europe, as shown in Fig. 2. From 1997 to 2006,
National Institute for Materials Science (NIMS) in
Japan conducted the research and development of
advanced ferritic steels for application to large diameter
and thick section boiler components, such as main
steam pipes and headers of a USC power plant operating at 650 ºC. In Europe, the COST (Co-operation in the
Field of Science and Technology) project has systematically been conducted for advanced ferritic heat resistant
steels, such as COST 501 for 600ºC class 9 to 12Cr
steels from 1983 to 1997; COST 522 for 625ºC class 9
to 12Cr steels from 1998 to 2003; and COST 536 for
650ºC class 9 to 12Cr steels from 2004 to 2009. Most
countries in Europe are currently participating in the
COST project. In Asia, Korea and China have already
started the projects for 620 and 650ºC class 9 to 12Cr
steels, respectively. Conversely, there are no national or
international projects on austenitic heat resistant steels.
The THERMIE AD700 in Europe and the DOE Vision
21 in USA are the projects for 700 and 760ºC class
power plant materials, respectively, where the candidate
materials for the highest temperature components are
expected to be nickel (Ni) base superalloys.
2.1 History of Ferritic Heat Resistant Steels
Fig. 3 shows the development progress of ferritic heat
resistant steels for boilers, representing 2.25Cr, 9Cr and
12Cr steels with 105 h creep rupture strength at 600ºC.4)
A deciding criterion for the creep resistance of power
plant steels is usually considered to be the 105 h creep
rupture strength of about 100MPa at operating temperature. For boiler components with steam temperatures
above 600ºC, 2.25%Cr is insufficient and 9 to 12Cr
steels should be used in terms of oxidation resistance.

The microstructure of 9 to 12Cr power plant steels consists of 100% tempered martensite or two phase of tempered martensite plus delta-ferrite. Fig. 3 shows the
enhancement of creep strength, which has been achieved
by an increase in tungsten (W) combined with a
decrease in molybdenum (Mo) contents, and also by the
addition of small amounts of cobalt (Co), vanadium (V),
niobium (Nb) and boron (B). In the 9Cr steels, starting
from the 9Cr-1Mo steel specified as ASME T9 and JIS
STBA26, a 9Cr-1MoVNb steel specified as ASME T91
and JIS STBA28 was developed by Oak Ridge National
Laboratory in the US in the early 1980s. The development of 9Cr-1MoVNb steel enabled the USC plant to
withstand steam temperatures up to 600ºC. In Japan, a
high-strength 9Cr-0.5Mo-1.8W-VNb steel, containing
high W but low Mo, specified as ASME T92 and JIS
STBA29 was developed by a steel-making company in
the 1990s. This steel is promising for next generation
USC plants with steam temperatures of 620 to 630ºC.
Two types of 9Cr-3W-3Co-VNb steel, proposed by
NIMS and designated as MARN and MARBN in Fig. 3,
are in development as 650ºC-class steels. The enhancement of 12Cr steels has also been achieved in a similar
way to the 9Cr steels describe above. Starting from the
12Cr steel specified as AISI 410, a high-strength 12Cr0.5Mo-2W-CuVNb steel specified as ASME T122 and
JIS SUS 410J3TB was developed by a steel-making
company in Japan in the 1990s. Oxidation and creep
resistant 12Cr steels, such as 12Cr-WCoNiVNb steel
designated as NF12 and 12Cr-WCoVNb steel designated as SAVE 12, are also in development as 650ºC-class
steels.
Advances have also been made in basic research on
creep strengthening mechanisms,5) simulation of multiple precipitation reactions6) and theoretical alloy design6)
using a neural network model.
2.3 R&D of Ferritic Heat Resistant Steels in Europe
Table 1 shows the chemical compositions of 9 to
12Cr steels developed by the COST 501 and 522 projects in Europe. The creep rupture time of these steels at

Fig. 2 National and international projects for USC materials.
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Fig. 3 Development progress of ferritic heat resistant steels for boiler.

Table 1 Chemical compositions of 9 to 12Cr steels developed by COST 501 and 522 in Europe.

COST 501
B 2 (Rotor B)
FB 2
E
COST 522
FN 2
FN 3
FN 4
FN 5
FB 6
FB 8

(mass %)
N

C

Cr

Mo

W

Co

Ni

V

Nb

B

0.17
0.13
0.12

9.34
9.32
10.20

1.55
1.47
1.06

0.81

0.96
-

0.12
0.16
-

0.27
0.20
0.19

0.064
0.05
0.014

0.015 0.010
0.019 0.009
0.050
-

0.13
0.13
0.12
0.11
0.13
0.17

10.20
10.20
11.50
11.2
11.2
11.1

0.54
0.47
0.48
0.26
1.45
1.46

2.63
-

1.98
1.9
2.66
2.93
2.94

0.25
0.24
0.28
0.40
0.15
0.20

0.23
0.22
0.21
0.22
0.22
0.21

0.065
0.062
0.065
0.065
0.08
0.07

0.04
0.04
0.06
0.027
0.016
0.023

0.0047
0.0058
0.0049
0.010
0.009
0.010

balance is quite different between Europe and Japan.
The European COST steels in Table 1 contain high Mo,
while the Japanese steels, such as ASME T92 and T122
in Figure 3, contain high W.

3. Domestic Research Trends

Fig. 4 Creep rupture time of the various ferritic heat resistant
steels at 650ºC and 98 MPa as functions of Cr content.

650ºC and 98 MPa are shown in Figure 4 as a function
of Cr content, together with that of the steels developed
in Japan.7) The steel E having a base composition of
9Cr-1Mo-1W in Table 1 is specified as ASME T911, as
shown in Fig. 3. The creep rupture strength of ASME
T911 lies between that of ASME T91 and T92. In
Europe, the enhancement of creep strength has also
been achieved by the addition of Co and B, similar to
that in Japan. The alloy design philosophy for W-Mo
316

3.1 Improvement of Long-term Creep Strength of
Ferritic Heat Resistant Steels by Microstructure
Stabilization Near Grain Boundaries
Recently, great advances have been made by NIMS,
showing that the preferential recovery of martensitic
microstructures in the vicinity of prior austenite grain
boundaries (PAGBs) promotes localized creep deformation near PAGBs of 9Cr steel, causing a loss of creep
strength.1, 8) NIMS has also proposed some guidelines on
alloy-designs for long-term microstructure stabilization
near PAGBs.1) The MARBN and MARN steels in Fig. 2
were alloy-designed using boron – which can segregate
around PAGBs – and a dispersion of fine particles of
MX nitrides along boundaries as well as in the matrix,
but no M23C6 carbide, respectively. The MARBN and
MARN steels are promising for power plant components at 650ºC, as shown by the 105 h creep rupture
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Fig. 5 Creep rupture data for high-strength ferritic heat resistant
steels for boiler at 650ºC.

strength estimated to be about 100 MPa at 650ºC, which
is much higher than that of existing 9 to 12Cr steels of
P92, T91, NF12 and SAVE12 (Fig. 5). Innovative steels,
such as 15Cr steel9) consisting of ferrite matrix and fine
precipitates of intermetallic compound and low carbon
maraging steel10) modified for high temperature applications, are also proposed by NIMS.
In order to ensure there is enough tensile strength for
turbine components at room and intermediate temperatures, ferritic heat resistant steels for turbine contain
higher carbon content and are subjected to tempering at
lower temperatures than those for boilers. Tempering at
lower temperatures causes less significant recovery of
excess dislocations, which results in higher dislocation
density and hence higher tensile strength after tempering. The enhancement of creep strength of turbine steels
has also been achieved by an increase in W combined
with a decrease in Mo contents, and also by the addition
of small amounts of Co, V, Nb and boron, similar to the
boiler steels described in section 3.1. In a USC plant at
650ºC, the steam temperature at turbine inlet is estimated to be about 630ºC, about 20 degrees lower than that
of the main steam pipes. The 630ºC-class turbine rooter
steels, such as MTR10A (10Cr-0.7Mo-1.8W-3CoVNbB), HR1200 (11Cr-2.6W-3Co-NiVNbB) and
TOS110 (10Cr-0.7Mo- 1.8W-3Co-VNbB), have been
developed by plant companies in Japan.11)
3.2 Suppression of Type IV Fracture in Welded Joints of
Ferritic Heat Resistant Steels
One of the problems in applying ferritic steels to
thick section boiler components in USC plants is the
creep strength loss of welded joints due to brittle creep
fracture or so-called Type IV fracture in heat affected
zone (HAZ). The creep strength loss due to Type IV
fracture in 9 to 12Cr steel welded joints becomes more
significant with temperatures increasing above 600ºC,
causing a reduced time to rupture as low as 1/5 to 1/10.
Although all the conventional high-Cr ferritic steels,
such as P91, P92 and P122 show Type IV fracture, only
Materials Science Outlook 2006

Fig. 6 Creep rupture data for welded joints of 9Cr steel with
130ppm boron and P92 at 650ºC.

the 9Cr steel containing high boron but low nitrogen
content developed by NIMS exhibits no indication of
Type IV fracture at 650ºC.12) This is shown in Fig. 6, and
is compared with the data for P92 welded joints. The
suppression of fine-grained microstructure in HAZ is
the main reason for the suppression of Type IV fracture
in the NIMS 9Cr steel welded joints. This provides us
with a fair prospect to realize highly reliable USC boilers at 650ºC.
3.3 Improvement in the Oxidation Resistance of Ferritic
Heat Resistant Steels in High-temperature Steam
The growth of oxide scale on the surface of ferritic
steels in high-temperature steam becomes more significant with temperatures increasing above 600ºC. The
oxide scale consists of an outer layer of mainly Fe3O4
and an inner layer of spinel oxides of Fe, Cr, Mo, etc.,
where the thickness of the two layers are approximately
the same. It should be noted that the possibility of the
formation of Cr2O3 scale on the surface of 9 to 12Cr
steels during exposure at elevated temperatures has
never been considered because of insufficient Cr content. Recently, however, great advances have been made
by NIMS, showing the formation of protective Cr2O3
scale on the surface of 9Cr steel by the combination of
13)
Si addition and pre-oxidation treatment. The oxidation
test was carried out for 9Cr-3WVNb steel in steam at
650ºC after pre-oxidation treatment in argon gas containing 0.3ppm oxygen. The pre-oxidation treatment in
argon gas at 700ºC for 20 h or more causes the formation of a thin scale of Cr2O3 on the surface of 9Cr steel
containing Silicon higher than 0.5%. The Cr2O3 scale is
stable during subsequent oxidation in steam at 650ºC for
long periods of time, which significantly enhances oxidation resistance. The formation of Cr2O3 scale can be
also achieved by a combination of Cr shot-peening and
pre-oxidation treatment in air at 700ºC, and by the addition of palladium (Pd).
3.4 Improvement of Creep Strength of Austenitic Heat
Resistant Steels
Austenitic heat resistant steels for super heater boiler
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tubes have been enhanced from 18Cr-8Ni steel to 20Cr25Ni steel and then to high Cr and high Ni steels combined with the addition of W, which can be used for
long periods of time at a steam temperature of 700ºC.
Recently, the enhancement of austenitic heat resistant
steels has been promoted in Japan. A 23Cr-43Ni-6W
austenitic steel designated as HR6W, which was developed by a steel making company in Japan for boiler
tubes of high strength and corrosion resistance, is also
promising for large diameter and thick walled pipes at
700ºC.14) The 105 h creep rupture strength of HR6W is
estimated to be about 90MPa at 700ºC, which is much
higher than that of other austenitic steels, but lower than
that of the Ni base superalloy, Alloy 617. However,
HR6W is superior to Alloy 617 in terms of toughness
after long-term exposure at elevated temperatures, weldability and hot workability. The Charpy impact energy is
measured to be as high as about 130J/cm2 for HR6W
after aging at 700ºC for 10,000h, suggesting there
would be no problem using HR6W as main steam pipes
for long periods of time at 700ºC.

4. Future Trends
While conventional ferritic heat resistant steels for
600ºC or less are strengthened mainly by carbides and
nitrides, strengthening due to intermetallic compounds
is essential for those beyond 650ºC. Fine precipitates of
Fe2(Mo,W) Laves phase, Fe7(Mo,W)6 µ phase and FePdL10 ordered phase have been utilized to enhance the
creep strength of 9 to 12Cr steels. In future, research
will be promoted to explore new intermetallic compounds to withstand agglomeration and coarsening in
ferritic steels at temperatures above 650ºC, and also to
explore new heat treatment processing, which enables
the homogeneous distribution of fine precipitates of
intermetallic compounds in the vicinity of grain boundaries as well as in the matrix.
While the 700ºC-class austenitic steel HR6W is
strengthened by fine distributions of M23C6 carbides rich
in Cr and Fe2W Laves phase, new alloy-design concepts
are needed to enhance the creep strength of austenitic
steels exceeding 700ºC. Using the base composition of
HR6W, a steel-making company in Japan is making new
attempts to utilize precipitation strengthening due to
αCr by increasing Cr content and due to Ni3(Al,Ti)-γ’ by
the addition of Al and Ti.14) To explore new intermetallic
compounds as a substitute for Fe2W Laves phase, a university in Japan is conducting research on the thermal
stability of Fe2Nb Laves phase in the austenite matrix
during exposure at elevated temperatures.15)

steam temperatures up to 650 and 700ºC, respectively.
For USC plants with steam temperatures above 700ºC,
Ni base superalloys will be required in terms of creep
strength, but these should be limited only to the highest
temperature components, because they are very expensive. Research to expand the application of ferritic and
austenitic steels beyond 650 and 700ºC, respectively,
will be important for the future.
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5. Conclusion
The alloy-design concepts to enhance the creep
strength of base metal and welded joints, oxidation
resistance in steam, and hot workability have been
established for ferritic and austenitic steels to withstand
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7. Ferrous Structural Materials

7.2. Extending the Durability of Steels for Civil Engineering
— Development of High-Performance Weathering
Steel and Its Application Technologies —
Toshiyasu Nishimura
Structural Metals Center, NIMS
1. Introduction
Public-infrastructure construction using steels has
surged ahead precipitously in Asia in recent years fueled
by explosive economic growth, especially in China. An
urgent need that has arisen is preventing the corrosion of
steels used in such public works. This is particularly significant for Asian nations because their environments
feature high temperatures and high humidity and
because many of their urban centers are congregated
along or nearby coastlines. A further consideration is
ballooning infrastructure maintenance costs, which has
focused interest on weathering steel with its potential to
lower maintenance costs by considerable margins.
Weathering steel is a material that is formed with an
anti-corrosive iron rust layer to guarantee long-term
durability when exposed to atmospheric corrosion. Use
of this material can reduce or eliminate costs associated
with recoating or resurfacing the coatings of steel structures. Consequently, Asian countries, and Japan in particular, are actively developing high-performance
weathering steels and their associated application technologies.

2. Global Trends
East Asian countries regard steels highly enough to
have established national projects to advance their
research. A top priority topic in these projects is weathering-steel research.
China’s research in this area is particularly ambitious,
having started in 1999 a 10-year plan named the New
Generation Steel Project. The project has been promoting streels research through the work of 40 institutions,
which include many universities. Some specific examples of weathering-steel research include the development by the Central Iron & Steel Research Institute
(CISRI) of ultrafine-grained weathering steel, which
combines ultrafine-grained steel with weathering steel.
The Qingdao Marine Corrosion Institute (QMCI) maintains numerous atmosphere-exposure test facilities all
over China and is examining the long-term atmospheric
corrosion behavior of low-alloy steels, including weathMaterials Science Outlook 2006

ering steels. A third group, the Chinese Academy of
Sciences’ Institute of Metal Research (IMR), has long
been involved in running atmospheric corrosion tests on
low-alloy steels and has recently endeavored on a project to develop weathering steel.
South Korea, for its part, embarked on the 10-year
HIPERS21 Project in 1998, under which it has been
researching high-corrosion-resistant weathering steels
that can be used in ocean-side regions. The project, now
in its second phase, is currently working on constructing
application technologies through the use of exposure
testing and other forms of testing.

3. Domestic Trends
SMA weathering steel (0.4% Cu-0.6% Cr-Fe series)
— which has been formalized as a Japan Industrial
Standard — has been used in about 3,000 bridges
nationwide, and its ratio of all steel-constructed bridges
is rising rapidly, as Figure 1 illustrates. It has been indicated, however, that SMA has low resistance to corrosion in coastal areas where it is exposed to airborne sea
salt. Starting in 1981, the Ministry of Construction’s
Public Works Research Institute and others conducted a
nine-year survey of 41 weathering-steel-constructed
bridges around the country. The survey’s authors established a guideline that SMA can be used in inland
regions that are exposed to no more than 0.05 mdd (mg
NaCl/dm2/day) of airborne salt content.1)
Needs have emerged of late for weathering steel
exhibiting corrosion resistance to chlorides. These needs
are driven by the ongoing construction of bridges in
coastal areas and by the use of road salt to prevent ice
buildup on bridges in mountainous regions. To address
the needs, steel companies are developing nickel-bearing weathering steels with enhanced corrosion resistance. Nickel-bearing weathering steels, which contain
between 1% and 3% nickel by weight and also add copper, molybdenum, and chromium to increase their corrosion resistance, have spread across the market quickly.
Nickel-added weathering steel is well known for its
high corrosion resistance, but nickel is a rare metal.
Thus, in the interest of supporting a resource-recycling
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Fig. 1 Amount of JIS weathering-steel bridge construction.

society, NIMS is developing a next-generation weathering steel where nickel is replaced with silicon or aluminum.2) Silicon and aluminum are advantageous, as
they are both abundant earth resources, they do not
inhibit the recycling of steel, and they are not subject to
the international price fluctuations of rare metals.
Ordinarily, it is difficult to add large amounts of silicon
or aluminum to steels because they degrade the lowtemperature toughness. NIMS researchers, however,
were able to successfully overcome this toughness
degradation in its steel by using the methods for the
ultrafine microstructure. This development is opening
up new areas for corrosion-resistant materials.

public infrastructure. Further and more comprehensive
exchanges are hoped for through international academic
meetings and joint exposure tests.
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4. Future Outlook
Public infrastructure construction in Asia has created
a pressing need for ascertaining the usage limits of
steels in harshly corrosive environments. Evaluation
under actual environmental conditions is a requisite step
in the development of high-performance corrosionresistant steels, and weathering steels in particular. In
view of this situation, plans are underway for Asian
countries to run joint exposure tests on the advanced
steels. One specific demand is the clarification, powered
by the latest analytic techniques, of complex atmospheric corrosion phenomena, an area with a significant role
for Japan because of its advanced knowledge of atmospheric corrosion. It is hoped these activities will lead to
the construction of a common Asian database on corrosion resistance for steels and the production of source
materials for international standardization activities.

5. Conclusion
Given Asia’s rapid economic development, there is
much interest in atmospheric corrosion research and
high-performance corrosion-resistant steel development
that aims to prevent the corrosion and deterioration of
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7. Ferrous Structural Materials

7.3. High Nitrogen-Bearing Stainless Steel
Yasuyuki Katada
Materials Manufacturing and Engineering Station, NIMS
1. Introduction
Nitrogen is one of the most effective elements for
enhancing the strength and corrosion resistance of ferrous materials. Various steel materials have traditionally
been developed and put into practical use that actively
utilize nitrogen. Figure 1 indicates some leading nitrogen-bearing steel varieties as well as the changes in the
mass content of nitrogen in nitrogen-bearing steels over
time. The solid lines in this diagram represent nitrogen
mass content produced by atmospheric pressure melting, a standard manufacturing process for iron and steel.
Significant amounts of nitrogen have been added to
varieties of Mn-Cr austenite steel, which contains large
amounts of manganese (Mn) and chromium (Cr), for
many years. For example, 21-4N (JIS SUH35), which
contains 0.4 mass % nitrogen, was developed before
1950 but is still widely used today as steel for exhaust
valves in automotive engines. Since this metal’s inception, many similar types of steels have been developed
and put into use as nonmagnetic steels in applications
such as retainer rings and drill collars for oil drilling.
Recently, the nitrogen content of Mn-Cr austenite steel
has climbed as high as 0.7 mass %.1)
Ni-Cr austenite steels with higher amounts of nitrogen have been developed since the 1970s, when U.S.
steelmakers began adding nitrogen intentionally to NiCr austenite steels, such as SUS304, to create Nitronic
steels. Steels with 0.5 mass % nitrogen have appeared,

such as Avesta 654SMO,2) which is used as a high corrosion resistant material in chemical plants, and DSN9,3)
which was developed for exhaust gaskets in automotive
engines.
Conversely, nitrogen usage in Cr martensite steels is
limited to 0.15 mass % mainly because compositions
with a high degree of nitrogen solubility cannot be
obtained.
Pressurized melting has been studied for a long time
as a way of adding more nitrogen to steel. Research into
pressurized melting at the laboratory level started
around 1960 using induction furnaces and electroslagremelting (ESR) furnances.4) Based on these findings,
pressurized ESR on a volume-production scale was
5)
developed in Europe in the 1980s. The steel varieties
enclosed in boxes in Figure 1 were developed using
pressurized ESR equipment, which has led to the implementation of Mn-Cr austenite steels containing 1 mass
% nitrogen and Cr martensite steels containing 0.4 mass
% nitrogen.
Much energy has been spent on developing steels,
such as those above, that incorporate nitrogen to take
advantage of nitrogen’s properties, and great diversity is
found in their manufacturing methods. In this section, a
short description of the manufacturing methods of nitrogen-bearing steels will be outlined.

Pressurized electroslag-remelting (PESR)

Nitrogen content (mass %)

AOD implementation

Fig. 1 Typical nitrogen-bearing steel varieties and changes in their nitrogen content.
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2. Current Nitrogen-bearing Steel Research and its
Future Directions
Methods of adding nitrogen to ferrous materials can
be classified by whether nitrogen is added while the
materials are in a solid state or a melted state. Solidstate nitrogenization methods include mechanical alloying (MA), powder metallurgy processes, and solidphase nitrogen absorption — where the material is
placed in a high-temperature nitrogen gas atmosphere to
promote the dispersion of nitrogen atoms from the material surface. The distinctions between melting methods
and solid-phase methods are described below.
2.1 Pressurized ESR
The technology and equipment known now as pressurized ESR (PESR) were conceived and researched for
many years in Austria4–6) but were finally completed in
Germany.7) What differentiates PESR from other melting
methods is the chemical composition of the primary
electrode and the final ingot. With PESR, a nitride or
ferro-nitride is added as the nitrogen source when the
primary electrode is melted. The electrode is melted in a
flux state under high pressure and the chemical composition of the final ingot determined.
At the International Conference on High Nitrogen
Steels (HNS 1988) in Lille, France, in 1988, Stein et al.
announced that they had developed new PESR melting
equipment capable of producing 20-ton ingots with
diameters of approximately 100 cm and that they were
starting to research large-scale melting.7) Utilizing maximum pressures of 4.2 MPa, this equipment sequentially
supplied the nitrogen source and flux required for melting to a crucible by way of a pressure boundary that had
a pressure equalizer. P900N (18% Cr-18% Mn-Mo-N)
was developed using PESR equipment as a material for
retaining rings that secure the ends of generator rotors.
The nitrogen content of this material was between 0.75
mass % and 1.07 mass %, and after applying 70% cold
working, the material had a tensile strength of 1,550
MPa and a 0.2% proof stress of 1,530 MPa. A more
detailed report of this 20-ton PESR operation was presented at the HNS 1990 conference.7)
Cr2N, MnN, and FeCrN metallic powders are used as
nitrogen sources, but these powders have relatively low
nitrogen content and they tend to segregate within
ingots because their molecular weight is comparatively
heavy. To counteract this problem, double melting is
required. In place of these compounds, Si3N4 silicon
nitride has become the nitrogen source of choice in
Europe because it has high nitrogen content — being
30% nitrogen and 60% silicon — and does not segregate, while the use of silicon nitride results in a rather
high silicon content remained in the ingot.
Austenite high nitrogen stainless steel (HNS)
obtained with PESR techniques combines high-alloyed
strength, high corrosion resistance, and nonmagnetic
properties. HNS does not need any additive elements,
such as Mn, to promote the solubility of nitrogen
because the nitrogen solubility is raised by pressurizing
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the melt. Thus, HNS is free of corrosion resistance losses caused by Mn additives, and, through slag refining
effects and deoxidizing agents, HNS maintains an
exceptionally high purity. Although HNS falls into the
austenite stainless steel category when viewed by its
chemical composition alone, it also exhibits the outstanding bulk-material properties listed above. In light
of its characteristics, it is possible to conclude that HNS
is a totally new material. There are, however, many
issues confronting HNS that must be resolved before it
can be used in practical applications.
The two most important questions facing HNS implementation are probably ensuring its machinability and
formability. HNS containing more than 1 mass % nitrogen, for example, exhibits a Vickers hardness in excess
of 300 even after solution treatments with nitrogen
solid-solution hardening. The work hardening of this
material is also especially pronounced, so that actual
work is continued by alternating working and heat treatments. Moreover, new methods are hoped for resoloving
toughness and strength-ductility balance questions using
structure control technology.
2.2 Characteristics of Producing High Nitrogen-bearing
Stainless Steel with Solid-phase Nitrogen Absorption
Solid-phase nitrogen absorption, a kind of chemical
heat treatment, adds large amounts of nitrogen either
near the surface or throughout the steel material by placing the material in a nitrogen gas environment that is
heated to temperatures of 1,000ºC or higher in order to
diffuse nitrogen atoms from the material surface to
within the solid phase (the austenite phase). This
approach is fundamentally different from nitriding, in
which the surface is hardened by depositing nitrides on
the material surface at temperatures less than the phasetransformation point (precipitation hardening).
Expressions such as nitrogen absorption treatment, solution nitriding, and high-temperature gas nitriding
(HTGN) are used to differentiate this method from
nitriding because the aim is solid-solution strengthening
by solid dispersion of nitrogen atoms. Solid-phase nitrogen absorption offers an effective means of implementing high-nitrogen-steel production because it only
requires gas-atmosphere annealing to easily add high
concentrations of nitrogen, something that is difficult to
do with normal melting manufacturing methods, to
stainless steel that contains large amounts of chromium,
which has a high affinity for nitrogen. Berns’s group8-10)
in Germany is now in fact establishing solid-phase
nitrogen absorption process technology that can be used
at the industrial level.
2.3 High Nitrogen Steel Research using Mechanical
Annealing
Benjamin11) of Inco advocated mechanical alloying
(MA) in 1970 as a way to produce particle-dispersion
types of super-alloy powders. Since this time, MA has
been used in researching and developing12–14) as a manufacturing method for particle-dispersion alloys as well
as for amorphous materials and, more recently, nanoMaterials Science Outlook 2006

sized crystal grain materials.
Even at the global level, not many groups are engaged
in HNS research based on MA methods. Nevertheless,
noteworthy examples of research in this area do exist. A
group in the U.S. led by Rawers is experimenting with
iron-powder MA in nitrogen atmosphere and is studying
nitrogen absorption and structural changes during MA
treatment as well as the nitrogen and structure of samples after undergoing extrusion and HIP hard working.15)
This group has reported that nitrogen is absorbed in the
iron during MA and that the absorbed volume is dependent on the MA duration, that nitrogen penetrates into the
lattice interstitially, that nitrogen is exceptionally effective for grain refinement, and that the nitrogen remains
even after the high temperatures in the hard working
process.
The Foct group in France is conducting MA experiments with attention to magnetism. This group has
found that after applying MA to iron nitride (Fe4N or
Fe2N) and pure iron, a single-phase iron nitride was
yielded according to the feed volume without any
change in the nitrogen content during the MA
treatment.16)
Popovich et al. in Russia reported that after applying
MA to iron and titanium in a nitrogen atmosphere, the
nitrogen content increases in proportion with the milling
time and that the iron and titanium and the iron and
nitrogen react to form three phases: iron, iron titanium
(Fe2Ti), and titanium nitride (TiN).17)
Yamasaki et al. from the Himeji Institute of
Technology (University of Hyogo) demonstrated that
after applying MA in a nitrogen atmosphere to iron and
iron chromium alloy,18) or to iron and titanium,19) nitriding progresses and amorphous or nano-crystalline structures can be obtained.
A group at the College of Industrial Technology is
conducting MA tests with pure iron and iron nitride in
order to study the amorphization of iron nitrides. This
group has shown that nitrogen is effective for amorphization, that the addition of a third chemical element
with a strong affinity for nitrogen was useful, that overly strong affinities lead to the formation of nitrides and
not a single phase, and that the behavior of nitrogen was
the same even in stainless-steel compositions.20, 21)

3. Research and Development of Nickel-free High
Nitrogen Stainless Steels
Research and development in the medical field has
been focusing recently on nickel-free austenite stainless
steel (Ni-free stainless steel), in which nickel is completely replaced with nitrogen, because of the risk of
nickel allergies. Ni-free stainless steel has a very long
history. As far back as 1956, Tisinai et al.22) were manufacturing Fe-Cr-C-N nickel-free austenite stainless steel
with nitrogen and carbon to stabilize the austenitic
structure. Solid-phase nitrogen absorption methods were
used to manufacture this steel. Later, after Schenck et
al. 23) researched Fe-X-N alloys, domestic research
Materials Science Outlook 2006

groups, such as Mori et al.,24) Masumoto et al.,25) Imai et
26)
27, 28)
interested in thermodynamal., and Kikuchi et al.,
ics reported many findings concerning nitrogen absorption behavior in nickel-free stainless steel. This research
was driven less by allergy problems and more by the
desire to produce inexpensive austenite steel without
using expensive nickel. Recently, Hanawa et al.29–32) have
been testing bio-applications of Ni-free stainless steel.
Nevertheless, many unresolved issues remain for Nifree stainless steel manufactured by solid-phase nitrogen
absorption, such as brittle fractures caused by the coarse
crystal grains, problems with using the steel for welding
or heat-resistance because of its low thermal stability,
and the ease of which deformation-induced martensite
occurs because of the steel’s insufficient stability against
strains and stresses. Future advancements depend on
alloy design and its structure control guidelines.

4. High Nitrogen Stainless Steel Research at NIMS
The development of seawater-resistant stainless
steel33–35) is one domestic example of high-nitrogen steel
made with PESR techniques. This steel was developed
as part of an ultra-steel research project (STX-21) started in 1997 at NIMS. The project guideline was to develop a super-stainless-steel-grade, seawater-resistant,
resource-saving stainless steel by striving to attain highly purified materials without drastically increasing the
alloy elements Cr, Ni, and Mo. NIMS researchers developed the first nitrogen-gas PESR device in Japan as a
way of simultaneously adding nitrogen and purifying
the material. The team was successful in test manufacturing high-nitrogen-bearing stainless steel without
adding Mn, the cause of many impurities.33–35)
Europe is leading the way in high nitrogen steel
research. The central feature of this research is the use
of high Mn steel (up to 20 mass %) as the base material
in order to enhance the nitrogen solubility of the material and to lower the cost. Unfortunately, use of high Mn
steel has been shown experimentally to be a factor that
inhibits improvements to the steel’s corrosion resistance. High nitrogen steel research at NIMS aims to
develop Mn-free high nitrogen steel, because of NIMS’s
original objective to develop seawater-resistant high
nitrogen stainless steel. Exposure tests in actual seawater environments to this point confirm the steel’s high
corrosion resistance, as no crevice corrosion has formed
over more than two years.
Research into high nitrogen steels in Japan is centered on the Effectiveness of Nitrogen in Steel
Characteristics Research Group (Yasuyuki Katada
(NIMS), Chair person 2004–2007), which was established by the Material Structures and Properties
Subcommittee of the Iron and Steel Institute of Japan.
Consisting of more than 30 domestic organizations from
industry, government, and academia, this group is
involved in leading research activities studying production of high nitrogen steels, characterization of different
property expression mechanisms, joining methods, sur323

face reforming, and implementation of nickel-free high
nitrogen steels.
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7.4. Development of Ultrafine-Grained Steel Technology
Shiro Torizuka
Materials Reliability Center, NIMS
1. Introduction
Two national projects on the development of ultrafine-grained steel were completed recently: the second
term of the Ultra-Steel Project ended in fiscal year 2005
and the Super-Metal Project II will come to an end in
fiscal year 2006. In some respects, it is possible to say
that ultrafine grain research has reached a turning point,
yet these projects, which ran for about 10 years have led
to developments for several new thermomechanical processing methods of obtaining ultrafine ferrite grains of
one micron or less.1) These methods generally fall into
one of two camps: the “transformation” approach,
which uses ferrite transformation from the austenite
phase, and the “recrystallization” approach, which
obtains ultrafine ferrite grains by working the ferrite
phase without undergoing any transformation. Although
both phase transformation and recrystallization exhibit
the characteristics of processes, large strain deformation
with strains in excess of 1 or 2 are necessary to achieve
ultrafine-grained structure. Consequently, these new
thermomechanical processing methods are commonly
regarded as large strain deformation technologies. Thus,
the recrystallization approach can be considered to be a
high Z-large strain deformation because processing is
done in the ferrite temperature range, while the phase
transformation approach becomes an austenite low-temperature-range large strain deformation.
At the same time, a lot of research regarding large
strain deformation have been done. Several processes,
equal-channel angular pressing (ECAP) (also known as
severe plastic deformation), high-pressure torsion
(HPT), mechanical milling (MM), accumulative rollbonding (ARB), and high-speed shot peening have been
proposed. The processing involved in these methods is
performed either at warm temperatures or at room temperatures. The strain rate and the processing temperature
are physical quantities that express the processing conditions. It is possible to express the loading during processing with the Zener-Hollomon parameter, Z, which is
the temperature-compensated strain rate.
Z=ε⋅ exp(Q / RT)

(1)

-1
In this equation, ε is the strain rate (s ), R is the gas
constant, and T is the processing temperature (K). Q is
the activation energy (J/mol-1) seen at the high-temperature transformation. Figure 1 shows the categories of
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Fig. 1 Classification of ultra grain refinement methods by strain
and Zener-Hollomon parameter.

ultrafine grain production technologies defined in the
field of Z value and strain. Current rolling technology is
based on small strain, low-Z deformations, and grain
refinement processes can also be defined as large strain,
high Z-large strain deformation because of the high Z
value that results from the low processing temperatures
compared to the high temperatures of conventional steel
rolling.

2. Global Trends
2.1 Severe Plastic Deformation
The Russian group represented by Valiev2) is spearheading research into severe plastic deformation (SPD),
which has become a very active topic. Historically,
Lankford et al.3) used the term SPD in their research on
wire drawing, but now the leading SPD processes are
ECAP and HPT.4) Research on these methods, both of
which can induce very large strains, has tended to focus
on the grain refinement of aluminum. ECAP is a large
strain deformation process that does not change the
cross-sectional geometry of the steel. It produces submicron crystalline grains in aluminum alloys, magnesium alloys, and cupper alloys, among others, for
improved strength, ductility, and other mechanical characteristics. ECAP is applicable to standard commercial
materials and is slotted for production of high-strength
materials and highly ductile metals. ECAP works by
inserting the sample in one of two intersecting channels
325

with the same cross-sectional area and then applying
pressure to the sample to press it through the die. A bend
in the die applies a large shear deformation to the material. The South Korean research team of Shin et al. have
reported research on forming ultrafine ferrite grains
using ECAP.5)
Regarding HPT, on the other hand, an enormous pressure is applied to the sample from the top and bottom
and a metal die, either on top or beneath the sample, is
rotated. The frictional force between the sample and the
die twists the sample and applies a shear deformation,
2)
thereby refining the grains in the sample. However,
research reports on ECAP and HPT regarding steels do
not outnumber those on nonferrous metals. This is probably because of the difficulty in plastic deformation
with high deformation resistance in a metal die.
Valiev has indicated one necessary direction for
future research in this area is the development of
processes, such as continuous ECAP, from the laboratory research stage to the production stage.4) In the area of
SPD research, all major researchers from Japan and
other nations reported their research findings at Nano
SPD3, which was held in September 2005.6)
2.2 Thermomechanical Control Processes (TMCP)
Following Japanese ultrafine-grained steel research,
researchers in South Korea and China are taking an
active interest in TMCP research. Research in both
countries is characterized by grain refinement using
transformation processes. These processes have been
named strain-induced dynamic transformation (SIDT)
and deformation-induced ferrite transformation (DIFT).
The Choi reported that fine ferrite forms during processing.7) However, there are quite a number of controlling
factors — such as the transformation start temperature
and the shape and size of the austenite — on the size of
the ferrite grains that formed through this deformation +
transformation method. Hence, future research must
look into these areas.

3. Domestic Trends
3.1 Overall Trends
The second term of the Ultra-Steel Project ended in
fiscal year 2005 and the Super-Metal Project II will
come to an end in fiscal year 2006. Both of these largescale projects on grain refinement as well as research at
universities, lasting some 10 years have undoubtedly led
to large advances in metallurgy.
In March 2006, a panel discussion (chair man,
Professor Umemoto, Toyohashi University of
Technology) on “Deepening Understanding of Dynamic
Recrystallization and Its Industrial Applications” was
held at the 151st Meeting of the Iron and Steel Institute
of Japan (ISIJ). During this discussion, continuous
dynamic recrystallization was frequently used as a term
describing the structural changes accompanying
advances in ultrafine-grain research. Professor Maki of
Kyoto University spoke on the definitions of dynamic
326

recrystallization and static recrystallization as well as the
definitions of discontinuous recrystallization and continuous recrystallization, pointed out that if these definitions are not unified, any discussion will result in confusion, and underlined the importance of starting the discussion with the assembly of all concerned researchers.
At this point, Professor Sakai of the University of
Electro-Communications, Associate Professor Tsuji of
Osaka University, and Torizuka NIMS discussed the
relations between dynamic recrystallization and structural changes through heavy deformation processes based
on our respective research findings.8–11)
The joint ISIJ and Japan Institute of Metals session
“Fundamentals of Ultrafine Grain Structural Control”
(chair man Professor Ameyama of Ritsumeikan
University) was held at a symposium in March 2006.
Despite being the fourth running of the session, 18 presentations were given, indicating that research is as
active as ever in the field of ultrafine grains.12)
3.2 Ultrafine-grain Refinement Technologies
(1) Surface heavy deformation method: Umemoto et
al.13) are producing nanostructured carbon steel surfaces (grains with diameters of 100 nm or less) using
various surface heavy deformation method (including shot peening, drill processing, ball milling, and
drop deformation). All of these processing methods
can be difined as a large strain deformations with
high-Z conditions with strains of 10 or more and a
strain rate of 10s-1 or more. In Fe-0.1C steel, the surface nanostructure having a Vickers hardness of 8
GPa, which is harder than quenched martensite
(2) Accumulative roll-bonding (ARB): Tsuji, Saito, et al.
at Osaka University developed ARB, an iterative
processing method in which 50% rolled material is
bisected longitudinally and stacked up to the original
base thickness again before being re-rolled. As base
surface degreasing and wire brushing are necessary,
this method can be thought of as roll-bonding.
Repeating the rolling process five times introduces a
strain of nearly 4 and structures are obtained where
the entire surface consists of ultrafine grains.
Minimum grain sizes of 0.2 µm are obtained. ARB is
an effective ultrafine-grained material production
technique for both ferrous and nonferrous metals.14, 15)
(3) ECAP methods: Horita et al. at Kyushu University
are continuing to actively research nanostructuring
of Al as well as Cu, Fe, and Mg. The content of this
research was described in detail at the international
Nano SPD3 conference held in Fukuoka in
September 2005.6, 16)
(4) Other methods: Takaki et al. at Kyushu University
are looking at mechanical milling17) and Sakai et al.
at the University of Electro-Communications are
looking at multi-axial deformation.18)
3.3 Second Phase of the Super Metal Project
The Production Technologies for EnvironmentalConscious Ultrafine-Grained Steel (PROTEUS) Project
(2002–2006) undertook basic research on industrial fabMaterials Science Outlook 2006

rication processes for hot-rolled steel with grains on the
order of 1 µm and engaged in research and development
of novel joining technology that limits the coarseness of
grain diameters at joints. Consisting mainly of
researchers involved in rolling and plastic working, this
project researched process technologies that produce
sub-micron ultrafine-grained steel. Research by Etoh et
al. obtained a sheet of ferrite grains about 1.5 microns in
the stable austenite temperature range with a short pass
timed rolling followed by a rapid quenching process.19)
3.4 NIMS Research
NIMS is engaged in basic research on ultra grain
refinement technologies in three areas: (1) creation of
ultrafine ferrite structure and mechanical properties, (2)
bulk material production technologies, and (3) applications and technology transfers. This research has resulted in the quantification of the relationship between processing parameters and grain sizes in ultrafine grain production, which can be used as a guideline for process
design. This achievement has made it possible to design
processes based on this guideline and has led to the
development of multi-pass warm caliber rolling technology and the manufacturing of bulk materials such as
steel bars and plates . And through applications and
technology transfers, manufacturing links are being
formed and several implementation opportunities are
coming into view.20)
(1) Creation of ultrafine ferrite structure
NIMS research in this area has expressed the structural changes induced by high Z-large strain deformation in terms of the Z value and the strain, ε, has clarified the process paramerters for ultrafine grain production, and has shown that the recrystallized grain size is
expressed by a simple relationship with Z. As Fig. 2
shows, the conditions for the recrystallization of the
entire microstructure can be expressed as follows:21)

ε 99%=0.15 Z 0.1

(2)

NIMS researchers also discovered the ferrite grain
size is not affected by the strain but is affected by the
processing temperature and strain rate. Thus, the following relationship holds between the grain size, d, and the
Z value (Figure 2).22)
d(µm)=102.07 Z -0.16

(3)

Although the subject of this research was compressive strain, the results have shown that shear strain lowers the required strain for ultrafine grain production.23)
(2) Multi-pass warm caliber rolling technology
As a result of the basic research findings given
above, NIMS established multi-pass warm caliber
rolling, which has made manufacturing of ultrafinegrained bulk materials possible. NIMS researchers clarified that (1) multi-pass rolling forms ultrafine ferrite
grain structures in the same way as single-pass compression, (2) the grain size is determined by the Z parameter
in multi-pass rolling, and (3) the cumulative strain necMaterials Science Outlook 2006

Fig. 2 Processing map for obtaining ultrafine grained structure.

essary for the formation of ultrafine grains can be
obtained with a 8% to 20% rolling reduction in each
pass.24, 25) Nishimura et al.26) are developing corrosion
resistant steel characterized by high Al and Si components. Torizuka27, 28) and Hanamura et al.29) have made
reports on the ductility and toughness of steel formed
with this method, and Furuya et al.30) have reported on
its fatigue characteristics.
(3) Transfer Project
It was suggested the technologies and knowledge
deemed beneficial to society that were obtained in the
first term of the Ultra-Steel Project should be transferred
quickly in a phased manner to the private sector without
waiting until the completion of the second term. With
the motto of “materials matter only when used,” the
Products Research Team, established under the Steel
Research Center, has pursued joint developments with
the private sector that focus on the commercial implementation of ultra steels. High-strength precision components were selected as the target field. Progress has
been made in the low-environmental-impact production
of such high-strength precision components as ultrasteel screws (with Furiya Micro Fastening Systems),
and ultra-steel shafts (with the Suwa District STX-21
Joint Research Group) (Fig. 3) and ultra-steel wire rods
(with Osaka Seiko Co., Ltd.). We refer to this type of
R&D platform as a “manufacturing link” and through
these links we are promoting technology transfers and
new seed discovery.20)

4. Future Research Trends
Basic research is being expected to deliver deeper
understanding of the processes by which ultrafine struc327

Fig. 3 Results of technology transfers based on ultra steel
research.

tures are formed through large strain defornmation
processes. At the same time, simply refining the grain
structures of steel and increasing its strength are not sufficient to add value to industry. The pursuit of mechanical properties inherent to ultrafine grains and the development of associated manufacturing processes are
believed to be the key themes of future research.

5. Conclusion
The completion of the second term of the Ultra-Steel
Project in fiscal year 2005 and the nearing closure of the
Super-Metal Project II in fiscal year 2006 will mark a
critical juncture in grain refinement research. These
large-scale projects, lasting some 10 years and including
research at universities, have undoubtedly led to significant progress in metallurgy. Future work in this area is
likely to press for further advances in characteristic
mechanical properties and the development of associated manufacturing processes.
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7.5. Fabrication of High-Strength Steel with Superior
Hydrogen Embrittlement Resistance
— Application to Ultra-High-Strength Bolts and Other
Parts —
Toshihiko Takahashi, Eiji Akiyama, Yuuji Kimura and Kaneaki Tsuzaki
Structural Metals Center, NIMS
1. Introduction
Delayed fracture, one type of hydrogen embrittlement, typically refers to the phenomenon of bolts connecting bridge girders or bolts fastening automotive
parts suddenly fracturing due to brittleness days,
months, or even years after being put to use. These fractures are caused by the absorption of trace amounts of
hydrogen, to the order of 0.1 ppm by mass (we will use
ppm to mean ppm by mass hereafter), resulting from the
corrosion of structural materials placed in corrosive
environments. Delayed fracture is short for timedelayed fracture.
Hydrogen embrittlement research is once again in the
spotlight as the most pressing research and development
topic in steel materials because the development of
high-strength steel with superior resistance against
hydrogen embrittlement is key for (1) revolutionary
next-generation steel constructions and (2) lighter vehicles that contribute to the betterment of the earth’s environment.
The New Structure System Building Project1) illus-

trates this first application. Launched through cooperation between government ministries and agencies in
2004, this project is developing new steel buildings that
are assembled by the all-mechanical joining, instead of
welding, of steel plates with strengths of 1,000 MPa,
which are more than twice the strength of conventional
steel plates. This concept arose from the ideas of conserving and recycling resources as well as from the facts
that the majority of steel building fractures in the Great
Hanshin Earthquake started at welded seams and that it
is increasingly difficult to guarantee the soundness of
structures welded in the field given the ongoing lack of
skilled welders. Additional goals for the project were
“improved safety using welding-free joining,” “halving
steel volumes,” and “simplified disassembly and parts
reuse.” The outcome of these concepts hinges on the
development of bolts with strengths of 2,000 MPa,
which are twice the strengths of the steel plates, in order
for all-mechanical joining to be feasible.
Reducing the weight of vehicles, either gasolinepowered or hybrid, is an effective way of improving
mileage, as the relationship2) between vehicle weight

Fig. 1 Relationship between fuel mileage and weight of gasoline-powered vehicles.
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fracture characteristics using analytic techniques to
determine such quantities as the existence states of
hydrogen, and using computational science and techniques to analyze the structural and mechanical characteristics of martensite — the key metallographic structure in high-strength steel.

2. Research Trends

Fig. 2 Relationship between strength and frequency of delayed
fracture.

and mileage in Figure 1 makes clear. Consequently,
automakers are now seeking stronger steels for engine
and drive-train components that have used steels with
strengths well over 1,000 MPa for some time. They are
also aiming for strengths of more than 1,000 MPa for
chassis and frame components that support vehicle bodies.
Yet, high-strength steels with strengths in excess of
1,000 MPa are known to be vulnerable to delayed fracturing, as seen in the relationship 3) between steel
strength and delayed-fracture frequency shown in
Figure 2. It has been confirmed recently that hydrogen
also reduces the fatigue life of automotive components
such as springs and bearings that are not used under tensile strength. Hence, the development of hydrogenembrittlement control technology has become the most
critical issue in reducing vehicle weight.
In this section, we will expand on current research
and development in this area as well as on future development trends. We will focus on high-strength bolts,
which are symbolic of the development of high-strength
parts with superior delayed-fracture resistant characteristics.
Research has increased bolt strengths from 1,100
MPa to 1,600 MPa, which is more than halfway to 2,000
MPa. As this progress brings applications into full view,
another essential topic has come to the fore: the development of evaluation methods that guarantee the safety of
high-strength parts. Such evaluation methods are still
only partially realized. In terms of basic/fundamental
research, two characteristics can be identified: (1)
increasing recognition that it is essential for understanding delayed fracture as a natural phenomenon — recognition that was gained from finally understanding
delayed-fracture phenomenon recreated in the laboratory, and (2) research is now about to enter a new stage
whereby it is possible to quantitatively examine delayed330

In the 1960s, high-strength bolts for the construction
industry as strong as 13 T (maximum strength of 1,500
MPa) were standardized as the Japanese Industrial
Standard (JIS) but after a series of delayed-fracture incidents, maximum bolt strengths were pulled back substantially to 10 T (1,200 MPa) in 1979.4) Automotive-use
bolts faced a similar trial. Delayed fracturing occurred in
1,200+ MPa bolts used to fasten chassis parts on GM
vehicles made in the U.S., which forced the recall of 6.4
million cars.5) The seriousness of this problem was compounded by the fact that although the delayed-fracture
characteristics of the bolts were evaluated, the evaluation methods at the time indicated delayed fracturing
was not a concern. This event coincided with a rising
demand for lighter parts to improve the mileage of automobiles. Together, these factors prompted the wholescale development of high-strength bolts as a symbolic
new part.
In the early 1990s, 1,300-MPa-class bolts were developed and put into commercial use. These were followed
by 1,500-MPa-class bolts in 2000 and, more recently by
1,600-MPa-class bolts. Nevertheless, the reality is that
these bolts are being used because there is still no clearcut method that can guarantee delayed fracturing will
not occur if bolts are evaluated following a certain
methodology and meet certain criteria. This is why
automakers have yet to take the plunge and employ
stronger bolts despite their ever-increasing requirement
for stronger and light parts.
Tensile tests are universally employed to evaluate the
strength of materials, and buildings are designed based
on strengths found from tensile tests. Unfortunately,
there is no equivalent evaluation method for delayed
fracture. Thus, at the present time, is must be factored
that development technology was developed based on
such evaluations.
2.1 Development of Evaluation Methods for Delayedfracture Characteristics
The first evaluation methods that appeared (acidimmersion tests) artificially recreated and accelerated the
occurrence of corrosion, hydrogen generation and
absorption, and delayed-fracture processes. A 1980 proposed JIS method4) was typical of these methods, which
determined the critical stress when delayed fracturing
occurs by immersing the specimen while under load in a
highly corrosive liquid, such as pH2 hydrochloric acid,
to force delayed fracturing to occur. This method, however, never became a JIS because several phenomena
became apparent in which delayed fracturing in actual
Materials Science Outlook 2006

Fig. 3 Relationship between delayed-fracture-characteristic assessment indices and fracture ratios in exposure tests.
(Vertical axis: delayed-fracture assessment index, higher values reflect better characteristics; Horizontal
axis: delayed-fracture ratios in exposure tests)

practice contradicted, in relative terms, the predictions of
the evaluation indices.
Research in the 1990s focused on evaluation methods
that relied on levels of hydrogen the cause of delayed
fracturing to make assessments. This research was
fueled by the significant progress in analytic techniques
that precisely measure trace amounts of hydrogen. In
the mid-1990s, evaluation methods (hydrogen-content
methods) were proposed that assessed delayed-fracture
characteristics from a material’s critical hydrogen content for delayed fracture, and content of hydrogen
absorbed from the usage environment.6, 7) The validity of
these evaluation methods has been demonstrated with
large-scale exposure tests, and good correspondence
was verified between the indices and the delayed-fracture tendencies in actual environments (Figure 3).6) With
this, delayed-fracture evaluations have arrived at a stage
where the relative superiority or inferiority of a given
steel can be determined correctly.
With the mainstream use of high-strength components since 2000, research is now looking for evaluation
methods that can determine not only the relative
delayed-fracture characteristics of steels but also the
advisability of using a certain steel. Research, based on
hydrogen-content methods, is working toward developing evaluation indices and methods of obtaining the
indices.
2.2 Development of High-strength Bolts
Even now there are no definitive guiding principles
on how to obtain better resistance to delayed-fracture in
steel. As a result, technical development in this area is
proceeding on the hypothesis that delayed fracture is
governed by a process in which (1) the part corrodes
generated hydrogen that is absorbed into the part, (2) the
hydrogen diffuses and accumulates at the grain boundary of the martensite, the base metallographic structure
of high-strength steels, and (3) cracks initiate at the
grain boundary once the amount of hydrogen surpasses
a threshold level.
Initial research developed bolts with improved fracMaterials Science Outlook 2006

ture resistance at the grain boundary by focusing on the
fact that lower bainite structures are highly resistant to
delayed fracture. This led to the realization of a material, formed with Mo and Cr additives and high-temperature tempering, featuring an impressive strength of
1,300 MPa and a low iron carbide space factor at the
grain boundary. Bolts for automotive use formed from
this material were made available around 1990. These
bolts were evaluated by comparing the delayed-fracture
ratios of tightened bolts immersed in acid with those of
conventional bolts (a type of acid-immersion test).8)
In the mid-1990s, it was discovered that vanadium
carbide (VC) reversibly traps large amounts of hydrogen
and that it limits the accumulation of absorbed hydrogen
at the grain boundary.9) VC can also strengthen steel
through precipitation hardening under high-temperature
tempering conditions. A 1,500 MPa material exploiting
both of these functions was developed and used in commercial construction bolts at the end of the 1990s.9) The
delayed-fracture characteristics of these bolts were evaluated by hydrogen-content methods. Although many
unknowns remain regarding how VC functions in bolts
under actual usage conditions, the use of hydrogen-trapping substances represents a major technical breakthrough in the search for enhanced delayed-fracture
resistance. We are now anticipating the clarification of
VC functions.
In 2003, a 1,600 MPa bolt was developed with a
piano-wire structure, which is completely different from
the martensite structures of conventional bolts, and was
10)
put into use in the automotive sector. It was well
known that piano wire has excellent resistance to
delayed-fracture, but there was no method to form bolts
from piano-wire material. Instead of producing the bolts
directly from piano wire, the new bolts were made after
developing a new manufacturing technique to produce
piano-wire structures using bolt-formation processes.
There is no known evaluation method, so although this
material and its development represent a substantial
breakthrough, it is felt that manufacturing limitations
will prevent the material from being made stronger or
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Table 1 Transitions in commercial high-strength bolts.
Percent Composition

Strength
(MPa)

C

Mn

Cr

1980

1100

0.2

0.9

0.15

–

–

Additive

400

Acid immersion

1990

1300

0.35

0.35

1.25

0.4

–

–

500

Acid immersion

1998

1500

0.4

0.5

1.2

0.6

0.35

–

600

Hydrogen content

2003

1600*

0.8

0.8

0.2

–

–

–

–

Mo

V

B

Tempering Temp.
(ºC)

Evaluation Method

Unknown

*Piano-wire based; all others are martensite types

being employed in parts other than bolts.
Table 1 summarizes the developments to date.
Although bolt strengths have finally reached 1,600
MPa, it is still a long journey to 2,000 MPa. Research
still needs a fresh perspective to complement reducing
grain-boundary carbides and using hydrogen-trapping
substances.
2.3 Basic Research Creating New Foundations with
Theoretical Implications for Development Technologies
Two developments have recently backed the remarkable progress in hydrogen-embrittlement research: technology analyzing the existence states of hydrogen, and
technology characterizing the structure and mechanical
properties of martensite, the key metallographic structure in high-strength steel.
In the 1990s, thermal desorption spectrometry for
hydrogen was developed using mass spectrometers and
other devices as a technology to measure by existence
states, the hydrogen amounts on the order of 0.01 ppm.
This measurement method has made it possible to analyze quantitatively the relationship between hydrogen
levels and delayed-fracture characteristics.11) It has also
led to the realization of the hydrogen-level-based evaluation methods mentioned earlier. Research into technologies that measure hydrogen started in the 1980s and
took off in the 1990s. Long-awaited experiments are
now attempting to view hydrogen, which previously
could not be seen independently as an element within
steel. SIMS usage methods, 12) the silver decoration
method,13) and others have been developed as a result.
Meanwhile, two analytic techniques for martensite
structures came into being around 2000: microstructure
analytic technology, 14) which uses an atomic force
microscope, and nano-hardness testing methods, 15)
which measure the hardness of single grains also using
an atomic force microscope. Analyses using these new
tools have established the foundations that enable the
quantitative examination of relationships between
delayed-fracture characteristics and metallographic
structures, which in turn have produced suggestions of
new strength-expression mechanisms in martensite
structures and have helped clarify the relationship
between grain boundary structures and grain boundary
strengths. Computational science analysis is being
applied to hydrogen-embrittlement mechanisms, and
new embrittlement models are being proposed.16) These
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findings are expected to be extended to the development
of actual materials.
2.4 Delayed-fracture Research Platforms
Of the various steel material research topics, delayedfracture research has been the most frequent theme of
joint research and projects between industry, academia,
and government. Joint research by the Iron and Steel
Institute of Japan and the Japan Society of Steel
Construction started in the 1970s. The last 10 years have
seen the Ultra-Steel Project, a joint research between
NIMS, the Building Research Institute, and the Japan
Iron and Steel Federation; government projects; Iron
and Steel Institute of Japan joint research; and Spring
Institute joint research, among others. Some of these
projects are still ongoing today. These all indicate the
importance of hydrogen-embrittlement research. One
recent characteristic of joint research is the arrangement
of themes with clear targets and exit points even in basic
research projects.
2.5 Research Trends Overseas
Japan leads research in this field by a good margin.
China is one nation, however, working toward the
development of ultra-high-strength bolts under a steel
material project that started at the same time as there
ultra-steel research.17) There is no movement in Europe
or the U.S. looking to develop high-strength steel with
superior delayed-fracture characteristics, but there are
projects in the base research realm investigating the
mechanisms that produce delayed fracture 18) and at
hydrogen-trapping mechanisms.19)

3. NIMS Research
NIMS got its start in delayed-fracture research for
high-strength steels by virtue of the Ultra-Steel Project,
which began in 1997. Today, NIMS research is progressing on three fronts: development of evaluation
methods, establishment of guiding principles and development of seeds for high-strength-steel production, and
development and application of new research techniques.
In the first area, the development of evaluation methods, NIMS is promoting the practice of developing evaluative methods that can determine the usability of a
given steel. It is proposing Weibull stresses and hydroMaterials Science Outlook 2006

gen levels as new indices for boundary hydrogen levels20) and new methodologies for quantitatively analyzing hydrogen levels absorbed from the usage environment. NIMS is a key driver of joint research in this area.
NIMS is also offering new ideas for research into understanding delayed fracture as a natural phenomenon, a
future focus point, and is taking the lead in relevant
joint research programs.
In the area of high-strength-steel development, NIMS
has derived an approach for 1,800 MPa steel by pursuing grain-boundary fracture resistance and hydrogentrapping substances.21) It is also promoting research to
find ways to implement these steels on an industrial
scale and to apply them to new bridge structures. NIMS
has also embarked on research aiming at 2,000 MPa
steel.
In the final area, development of new research techniques, NIMS has developed the technology to analyze
the structure and mechanical characteristics of martensite mentioned earlier. Now it is developing principles
to enhance delayed-fracture characteristics in highstrength steel, centering on these earlier technologies.
NIMS has also released new hydrogen-embrittlement
models attained with computational science. NIMS
hydrogen-embrittlement research is also involved in
several joint research schemes examining the reliability
of hydrogen-energy devices.

4. Future Trends
Three particularly important trends can be mentioned
in view of developing practical 2,000 MPa bolts and
parts as steps beyond the development of 2,000 MPa
steel with superior delayed-fracture characteristics.
Of first importance is the development of evaluation
methods capable of determining if a given steel is
usable. To achieve this, what is most desired is the clarification of the incident behavior of delayed fracturing in
actual usage environments and the collection of fundamental data, such as temporal changes in environmental
conditions and hydrogen levels linked with delayedfracture ratios. One characteristic of delayed fracturing
noted in recent exposure tests is that delayed fracturing
in some cases takes an extremely long time to occur —
with certain types of steel it occurs six years after the
steel is put into use. In addition, large differences in
incident behaviors have been found between exposure
sites. Thus, a need for statistical analysis has been indicated, owing to the variations in incident behaviors. It is
hoped a supervising national center will be established
to promote long-term, large-scale exposure tests, both
indoors and outdoors, and to analyze and distribute collected data.
The second point is that a breakthrough in forming
methods is the key to realizing 2,000 MPa bolts. No
excellent ideas are forecast to emerge in material seeds
development beyond continued research into the three
principles of suppressing delayed fracture. Research
into methods of suppressing hydrogen absorption is
Materials Science Outlook 2006

hoped for. When strengths of 2,000 MPa are reached,
the difficulty of giving certain properties to complexshaped parts and not simply-shaped raw materials will
inhibit the unearthing of seeds and practical implementations. Assuming current forming methods, there are
natural limits on the scope of seeds research. On the
other hand, a breakthrough in forming methods may
very well pave the way to novel seeds development and
practical implementations. Hydroforms and hot presses
have been developed to form the parts that use steel
plates, and the way to higher strength steel-plate-based
parts is opening up. We hope this realization will come
to the bolt field.
The third point is development of research techniques. The development of technologies that can visualize hydrogen is wanted in this area. The current spatial
resolutions and quantitative measurements of hydrogen
levels are insufficient. Research is expected to proceed
in this area because this technology is essential to spur
new progress in hydrogen-embrittlement studies.
There is one final item that is becoming increasingly
important to the future of materials development. This is
that solutions neglecting resource problems while
resolving environmental and safety concerns are not
likely to be long-lasting solutions. This means that
instead of developing technologies that rely on rare
resources such as Mo, Cr, and V, we have to develop
technologies in order to create parts with superb
delayed-fracture resistance in the realm of carbon steel.
We believe the development of new forming and compounding technologies, which are already being seen in
several cutting-edge efforts, holds the key to future
breakthroughs.22)
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7. Ferrous Structural Materials

7.6. Welding Technology to Ensure the Safety of Welded
Structures with High Strength Steel
— Development of Low Transformation-Temperature
Welding Wire to Control Residual Tensile Stress —
Kazuo Hiraoka and Terumi Nakamura
Structural Metals Center, NIMS
1. Introduction
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Conventional high
strength metal

Dilation

Fatigue strength is a crucial factor in ensuring the
safety of welded structures with high strength steels.
The fatigue strength of welded joint is noticeably lower
than that of the base metal and remains at a low value
that is almost constant regardless of the increasing
strength of the base metal. This low fatigue strength has
been the greatest obstacle in the application of highstrength steel to welded structures. Furthermore, the
fatigue strength decreases according to the degree of
stress concentrations at locations such as the weld toe in
the fillet and the box welded joints.
The essential cause of the lower fatigue strength is
the residual tensile stress near welds, which results from
the thermal expansion and shrinkage in the localized
heating and cooling during welding. Post-heating treatment (stress relief annealing, etc.) to reduce the residual
tensile stress or peening treatment (mechanical peening
or laser peening) to induce the compressive stress at the
surface near the welds is currently performed after
welding to improve the fatigue strength.
If the thermal shrinkage of the weld metal could be
suppressed during cooling, the residual tensile stress
could be reduced at the weld toe. Although ferrous
materials generally shrink during cooling, the expansion
of phase transformation from fcc to bcc occurs during
cooling (Fig. 1). This expansion behavior is applied to
suppress the shrinkage of the weld metal.
Sato et al.1) investigated the effect of the phase-transformation expansion on residual tensile stress and
showed that the residual tensile stress could be reduced
by a transformation expansion in steel bar model experiments by fully constraining both ends of the bar. They
emphasized the three necessary conditions for stress
reduction as follows;.
(1) the yield stress of austenite in the fcc phase is low,
(2) the expansion is large during phase transformation,
(3) the transformation temperature is low.
Tamura et al.2) was able to reduce the stress considerably in a cast iron with a low transformation-tempera-

Shrinkage

Cooling
Shrinkage

Expansion
(phase transition)

Temperature (ºC)
Fig. 1 Dilation behavior during cooling of conventional high
strength (HT780 class) weld metal.

ture, and suggested that the transformation superplasticity effect caused the stress reduction. They showed that
weld crackings2) and welding deformations3) could be
minimized from the viewpoint of the superplasticity.
However, the correlation between the superplasticity
4–7)
and transformation expansion phenomena on the
mechanism of stress reduction has not been clarified
yet.
Murata et al.8, 9) measured the deformation resistance
in materials by varying amounts of nickel (Ni) and
chromium (Cr) in torsion tests during cooling. They
found that the torsion stress is minimized at room temperature during cooling in the 10Cr-10Ni material.
A research committee was organized at the Iron and
Steel Institute of Japan research panel,10) to improve the
fatigue strength of welded joints with high-strength
steel. Based on the Murata’s results mentioned above,
this committee considered the introduction of welded
joints composed of low transformation-temperature
material as one of the methods for stress reduction. Ohta
et al. of the National Institute for Materials Science
(NIMS) were able to develop this type of solid welding
wire (10Cr-10Ni low transformation-temperature wire,
LTT wire). In LTT materials, the martensite transformation starts from a temperature (Ms point) of 200ºC, and
335

Box welded joint

Weld beads
Steel material
Welding wire
(base material) Developed wire
(LTT wire)

Developed wire
(LTT I wire)

Conventional
welding wire

Fig. 2 Increase in fatigue strength at angular joints due to LTTW
I wire.

transformation expansion is maintained down to room
temperature. Ohta et al. used this LTT material and
found that the residual compressive stress could be
induced in the both sides-fixed model experiment.
Furthermore, the fatigue strength in a box welded joint
with the developed wire was shown to have an improvement of twice that of the conventional welding wire, as
shown in Fig. 2.11–14)
Many other researchers have also verified that the
fatigue strength at various weld joints can be improved
significantly with the wire, and the reduction of residual
tensile stress in welds using the LTT wire is gradually
gaining recognition.

2. Global Trends
Very few examples of applications with LTT wires
have been reported in countries other than Japan. At the
Research Institute of Welding (VUZ) in Slovakia, which
signed a memorandum of understanding with NIMS,
welded joint performance with LTT wire have been
evaluated from analyses of thermal stress during welding and residual stress, which was carried out during a
collaboration research between VUZ and NIMS.15) At
the Czech Nuclear Physics Institute and Research
Center (NPIRC), residual stress distributions in box
welded joints were measured with neutron diffraction
analysis as a collaboration work among VUZ,NPIRC
and NIMS.16) These measured results demonstrated the
effect of the LTT weld metal on lowering residual stress.
At the same time, fatigue tests with the same box welded joint specimens were conducted using NIMS’s
fatigue-testing machine, and fatigue strengths were
shown to be twice as strong.17) With this confirmation of
residual stress reductions, we anticipate many more
applications of LTT wire in high strength steel welding.
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Welding wires have been characterized with chemical
compositions that are designed to produce martensite
transformation expansion at low temperature, such as
high Cr-high Ni basic material. The welding wire is usually used for welding of stainless steel and overlay
welding to ensure high strength and toughness and to
prevent cold cracking and blowholes.18-22) However, we
have not found any research from the viewpoint of the
production of lower residual tensile stress with martensite transformation expansion in welded joints of high
strength steel.

3. Domestic Trends
3.1 Examples of Domestic Initiatives
Many researches on the application of the LTT wire
23)
have been conducted since Ohta’s report in 1999, as
part of the Ultra-Steel Project of NIMS. A welding
forum on applications with LTT wire was held under the
title “Benefits and Applicability of Fatigue-StrengthEnhancing Smart Materials” at the 2003 national meeting of the Japan Welding Society.24) The mechanical
properties of welded joints, residual stress reduction
mechanisms, and the benefits and applicability with
LTT wire were discussed.
At the New Energy and Industrial Technology
Development Organization (NEDO), a national project
was promoted on welding distortion control with LTT
wire in the research theme “an energy-saving steelstructure joining technology (2003–2005)”. Results of
this research project were summarized at a session on
LTT wire at the 2006 Symposium for Welded Structures
of the Japan Welding Society.25)
Now, steelmakers and welding-material manufacturers are conducting research on LTT wires with high Cr
and high Ni base compositions. Many domestic patent
applications26–28) on the chemical composition of welding
wire with transformation-temperatures of less than
400ºC have been proposed to improve the fatigue
strength or to minimize the welding distortion.
3.2 NIMS Research
The improvement of not only fatigue strength, but
suitable weldability and mechanical properties of LTT
weld metal are required to apply the LTT wire to welded
structures. However, there are some problems in a weld
metal with the 10%Cr-10%Ni LTT wire (so-called firstgeneration LTT wire: LTT I wire).
NIMS conducted a “Transfer Project (from 2002 to
2004)” to develop technical processes toward the practical use of high-safe steel structures.
The application of LTT wires to welded joints of 800
MPa high strength steel can be expected, because LTT
weld metal with a 10Cr-10Ni high-alloy base composition has a strength of around 1,000 MPa. The important
problem is the cold cracking due to the diffusible hydrogen in high-alloy high-strength weld metals. A pre-heating treatment before welding is necessary to prevent the
cold cracking. However, the pre-heating treatment comMaterials Science Outlook 2006

plicates the welding process management and raises the
cost.
The criterion for cold cracking was proposed as a
function of the carbon equivalent (Ceq), the amount of
diffusible hydrogen and the intensity of the restraint of
the welded joint. A microstructure with higher hardness
is generally more susceptible to cold cracking, and the
C eq value correlates closely with the hardness. The
restrained condition of the welded joint affects the residual tensile stress in welds. Many studies have been done
on the effects of chemical compositions of high strength
steel, the amount of diffusible hydrogen and the degree
of restraint of the welded joint, on the cold cracking.
Since the residual tensile stress can be reduced in
LTT weld metal, the suppression of cold cracking is
effective. Furthermore, designing the chemical compositions of LTT weld metal to retain a part of austenite in
weld metal with martensite microstructures has been
proposed29–31) to suppress the amount of diffusible hydrogen in weld metal, because the austenite has a higher
hydrogen solid solubility and a smaller hydrogen diffusion coefficient. At this time, the hydrogen cold cracking sensitivity is low due to the effective suppression of
diffusible hydrogen. The second-generation LTT wire
(LTT II wire) was developed based on this concept.
Figure 3 shows that the cold cracking can be prevented
completely without any pre-heating treatment in LTT
weld metal when the Ms point is below 150ºC, where
the austenite above 5 mass% was involved.
The flux-cored welding wire and the covered welding
electrode were developed based on the LTT II wire concept to improve the shape of weld toes for higher fatigue
strength32) and to apply them to repair welding.

Conventional
welding wire

4. Future Trends
4.1 Improving the Performance of High-strength,
Martensite Weld Metal
The LTT weld metal has a martensitic microstructure
with a strength of more than 1,000MPa. However the
value of the notch toughness in the Charpy impact test
and the value of elongation in the tensile test are noticeably inferior to that of the standard conventional welding wire. The performance must be improved by a new
welding concept.
In general, metal active gas (MAG) arc welding,
using shielding gas from 80% Ar-20% CO2 to 100%CO2
has been used. The LTT weld metals are formed with
oxygen levels of 300 to 600 ppm in MAG arc welding,
and the Charpy notch toughness of the weld metals is
below 40 J at the test temperature of 0ºC. On the other
hand, tungsten inert gas (TIG) arc welding, which is
performed in a pure argon shielding gas, results in a
weld metal with oxygen levels of 30 ppm, equal to that
of base metals, and a 0ºC notch toughness of the weld
metal shows 120 J.33, 34) Thus, sufficient notch toughness
can be obtained even in martensitic microstructures
(Fig. 4). The reduction of the oxygen content in the
weld metal has also been confirmed to be effective for
improving the elongation performance while maintaining high strength.
4.2 Joint Performance and Weld Stability
Reduction of the oxygen content in the weld metal is
necessary to ensure the high performance of welded
joints. TIG arc welding with pure argon gas shielding is
effective for the reduction of oxygen content, but the
productivity in TIG arc welding with non-consumable
tungsten electrode is low. Thus, metal inert gas (MIG)
arc welding with pure argon gas shielding, which leads
to high productivity by using consumable electrode
wire, has been demanded
However, MIG arc welding with pure argon gas
shielding (pure argon MIG) cannot be used practically

200

(30kJ/cm)

100

0
0

LTT II wire
Fig. 3 Enhanced fracture resistance due to LTTW II wire.
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New pure Ar MIG Normal MIG
or TIG arc welding welding MAG arc welding CO2 arc welding

Fig. 4 Notch toughness of high-strength LTTW metal.
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Fig. 5 Active gas mixtures, droplet transfer behavior, and weld stability.

because of arc instability where the apparent arc length
changes irregularly and cathode spots on the base metal
moves violently and irregularly. The MIG arc instability
results in unstable welds, and the meandering welding
bead is often formed as shown in Fig. 5. Therefore, in
usual MIG arc welding, 2 mass% to 5 mass% of an
active gas (oxygen or carbon-dioxide gas) is mixed into
the argon shielding gas to control the cathode spots
behavior and to form stable beads (Fig. 5). However,
MIG arc welding with 95%Ar-5%O mixed shielding gas
results in oxygen content of about 200 ppm in the weld
metal (Fig. 4), which makes it difficult to obtain sufficient notch toughness. Thus, the amount of active gas
represents a tradeoff between toughness and welding
stability.
4.3 Coaxial-multilayer Hybrid Solid Wire
Arc instability was recently shown to be caused by a
remarkably elongated liquid column of molten metal at
the melting wire tip (Fig. 5) from high-speed video
observations35) of wire metal transfer phenomena in pure
argon MIG arc welding.
To shorten the liquid column of molten metal, and
thereby to stabilize the arc, we developed a coaxial multilayer hybrid solid wire, which has a different structure
from that of the conventional wire. While the average
composition of this wire is the same as that of the
LTTW II wire, the wire is designed so that the central
part (core material) melts more easily by adopting a different composition in the core and the surrounding part
(hoop material) (Fig. 6). Since the components are
stirred and alloying occurs as the wire melts in the arc,
the welding arc can be thought of as an “all-purpose
melting furnace.” When the welding process is considered in this manner, it is possible to control the melting
behavior of the wire by dividing the wire into multiple
sections with different compositions. Thus, when the
composition of the core melts more easily than the surrounding part, as described above, the elongated liquid
column becomes a spherical droplet and achieves a stable droplet transfer almost like the MAG arc welding in
Fig. 5.36, 37)
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Core material

Hoop material

Fig. 6 Structure of a coaxial, multilayer hybrid solid wire.

This enables stable welding under pure Ar gas and
makes it possible to obtain a performance equal to that
of TIG welding. The LTT metal formed in pure argon
MIG arc welding has an oxygen content of about 50
ppm, where 1,000MPa strength, 0ºC notch toughness of
about 100 J and elongation of 15% can be obtained.38)

5. Conclusion
The development of LTT wire provides new solutions
to many problems in the welded joints of high strength
steels, that is, fatigue strength can be improved and cold
cracking can be prevented without pre-heating and post
heating treatments. Furthermore, the practical implementation of both the coaxial-multilayer hybrid solid
wire and new MIG arc-welding processes to enhance
mechanical properties of high-strength welded joints
will lead to an innovation in high-strength-steel welding
technology.
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Section 8. Nonferrous Structural Materials
8.1. Magnesium Alloys
Toshiji Mukai
Structural Metals Center, NIMS
1. Introduction
Magnesium has become one of the major structural
materials used in portable electronic devices, where
lightweight is demanded, because magnesium is the
lightest structural metal available. On the environmental
conservation front, the enforcement of the Kyoto
Protocol in February last year has lent urgency to the
reduction of CO2 gas emissions. As part of this, public
demands for fewer gas emissions and conservation of
energy and resources have intensified the study of magnesium use in automobiles and other vehicles. All of this
spells growing opportunities for structural magnesium
materials.
Since the density of magnesium, 1.74 × 103 kg/m3, is
about one-fourth of iron, considerable benefits are
expected as a result of substituting magnesium for iron
to reduce weight. For example, each 100 kg reduction in
a vehicle’s weight improves fuel mileage by about 0.88
km/L. 1) High-tensile steel plate, known through the
ultralight steel auto body (ULSAB) project, can reduce
the weight of the body-in-white (the frame) of an automobile by about 25%, while an aluminum space frame
can lighten the body by about 35%. Yet, if magnesium
were used instead, the weight could be cut by about
50%. In 2002, Volkswagen demonstrated the weightreducing benefits of magnesium with a prototype car
that featured a magnesium alloy frame it had developed.
This prototype car gave exception fuel mileage, running
about 100 km on 1 L of gasoline.2)
In this section, I will introduce recent trends and
issues for research and development that is attempting
to broaden the scope of magnesium applications.

2. Magnesium Issues
The main issues with magnesium, that is to say the
factors inhibiting its widespread use, include its high
material cost as well as its low corrosion resistance, low
heat resistance, low creep resistance, poor strength-toductility balance, and poor toughness, among others. As
a result, future magnesium alloy R&D will undoubtedly
seek to enhance the various properties shown in Fig. 1.
Magnesium ore costs are now reaching parity with aluminum in conjunction with recent market expansion.
This means applications for magnesium are anticipated
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Fig. 1 Directions for magnesium R&D.

to expand dramatically, presuming its limiting properties can be improved upon.
Recent advances in purification technology have
improved the corrosion resistance of magnesium,
because it is now possible to develop alloys with far
lower impurity concentrations. For example, alloys like
AZ91D are being developed with excellent corrosion
resistance that outperforms ADC12 alloys.3) Despite
these successes, a big problem facing magnesium is
contact corrosion with dissimilar metals because magnesium is the worst metal, electrochemically, of all commercial alloys. Innovative solutions are required to minimize direct contact between magnesium and other metals.3)
Compared with aluminum alloys or mild steels, the
ductility of magnesium alloys at room temperatures is
poor and its formability by pressing is exceptionally
bad; magnesium alloys soon facture at the shoulders of
dies during production. This poor workability is caused
by the hexagonal close-packed structure, which limits
the number of crystallographic slip systems that are
active near room temperature.4) Consequently, one possible approach to improving the formability of magnesium is to increase the number of slip systems during
forming.

3. Research Trends
3.1 Global Trends
Europe and the United States are heavily involved in
magnesium research and development. Germany, in particular, is promoting the large-scale project, SFB390,
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from the perspective of environmental protection. Under
this project, the country is encouraging the development
of magnesium alloys with excellent specific strength,
heat resistance, creep resistance, and formability. In
North America, research and development into cast
magnesium alloys for automotive structural use is being
pursued as part of a five-year large-scale project by the
USCAR consortium, led by the big-three automakers.
The world’s magnesium producers — Australia,
Canada, and China — are also actively researching and
developing magnesium alloys. Finally, even South
Korea is pushing ahead with a magnesium research
project at the national level. The number of research
papers on magnesium is soaring because of all this
research. Research papers from China, in particular,
have skyrocketed in number, resulting in China holding
the top spot since 2004. One can surmise that this stems
from Chinese leadership placing priority not only on
magnesium ore production but also on research and
development.
Much of this research has targeted so-called cast
alloys, which include die casts as well. Since 2002,
however, the share of research into so-called wrought
alloys, those formed by rolling, extrusion, and severe
plastic deformation,5) has risen suddenly. Because of this
trend, attention in materials R&D is starting to turn
toward future large-scale structural materials in addition
to cast materials research. And with the increased
research interest in wrought materials, grain refinement
is becoming a prominent research topic. There has also
been a sharp rise in alloy designs6) dealing with the addition of rare earth elements to give heat resistance and
strength to magnesium alloys. Additional research7) is
examining the effects of adding rare earth elements on
nanostructuring and mechanical properties. The material
properties that research is most interested in concerns
corrosion and corrosion prevention as well as high-temperature creep resistance. More research papers are
appearing related to fractures, joining, and fatigue, as
well as formability and ductility, and in connection with
the popularity of research into wrought materials, the
research field investigating larger structures and safety
improvements is growing.
At the same time, it is now possible to produce
wrought materials from magnesium alloys through
extrusion and rolling and to refine their crystal structures. Reports suggest it is highly possible to attain both
high strength and high ductility in such wrought magnesium alloys. 8) Some important issues to meet future
expectations of the public and to drive demand are optimizing and lowering the costs of primary forming
processes such as rolling and extrusion as well as
advancing secondary forming processes such as press
working. For example, researchers are examining the
production of sheet materials directly from molten metal
with twin roll casting to reduce the cost of sheet material.9)
3.2 Domestic Trends
Magnesium research is active in Japan as well. The
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direction of research here is similar to the research mentioned above being advanced in other countries. Around
20 different projects are underway in different locations
both as national projects and as local consortiums. One
of the largest of these is the Development of
Manufacturing and Fabrication Technologies for NextGeneration Aviation Structural Materials, an industrial
technology R&D project started by the New Energy and
Industrial Technology Development Organization
(NEDO) in 2003. Under this program, R&D is being
promoted with the objective of developing magnesium
alloys that satisfy the corrosion resistance and strength
requirements of aviation structural materials. The program also aims to develop safe production processes can
deliver these properties. Another project, started in
2004, is the Development of Non-SF6 Melting Process
and Micro Structural Control for High Performance
Magnesium Alloy Project, under NEDO’s program for
new technologies that prevent global warming.
Researchers in this project are developing melting,
refining, and solidifying processes that do not use ignition-free cover gases (SF6), which have high globalwarming coefficients, by adding Ca to commercial
alloys (AZ and AM types). They are also working on
optimal fabrication processes that will raise the mechanical characteristics of fabricated magnesium products to
a level equivalent to those of aluminum alloys. A third
project started in 2006 is the Forged Magnesium Parts
Technology Development Project, part of
Nanotechnology and material Technology Development
Projects at NEDO. This project is promoting R&D into
forged alloys that dramatically increase the fatigue
strength and other mechanical properties of magnesium
alloys.
3.3 Future Outlook
Because BMW announced in the summer of 2004 a
six-cylinder engine block with a magnesium alloy external structure, additional R&D is expected to focus on
new alloys with excellent high-temperature strength and
creep resistance. Further materials development is anticipated that will bring lower priced wrought materials
through mass production innovations, such as twin roll
casting, which has been actively researched since 2002.
In the area of alloy design, developments of new alloys
using rare earth elements will likely prompt an increase
in research attempting to control and analyze nanostructures to optimize the dispersion states within these
alloys. Globally, more development will likely be seen
of alloys that balance performance and cost demands as
well as high-performance alloys10) without bearing any
rare earth metals. From another perspective, die-casting,
where molten magnesium alloy is cast in a mold, and
thixomolding, where the alloy is cast using the liquidity
of the liquid phase of the semi-solid material, often use
SF6 as an ignition-free cover gas. Because SF6 has a
huge impact on global warming, however, research is
urgently seeking to develop alternative gases and
approaches.
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3.4 NIMS Research
Based on the research trends and future perspectives
given above, NIMS is studying magnesium alloys from
the atomic level and nano-meter scale and is involved in
developing alloys where the nanostructure is controlled
in ways that were not examined before. To assist the
expansion of magnesium applications, NIMS is now
working on the creation of a material model that will
lead to the enhancement of (1) the mechanical strength,
ductility and impact-resistance properties, (2) formability, which allows the material to take a shape easily, and
(3) creep strength and fatigue strength, which are needed for ductility. As part of this, NIMS researchers are
studying statistically the material factors that bring the
transformation anisotropy closer to isotropy at room
temperature. In order to increase the number of slip systems and the contribution ratio of plasticity near grainboundary region as the means of reducing anisotropy,
NIMS is developing a fabrication process of nanostructured magnesium alloys, which controls multi-scale
structures from a nano- to macro-scale. In other words,
NIMS is examining the following structure controls
through material fabrication processes: (i) macro level
control of crystal-orientation distributions, (ii) grain size
control down to the submicron level, (iii) control of the
formation and distribution of dispersoids at the nanometer level (Fig. 2), and (iv) arrangement of other elements
near the grain boundary and arrangement of atoms in
cluster structures (Fig. 3).11) Particularly in area iv, joint
research with the Nanostructure Analysis Group of the
Magnetic Materials Center is proceeding with an atommapping analysis using a three-dimensional atom probe.
One outcome of structure control is that the strengthtoughness balance can be enhanced, as shown in Fig. 4,
by grain refinement and the even distribution of spheroid nanoparticles.12–15) Another spin-off resulting from
this research is the development, in partnership with the
Clinical Technology Group of the Biomaterials Center,
of bioabsorbable alloys through the fabrication process
of nanostructured magnesium alloys. (See the Metallic
Biomaterials section in this book p. 236-238.)

Fig. 3 Atom mapping of a nanocluster structure in a high-strength
Mg-Zn-Ca alloy.

Fig. 4 Improvements to the specific strength (yield stress/density)-fracture toughness balance in magnesium alloys
TARGET indicates the region that compares with high-strength
aluminum alloys, magnesium’s competitive material.

4. Conclusion

Fig. 2 Structure of a magnesium alloy with distributed spherical
nanoparticles (Mg-Ca-Zn alloy).
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Although magnesium development started in the
middle of 19th century, the same time as aluminum
development, research and development has been
stymied by magnesium’s low fatigue strength and corrosion resistance. Despite this, R&D attempting to use
magnesium as an automotive material has picked up significantly since 2000 due to social demand for more
environmentally conscious automobiles. Purified magnesium is well suited as a recyclable material because is
requires less energy to be melted and reduced than iron
or aluminum. Consequently, magnesium will very likely
become an environmentally friendly material through
the future synergy between lower gas emissions and a
virtuous cycle of increased demand and recycling that
will effectively reduce the total life cost of magnesium.
More applications for magnesium are expected to be
Materials Science Outlook 2006

found once improvements deliver materials with higher
value properties, such as high strength, easy formability,
and vibration absorption.
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8. Nonferrous Structural Materials

8.2. Directions in Titanium Research and Development
Masuo Hagiwara
Structural Metals Center, NIMS
1. Introduction
The major players in titanium research and technology
development and in titanium production are the Unites
States (U.S.), Japan, United Kingdom (U.K.), France,
Germany, Commonwealth of Independent States (CIS;
an entity consisting of 11 former Soviet Union republics
including Russia and Ukraine), and China. Some general trends can be identified in titanium research over the
past 10 years. The U.S. has primarily emphasized developing new production and fabrication technologies out
of a consciousness of reducing titanium costs. In Japan,
research is actively looking for alloys with different
structural applications and mechanical applications from
conventional titanium alloys. The titanium market in the
CIS remains untapped; yearly production is sluggish at
around 4,000 to 5,000 tons. VSMPO and other large
enterprises are firmly export-oriented — pitching titanium products to the Airbus consortium — but show little
enthusiasm for the home market. Research is active,
however, in the area of high-strength titanium alloys.
Titanium demand in China has soared in the last few
years. China produced 9,242 tons of expanded material
in 2004. In terms of domestic demand alone, China’s
demand is forecast to outstrip that of Japan shortly.
While, to be blunt, I sense the current state of China’s
titanium research and development trails that of the U.S.
and Japan, Chinese researchers and engineers specializing in titanium vastly outnumber their counterparts in
Japan. Once this quantity of research and development
is transformed into quality, high-quality, low-priced tita-

nium products are expected to be rolled out worldwide.
Research in the U.K., France, and Germany, while far
from dormant, simply lacks the numbers to keep up with
the U.S. and Japan.
In this section, I will focus on research and development trends in the U.S. and Japan, the two leading countries in the titanium field. I will also touch on the current
state of worldwide research that is eying new refining
processes as replacements to the current Kroll process.
This is one of the hottest research topics at the moment
and is being tackled enthusiastically on a global scale.

2. Titanium Research and Development in the U.S.
Shipments of titanium materials in the U.S. have
been falling in tandem with the downturn in aircraft
demand caused by the September 11 terrorist attacks in
2001 and the Iraq war, as Figure 1 indicates. Since
2004, however, there has been a massive jump in shipments tied to the recovery in commercial and military
aircraft production.1) After a low of 600 aircraft built in
2005, yearly aircraft production is predicted to climb to
900 planes in 2010. In addition, the B787 and B777
make extensive use of titanium materials (B787: 19%,
B777: 11%). Increased production of these new aircraft
models will be a large driver behind rising titanium
demand.
The U.S. is more active in developing manufacturing
processes that will reduce titanium costs than in developing titanium alloys. Some of the reasons for this

Fig. 1 Transitions in shipments of expanded titanium materials in Japan and the U.S.1)
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approach are the military’s aggressive use of titanium
with the intention of improving the performance and
reducing the weight of weapons and land-based assault
vehicles as well as the increasing opportunities to utilize
titanium in automobiles. Assuming such extensive use,
there is naturally a pressing need to somehow drive
down the price of titanium. As far as I know, there are
three large-scale government-sponsored technology
development projects aiming to cut titanium prices in
the U.S.: (1) single-melt processes, (2) boron additives
for improved formability and properties, and (3) new
sponge/powder manufacturing processes.
2.1 Single-melt Processes2–4)
Vacuum arc remelting (VAR) is the most common
method of melting titanium, but plasma arc melting
(PAM), in which water-cooled copper mould is used
with a plasma heat source, and electron beam melting
(EBM), in which water-cooled copper mould is used
with an electron-beam heat source, are also known. The
advantage to these last two methods is the avoidance of
contaminating the cast ingot with high-density inclusions (HDIs) or hard alpha particles. In applications,
such as aircraft-engine rotors, where fatigue is a critical
problem, contamination by these inclusions must be
avoided at all costs. For this reason, GE Aviation, a
maker of aircraft engines, requires its suppliers to use
PAM or EBM to melt titanium. For further safety, titanium alloy ingots are obtained through a VAR melt using
PAM ingots or EBM ingots as the electrodes. These
melting processes are labeled PAM + VAR and EBM +
VAR.
Recently, however, there have been experiments in
which mill products are produced with only one PAM
melt or EBM melt (single-melt processes). PAM and
EBM are more flexible than VAR because inexpensive
raw materials like scrap materials and turnings can be
employed. Furthermore PAM and EBM substantially
shorten the overall production process chain.
Conventional VAR production passes through the following steps: (sponge titanium + scrap) → electrode
production → first VAR melt → second VAR melt →
die forging → GFM forging → rolling → finished bar;
whereas the single-melt processes steps are: (sponge
titanium + scrap + turnings) → PAM or EBM melt →
direct production of the slab by pouring the molten
metal into rectangular or cylindrical molds → rolling →
finished bar. Cutting out production steps and boosting
the yield is hoped to dramatically lower costs. PAM and
EBM offer more output options as well. The diameter of
VAR ingots normally ranges between 762 mm and 916
mm; whereas single-melt processes today can produce
either rectangular slabs 860 mm wide and 1,420 mm
long or cylindrical ingots with diameters between 13
mm and 762 mm.
Problems do lie in the quality of single-melt-produced products, but both the physical metallurgy and the
quality meet standards such as AMS 4911 (a chemical
composition standard) and AMS 4928 (a tensile characteristics standard) and are equivalent to those of strucMaterials Science Outlook 2006

tural materials produced from VAR ingots. In addition,
the AMS G7 committee established the AMS 6945 standard for plate materials produced from single-melt
ingots.
Current applications for single-melt materials are
weapons and commercial uses. Boeing and Airbus are
now evaluating whether single-melt materials should be
used in their aircraft. Therefore, we can perhaps expect
in few years time the use of these single-melt materials
in both military and commercial aircraft.
2.2 Boron Additives for Improved Formability and Properties5)
Previously, Japan played a central role in researching
the influence boron additives have on titanium. A
Toyota Central R&D Labs group led by Takashi Saito
developed a titanium boride (TiB) reinforced titanium
alloy for automotive exhaust values and a NIMS group
that I was involved in developed a high-temperature
TiB-reinforced titanium alloy. These alloys are produced with an elemental-powder blending method. The
objective of producing structural materials with this
method placed more weight on improving the alloys’
properties and less on lowering production costs. TiB
dispersion has been demonstrated to actually improve
many alloy properties, including rigidity, tensile
strength, fatigue strength, and creep strength.
The U.S. Air Force Material Laboratory started a
four-year mega-project in 2003 to produce low-cost
structural materials with boron additives from the perspective that boron additives are best employed to simplify forging processes through refinement of metallographic structures. The project includes the participation
of Ohio University, GE Global Research Center, the
University of Dayton, Crucible Research, RMI, and others.
The metallographic structure of VAR ingots exhibits
a columnar solidification structure (in some cases the
crystal grains are coarse, with diameters of 10 mm or
more) and the alloy elements segregate as well. Thus,
both the metallographic structure and the alloy element
distribution in these ingots are very heterogeneous. For
this reason, a deformation is applied to VAR ingots at
the β-phase single phase region to destroy the solidification structure (a process called β-upset). The deformed
ingot is then finished at the β-phase single phase region
into the required block or round bar (a process called βworking). Finally, thermomechanical treatments and
other processes are applied in the α–β two-phase region
to produce the structural material with the desired
mechanical properties. The two processes — β-upset
and β-working, which together are referred to as ingot
breakdown — are major factors pushing up production
costs of titanium structural materials.
Conversely, homogeneous metallographic structures
with refined crystal grains can be obtained in alloy
ingots that contain a trace of boron because of the pinning action of TiB particles at the crystal grain boundary. The grain size is dependent on the boron amount;
for example, when 0.1 mass % boron is added to a Ti345

6Al-4V alloy, grains are refined to about 200 µm. The
grain size remains the same even if more boron is
added. Once the grains are refined to this size, the
effects of component-element segregation can be
ignored. This means production can proceed directly to
thermomechanical treatments and other processes in the
α–β two-phase region without applying ingot breakdown to the alloy ingot. Researchers are hoping that
omitting the ingot breakdown stage will eliminate 16
hours of production operation time and in turn cut 13
dollars/pound from the cost.
Researchers on this project have defined the amount
of boron additive that gives the minimum grain size the
“critical boron amount” and have labeled alloys with
less than this amount of boron additives “boron-modified alloys.” The critical amount, regardless of the alloy,
is about 0.1 mass %, but the extent of grain refinement
differs depending on the alloy. For example, the grain
size in Ti-6Al-2Sn-4Zr-2Mo-Si alloy and CP Ti is about
80 µm. Alloys with more than the critical amount of
boron additives are marked by the presence of numerous
TiB particles. Since this TiB presence enhances many
mechanical properties, these alloys are called TiB-particle-reinforced composite materials to differentiate them
from boron-modified alloys. This American project also
studied TiB-particle-reinforced composite materials, but
I will leave out the details of their research since
Japanese research, as I mentioned above, is much more
advanced in this area.
Under this project, researchers are applying finegrained titanium alloys to produce structural materials
using superplasticity, to produce structural materials
with rolling and forging, and to produce near-net-shape
structural materials with forging. Project members are
also involved in determining optimal processing parameters and evaluating mechanical properties of the produced parts.
A workshop titled “A Workshop on Titanium Alloy
Modified with Boron,” with implications on the project’s mid-term report, was run in Dayton, Ohio, in
October 2005. There were 63 participants and a total of
28 invited lectures were given. From Japan, Toyota
Central R&D Labs’ Saito as well as Satoshi Emura and I
from NIMS gave lectures.
2.3 Alloy Development6)
Affordability is a keyword even in alloy development. Timet has developed a Ti-Fe-Si alloy (called
TIMETAL XT) for use as automotive exhaust valves
and motorcycle mufflers. This alloy’s oxidation resistance and strength up to 600ºC is dramatically superior
to that of CP or Ti-3Al-2.5V. Timet has also developed a
TIMETAL 54M as an alloy with excellent cutting performance and abrasion resistance, but the details of its
composition and properties are not known.

3. Titanium Research and Development in Japan
Shipments of titanium in Japan have had their ups
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and downs during economic booms and busts, but on
the whole over the last 10 years shipments have grown
steadily (Figure 1). In 2005, shipments of expanded titanium materials suddenly climbed to 18,147 tons due to
the recent recovery in commercial aircraft demand, the
expansion of automotive sector applications, and a sharp
rise in exports to China.1) Shipments are predicted to
reach 30,000 tons in 2009.
To maintain and further expand Japan’s strong alloy
development and technology competencies, however,
the appearance of new-alloy demand is essential.
Indeed, in the last few years, new movements have
emerged that permit estimates of strong gains in titanium alloy demand in Japan. Three specific movements
can be identified. (1) There are several plans to develop
aircraft in Japan. The newer the aircraft model, the more
titanium alloy tends to be used; therefore, Japanesedeveloped aircraft are also likely to feature a large
amount of titanium. (2) Trials (by Toyota, VW, and others) are underway using titanium parts in normal passenger automobiles. VW in particular is experimenting
with using β-type titanium alloys in suspension coils.
(3) There is a movement in light of our aging society to
utilize titanium in assistive medical products and in
medical treatments as well as a replacement biomaterial
for artificial bones and other prostheses.
Seemingly as if to address these new movements,
development of new alloys in Japan has picked up considerably in recent years with distinctly different topics
from research in the pre-bubble days. In the following
subsections, some representative examples are presented, extracted from the research areas7, 8) where future
growth is expected.
3.1 High-strength, Super Elasto-plastic Alloys
Toyota Central R&D Labs’ Saito et al. have been central in the efforts to develop this alloy (dubbed gum
metal) and to explain the mechanisms causing its characteristics to appear. This alloy essentially has a bodycentered cubic structure expressed as Ti3(Nb, Ta, V) +
(Zf + Hf) + O. Its low Young’s modulus (40 GPa)
occurs when its composition is such that the averaged
electron/atom ratio (e/a) is about 4.24, the bond order
(Bo), based on the DV-Xa method, is about 2.87, and
the Md value is about 2.45 eV. Simply stipulating this
composition, however, is not sufficient to achieve the
gum-metal properties; its novel properties come to the
fore by cold working an alloy with this composition.
Some other gum-metal characteristics are: (1) it has
super-elastic properties with an elastic deformation of
2.5%, (2) it exhibits nonlinear elastic deformation
behavior without hysteresis, in contradiction to Hooke’s
Law, (3) its strength increases substantially with an
increase in oxygen content, but it does not become brittle like conventional titanium alloys, (4) its strength can
be readily enhanced by low-temperature aging and, in
high-oxygen materials, the highest tensile strengths
(2,000 MPa or more) of all titanium alloys can be
reached while retaining its malleability, and (5) its
superplasticity characteristics permit cold working to
Materials Science Outlook 2006

99.9% or more; absolutely no work hardening is seen
when worked at temperatures at or below room temperature.
3.2 High-strength, Low Elasticity Modulus Alloys for
Bio-applications
Titanium alloys used for biomedical applications
must not contain elements (such as alminum (Al), nickel
(Ni) or vanadium (V)) that exert a bad influence on the
human body. Furthermore, to maintain the load-transmission equivalence of bone, the Young’s modulus of
titanium alloys for artificial bones must be virtually the
same as that of bone (about 40 GPa).
Beta-type titanium alloys, which consist primary of
body-centered cubic (bcc) phases, are suited to bioapplications because their Young’s moduli are lower
than those of α-type or α + β-type alloys. Since high
amount of cold-working can be applied to β-type titanium alloys, simply cold working the alloy after homogenization is sufficient to increase its strength while keeping its elasticity modulus low. Niinomi et al. at Tohoku
University have proposed an alloy with a Ti-29Nb13Ta-4.4Zr composition. This alloy is cold worked by
swaging, which raises the 0.2% proof stress and the tensile strength. At a cold working amount of about 84%,
strengths equivalent to Ti-6Al-4V ELI were reached.
Even when the cold working amount was increased, a
nearly constant high ductility value was maintained.
This alloy has a number of favorable properties, including cytotoxicity, biocompatibility, bone resorption, and
bone adhesion, making it suitable for bio-applications.
3.3 Nickel-free Shape Memory Titanium Alloys for Bioapplications and Medical Equipment
The medical applications for shape memory alloys
are multiplying. Nickel-titanium alloys are typical shape
memory alloys, but their applications are limited to
wires for orthodontic braces because they contain nickel, which exerts a bad influence on the human body. For
this reason, there is a strong push for the development
of alloys that have shape memory characteristics and
super-elasticity comparable to Ni-Ti alloys but also feature a high degree of bio-safety.
Miyazaki et al. at Tsukuba University, Hosoda et al.
at the Tokyo Institute of Technology, and Nishida et al.
at Kumamoto University have developed alloys, such as
Ti-Nb alloys, Ti-Mo alloys, and Ti-Ta alloys, that exhibit shape memory effects. All of these alloys are b-type
titanium alloys and permit cold working amounts of
90% or more. This alloy group holds promise for future
development.
Research is becoming more interested in developing
shape memory alloys that can operate at high temperatures above 80ºC. Candidate alloys include TiPd and
TiNi-TiPd quasi binary alloys and alloys with zirconium
(Zr) or hafnium (Hf) added to TiNi.
3.4 Titanium Alloys Composed Solely of Inexpensive
Elements
As an experiment to lower the costs of titanium
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alloys, alloys have been developed employing only
inexpensive elements, such as Al, chromium (Cr), and
iron (Fe), and eschewing expensive elements like V.
Ikeda et al. at Kansai University are attempting to develop Ti-Fe-Cr(-Al) alloys as inexpensive titanium alloys
for applications in assistive medical products.
Inexpensive ferrochromium is used to add Fe and Cr to
these alloys. Even cheaper alloys can be achieved in
these cases because the inclusion of iron means inexpensive, low-grade sponge titanium can be used in production. A Ti-4.3Fe-7.1Cr(-Al) alloy has delivered
favorable results, 1,000 to 1,200 MPa of tensile strength
and 50% to 60% of deep drawing.
Additionally, Kobe Steel and Nippon Steel have
developed inexpensive Ti-Al and Ti-Cu alloys for use in
motorcycle mufflers.
3.5 NIMS Research
3.5.1 High-strength, High-toughness Titanium Alloys
Operating temperatures of present-day near-α-type,
heat-resistant titanium alloys have a ceiling of 600ºC.
And while γ-TiAl extends the upper operating temperature limit to about 850ºC, it suffers from a number of
drawbacks including very poor ductility and a low fracture-toughness value. As a result, there are no lightweight, heat-resistant materials at present that can be
used at temperatures in excess of 600ºC.
One candidate that is attracting attention as a new
type of high-strength, lightweight material with high
reliability is Ti2AlNb (called O phase because it has an
orthorhombic crystal structure). Ti2AlNb is a titanium
compound phase discovered some 15 years ago and features much better ductility and fracture toughness than
γ-TiAl. I and other NIMS researchers are systematically
working on composition control, metallographic structure control, and nanosize TiB particle strengthening
with the objective of developing an O phase base alloy
with superior high-temperature characteristics. Our
group has established that Ti-22Al-20Nb-2W, Ti-22Al12.5Nb-2Cr-2W, and Ti-22Al-11Nb-1Fe-2Mo have substantially better creep characteristics than existing O
phase base alloys.
3.5.2 High-strength, High-corrosion-resistance Titanium Alloys
Until recently, applications demanding corrosion
resistance have relied on α-type titanium alloys that
contain expensive precious metals, such as ruthenium
(Ru) or palladium (Pd), which, from an earth resource
perspective, are unlikely to be supplied stably in the
future. Thus, the development of high-strength titanium
alloys with high corrosion resistance is being called for
in order to address social demands for the conservation
and recycling of precious metal resources.
With β-type alloys, it is possible to achieve tensile
strengths of 1,000 to 1,500 MPa with aging treatments
after homogenization processing. Thus, research in this
area is developing a new category of structural titanium
alloys: that is to say, high-strength, high-corrosion-resistance β-type titanium alloys. To this end, researchers, tar347

geting Mo-bearing β-type titanium alloys, are achieving
higher strengths through composition control and precipitate shape control. They are also analyzing changes,
accompanying this strengthening, in the alloys’ crevice
corrosion resistance and surface-film impact
resistance/atomic hardening state.
4. New Sponge/Powder Manufacturing Processes9, 10)
There are several reasons for the high price of titanium, but one of these is the high cost of refining. The
Kroll process, the current refining process for titanium,
obtains pure titanium (called sponge for its shape) by
converting oxidized titanium (TiO2) to TiCl4 and then
reducing it with Mg. This method can produce exceptionally high-quality pure titanium, but the costs are
prohibitively expensive (~3,000 yen/kg) because several
production processes, such as TiCl 4 conversion, are
involved and production is done in batches rather than
continuously.
Because of the uneconomical nature of the Kroll
process, researchers have long been interested in new
refining processes that can produce inexpensive sponge
titanium or titanium powder. Up to now, 20 (some say
25) new refining processes have been suggested and
researched.
Recently, Fray et al. at the University of Cambridge
developed a direct reduction process (called the FFC
Cambridge process) that obtains powdered metallic titanium through disassociation by first sintering TiO2 and
forming an electrode and then immersing the electrode
in molten CaCl2. Observers predict the FFC Cambridge
process will cut costs by more than 50% from the Kroll
process. Taking their cue from the Cambridge results,
researchers in many countries are now examining the
FFC Cambridge process. In the U.S., a project, with
funding from DARPA, has been studying the commercialization of the FFC Cambridge process since 2003.
The project is led by Timet and includes the participation of GE Aviation, P&W, United Defense, the
University of Cambridge, and the University of
California, Berkeley. A company, British Titanium, was
set up in the U.K. to further FFC Cambridge process
implementation. QinetiQ (U.K.) and BHP Billiton
(Australia) are also eagerly pursuing FFC Cambridge
process development.
In addition to the FFC Cambridge process, another
five types of refining processes are undergoing R&D
with the assistance of DARPA and other U.S. government agencies. The five are: the MER composite anode
process (reduction of a TiO2 anode, MER Corporation),
the SRI process (TiCl4 fluidized-bed hydrogen reduction, SRI International), the Armstrong process (liquid
Na reduction of TiCl4 vapor), the plasmatic-etch process
(hydrogen reduction of TiCl4 plasma, Idaho Titanium
Technologies), and the mechanochemical process (Mg
or Ca reduction while ball milling liquefied TiCl4).
Japan is also actively researching new titanium refining methods. Led by the Japan Titanium Society, the
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Advanced Titanium Alloy Manufacturing Process
Development Project, a national four-year project started in 2005 with assistance from the Ministry of
Economy, Trade and Industry, aims to make the FFC
Cambridge process practical. Ono, Suzuki et al. at
Kyoto University are working on a process called the
OS method, and Okabe at the University of Tokyo is
developing a process using reactions via conductors.
And Takenaka et al. at the Toyohashi University of
Technology are examining a new refining process that
uses direct-current electroslag remelting to reduce oxidized titanium at temperatures above the melting point
of titanium.

5. Conclusion
Making titanium more economical has been an
assignment for researchers for many years. As this section has described, research into new processes — such
as the development of new refining process, discovery
of metallographic-structure control techniques to shorten forging operation, and the development of singlemelt process — that will result in drastically lower production costs are being pursued on a global scale.
Although new refining processes remain at an initial
development stage on a laboratory scale, metallographic-structure control techniques and single melt process
are already at the commercialization stage. As these
cost-cutting technologies reach perfection or at least a
further level of efficiency, they will be expected to bring
about significant cost reductions in titanium products.
In Japan, there have been many examples of R&D
achievements in high-value-added alloys, such as alloys
with remarkably enhanced mechanical properties, alloys
for biomedical and assistive medical products, and
alloys suited for aircraft and automobiles. Development
of inexpensive alloy compositions for general applications is just as active in Japan as it is in the U.S.
Further advances are being sought in both titanium
manufacturing processes and titanium alloy development in Japan and overseas. With continued research
endeavor, economical, high-performance titanium products are expected to grow in many fields on a global
scale.
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8. Nonferrous Structural Materials

8.3. Precise Analysis of Nanoscale Corrosion Behavior in
Nonferrous-Metals
Tadashi Shinohara
Materials Reliability Center, NIMS
1. Introduction
When nonferrous metal materials are used as structural materials to take advantage of their light weight,
heat conduction, and other properties, even a slight
amount of corrosion damage will negatively impact
these properties. These materials are often employed in
conditions in which they are exposed to the atmospheric
environments, where corrosion proceeds under thin
water films.
Normally, to evaluate the resistance of metal materials to such atmospheric corrosion, exposure tests are
conducted in actual usage conditions. The results of
these tests — the corrosion rate, the penetration rate,
and the maximum corrosion depth — are derived from
the accumulated corrosion over the total duration of the
exposure. In reality, however, corrosion progresses during wet periods — caused, for example, by condensation in high relative humidity — and stops during dry
periods. Because of this, actual corrosion behavior differs from that when a metal structure is submerged in
water and is always in contact with an aqueous solution.
This means corrosion behavior must be measured in real
time and ascertained in various weather conditions (at
different temperatures and humidities, with varying
types and amounts of deposits, in different concentrations of corrosive gases, etc.). Unfortunately, conventional electrochemical measurement methods have not
worked well in atmospheric environments because the
necessary electrical current paths are difficult to maintain. Many measurement methods have been proposed
in recent years to overcome this problem, and they are
now mature enough to be applied to the monitoring and
analysis of corrosion behavior.

Fig. 1 Simplified diagram of a potential difference sensor.2)

2.1 Averaging Evaluations of Corrosion Behavior
Atmospheric corrosion usually progresses almost uniformly over a surface. As a result, increasing the electrode area, as well as improving the measurement
devices, can lead to higher measurement sensitivities.

es as its cross-sectional area declines, because the electrical resistance of the corrosion product is much higher
than that of metal. The potential difference method1, 2)
passes a constant AC or DC current through the sample
and measures the changes in the potential difference
caused by the increased electrical resistance accompanying the corrosion (Figure 1). When the metal under
test corrodes uniformly, it is possible to measure realtime corrosion behavior by using a thin film of the metal
as the electrode.
In the past, extra fine wires of the metal have been
used for tests, but securing the wires has always been a
problem. One of the other complications this method
faces is the nonlinear relationship between the corrosion
loss and the change in resistance — at the onset of corrosion, the resistance barely changes but as the corrosion nears complete disconnection, the resistance
changes become huge. With advances in thin-film manufacturing in recent years, it is now possible to produce
sensors with precise, reproducible dimensions.
Furthermore, the thickness of the metal film can be used
to adjust the sensor’s measurement range and sensitivity: the thinner the film — which means a smaller crosssectional area — the higher the sensitivity. Corrosion
measurements have been reported1) having a sensitivity
on the order of one molecular layer at the onset of
atmospheric corrosion on iron and zinc under controlled
relative humidity, temperature, and gas-flow-speed conditions.

2.1.1 Potential Difference Method
When metal corrodes, its electrical resistance increas-

2.1.2 Impedance Method
In the impedance method,3–5) a tiny AC voltage is

2. Research Trends
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applied between two opposing electrodes made from the
same metal and the corrosion-related impedance is analyzed from the current response to find the polarization
resistance (which is inversely proportional to the corrosion rate). Although this method has long been used
with aqueous solutions, it is hard to apply in atmospheric conditions because of the difficulty of maintaining the
electrical current paths. It can be used, however, in
atmospheric conditions with the employment of a transmission-line circuit model. Some researchers have
attempted to create larger electrode areas by using a
comb electrode structure since the current concentrates
at the edge of electrode under thin water-film conditions.5) Sensors for impedance measurements are simply
constructed; all that is required are two opposing metal
layers. Thus, impedance measurements are easy to apply
to metals such as copper3) and zinc4) where corrosion
progresses uniformly.
2.1.3 Quartz Crystal Microbalance
Quartz crystal microbalance (QCM), which makes
use of changes in the resonance frequency of a quartz
crystal oscillator due to mass changes at the oscillator’s
surface, has detection sensitivities of 1 to 10 ng/cm2 and
can measure extremely tiny corrosion rates that cannot
be detected with exposure test specimens. An important
condition on the trace amounts of indoor corrosion that
QCM is applicable to is that the corrosion product stays
in place — that is to say, it does not flow away, drop off,
or vaporize. If this condition is met, any changes in
mass are due to the mass of components in the corrosion
product that are not in the metal under test — that is, the
mass of components that combine with the metal. The
QCM sensitivity of 1 to 10 ng/cm2 means this method
can detect corrosion loss on the order of 10-3 nm. As
stated above, the changes in mass are caused by the
components that combine with the metal under test,
which requires that the corrosion product is identified
after the test and its element ratio is found if there
should be more than one component. It is also necessary
to account for water content absorbed by the deposits
and the corrosion products, which add to the mass
change. Performing such tests is easy in a laboratory
where deposits and humidity are kept constant. In studies on the effects of NaCl or NH4Cl on the corrosion

behavior of zinc, this test method detected two or three
varieties of corrosion products.6)
Since it is probable that the composition of corrosion
products vary very little over a certain amount of time,
it may be possible to apply QCM in actual usage conditions provided that changes in absorption amounts of
moisture due to humidity changes can be estimated.
2.1.4 Direct Observation Method
The direct observation method begins with a transparent substrate, on which a thin film of the metal with
stepped variations in thickness is formed. When the
sample is exposed to a given environment, the metal
thin film will corrode from the exposed side (the side
opposite to the transparent substrate). Observations are
made through the transparent substrate. The thin film’s
color will change to the color of the corrosion film in
places where the thin film is thinner and the corrosion
reaches the transparent substrate, but the metal color
will remain in the thicker places of the thin film. In this
way, color differences between the metal thin film and
the corrosion film are judged visually and the corrosion
depth and corrosion rate of the metal thin film can be
measured (Figure 2).2) Although it cannot detect shortterm changes in corrosion behavior, this sensor is useful
for studying long-term corrosion behavior because the
measurement scope and sensitivity can be adjusted by
varying the thickness of the metal thin film.
2.1.5 Atmospheric Corrosion Monitor Sensors
AtmosphericCorrosion Monitor (ACM) sensors 7)
work by exposing to the environment two dissimilar
metals or two similar metals that are insulated from
each other and measuring the corrosion current that
flows between the two metals. ACM sensors have been
implemented for iron by forming a cathode metal with
printing technology on a substrate (the anode) formed
from the target metal (iron) separated by an insulating
layer. Prototype sensors with zinc and aluminum substrates have been made. Zinc-substrate sensors work
much longer than iron-substrate sensors — one year or
more for zinc substrates versus about two months for
iron substrates — and are able to detect zinc corrosion
loss of less than 1 µm/y. Even smaller corrosion loss
may be detectable since a thinner insulating layer trans-

Fig. 2 Simplified diagram of a direct observation sensor.2)
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lates into increased sensitivity. Aluminum-substrate sensors have shown inconsistent outputs in moderate environments. This is believed to be the result of corrosion
localization. As the relationship between the position
and size of corrosion and the sensor output is better
understood, more applications are anticipated.
2.2 Evaluating Localized Corrosion Behavior
Although much of atmospheric corrosion progresses
uniformly, corrosion starts at a point where deposits
have absorbed water and created a water film. Thus, to
ascertain initial-stage corrosion behavior, localized corrosion behavior must be measured and assessed.
A Kelvin probe, a non-contact reference electrode,
can be used to make potential distribution measurements in atmospheric environments by scanning a thindiameter reference electrode tip over a metal surface.
For the potential distribution measurement around an
NaCl solution droplet on zinc by using a 60-µm-diameter gold wire as the reference electrode, the ongoing
changes of the solution droplet size and the potential
distribution (the anode/cathode distribution) could be
observed during test time.8)
Using Kelvin probe force microscopy (KPFM),9, 10)
which employs an atomic force microscope (AFM), corrosion attacks in metal surfaces and potential distributions could be measured with nanometer resolution
(Figure 3).9) It was also reported that the potential distributions in aluminum alloys at grain boundaries and near
precipitates could be measured successfully.10)

3. Inhibiting Corrosion with Environmental Controls
In humid atmosphere in the indoor environment, corrosion occurs through the adsorption of a layer of water
between 10 and 100 molecules thick. The thicker the
water film, the more the liquid film acts like an electrolyte solution. The corrosion rate will also increase
suddenly, because corrosion can progress more easily
with the help of the electrochemical reaction. This
means corrosion can be inhibited by preventing water
film formation or by reducing the film thickness by
minimizing deposits or lowering the relative humidity.
There have been reports that corrosion of iron and zinc
is greatly reduced when placed in an airtight environment where deposits are few.11, 12)

Fig. 3 Examples of measurements with KPFM (near a iron-zinc
boundary; left zinc, right iron).9)

with higher sensitivities and accuracies.
At the same time, understanding the initial stages of
microscopic corrosion is important, and this is creating
demand for the establishment of ways to measure and
evaluate localized corrosion behavior. KPFM, which
can measure potential distributions without contacting
the sample, is one effective way of looking at initial
behavior characteristics, but there still remains a need
for technology that can ascertain points where corrosion
appears across an entire metal surface.
Accelerated corrosion tests are carried out for the
evaluation of corrosion resistance, but these tests do not
give reliable corrosion resistance evaluations in severe
conditions such as salt-water spray tests because the
corrosion mechanisms in tests are different from those
in actual environments. Thus, corrosion behavior evaluations must be performed in conditions closely simulating actual environmental conditions. Although it is especially difficult to give sea salt and other deposits quantitatively and uniformly, several methods have been proposed recently that spray and affix electrolyte solutions
on metal for such tests.13, 14)

4. Future Trends
The detection sensitivity and accuracy of the measurement methods introduced in Section 2.1 are affected
greatly by the thickness of the metal film for the potential difference, the direct observation, and the QCM
methods, or the size of the gap between the two electrodes for the impedance method and ACM sensors.
Driven by advances in thin-film production technology,
sensors will be produced with better dimensional accuracies, which will lead to the development of sensors
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5. Conclusion
In this section the current and future direction of
evaluation methods that target microscopic corrosion
behavior were introduced.
Progress in thin-film production technology and
advanced measurement equipment will likely lead to
microscopic-corrosion-behavior evaluations and monitoring with increasingly better sensitivity and accuracy.
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There is a strong likelihood that totally new evaluation
techniques will appear in the near future because in
many instances corrosion behavior can be evaluated
directly from sensor outputs, as most atmospheric corrosion progresses almost uniformly. In parallel with this,
laboratory tests now feature more sophisticated controls
over experimental conditions, and the relationships
between environmental conditions and corrosion behavior for each material are becoming clearer. With the
accumulation of this sort of data, it is hoped that corrosion can be suppressed in all materials with proper environmental controls even in structures composed of multiple metallic materials.
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Chapter 6. Materials Research for Reliability and
Safety
Section 1. Failsafe Functionality in Composite Materials
Yutaka Kagawa and Yoshihisa Tanaka
Coatings and Composite Materials Center, NIMS
1. Introduction
Common incidents of major structural damage, such
as the collapse of buildings by earthquake, aviation disasters, and large-scale factory accidents, generally
involve instantaneous failure of structural materials.
Recent years have seen many such accidents involving
significant loss of life, and memories of the human cost
of these tragedies remain fresh in the mind. Materials
designed to deform rather than collapse at the initial
stage could help to prevent the sudden failure of buildings and structures. By absorbing to some extent the
destructive force of natural disasters and man-made
accidents, such materials can delay the inevitable collapse of the structure and will allow occupants time to
escape, thereby helping to minimize loss of life.
Large structures charged with the task of protecting
occupants, such as airplane bodies, commonly employ
failsafe structures using materials that are designed to
absorb destructive forces in the event of partial failure
and preserve overall structural integrity. Figure 1 illustrates the basic concepts of the failsafe functionality.
While failsafe functionality can be built into structures
by employing structural materials, too often the materials
themselves do not exhibit adequate failsafe properties.
Very few of those materials designed with damage tolerance — which approximates the failsafe ideal — actually
achieve proper failsafe performance levels.
Large-scale failsafe structures, such as those used in
aircraft bodies, are not suitable for transport applications

such as passenger vehicles, aircraft and railway carriages, nor for buildings or associated bonded structures,
or major structures such as expressways and chemical
production plants, as well as bio materials at the centimeter level, such as artificial bones and joints.
Thus, incorporating failsafe functionality into structural materials will significantly boost the safety performance of structures and structural components, with
a commensurate quality-of-life benefit in terms of safety
and convenience.
Figure 2 shows recent trends in the specific strength
of structural materials used in everyday applications,1)
while Figure 3 shows the correlation between fracture
toughness and tensile strength for typical metal materials. 2) In Figure 3, it can be seen that toughness is
inversely proportional to material strength. Meanwhile,
the trends illustrated in Figure 2 demonstrate the lack of
scope for further enhancement of material properties in
the conventional areas of strength and toughness, and
underscore the importance of research on failsafe functionality. Such research is important not only because it
ultimately impacts on general public safety and security,
but also because it illuminates the future of structural
materials technology.

2. Research Trends
2.1 The Strength versus Toughness Trade-off
Of the major advances in material science during the

Fig. 1 Basic concept of failsafe functionality.
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Fig. 3 Fracture toughness (KIc) versus tensile strength for common metals.

20th century has been the improvement in overall material uniformity to boost strength. Minimizing irregularities enables whisker and fiber strength to approach theoretical strength. Since toughness is inversely proportional to material strength, however, improving the material
strength without compromising toughness requires a
more complex material structure, whereby the ultimate
failure of the material represents the cumulative effect
of a succession of smaller failures within the material.
This contravenes the basic principles of material development, and hence has been difficult to achieve with
conventional metals and ceramics.
Composite materials, which blend together different
components with specific functions, and hybrid materials, which employ different materials in combination,
both offer effective solutions from the engineering perspective. Composite materials blend components with
different properties to produce a new material with characteristics superior to those of conventional materials. A
typical example is carbon fiber reinforced plastics
(CFRP), where the inherent strength and toughness of
the fibers is enhanced with interfacial and fiber structure
modifications designed to create a cumulative failure
mechanism. Continuous fiber-ceramic composite
(CFCC) is another example of a composite material that
Materials Science Outlook 2006

successfully inhibits the instantaneous failure mode
associated with conventional ceramic materials.
However, development of such materials tends to be
focused exclusively on strength and toughness, with little consideration of the ability of the material to maintain mechanical functionality once the failure process
has commenced. Hybrid materials using qualitatively
different components can also provide both improved
strength and toughness; examples include laminations of
lightweight metal and CFRP, CFRP hybrid composites
using similar materials with differing fiber strength and
modulus of elasticity, and hybrid composites combining
different fibers within the same matrix.
These materials possess exceptional qualities and are
already used in a variety of structures, and it is expected
that the range of applications will increase significantly
in future, particularly with respect to CFRP materials. If
failsafe functionality can be incorporated into such
materials, the technological implications in terms of
safety and security of living spaces will be profound
indeed.
2.2 Importance of Failsafe Materials
Although newly developed materials are capable of
exhibiting both strength and toughness, they still do not
provide adequate load-bearing capacity once the
destruction process has commenced, which means that
significant structural deformation cannot be avoided.
Let us examine this phenomenon via the following simple expression for the failsafe factor:
Ω = E(t)/E0
where E(t): the Young’s modulus as a function of time,
E0: the initial Young’s modulus.
This expression shows the length of time that the
material retains the Young’s modulus after the destruction process commences. If Ω falls below a given value,
the material buckles and/or deforms, and/or deforms,
meaning that Ω is a good factor of the mechanical property of a composite material. This is in contrast with
conventional materials for which strength and toughness
are the suitable factors. One of the key advantages of
failsafe materials is that the safety of the material can
also be determined from the Ω value. This is quite different to the traditional emphasis on strength and toughness in structural materials research, and represents a
new paradigm in the field.
2.3 Development of Failsafe Materials
Failsafe materials can be produced as hybrids of
tough, high-strength materials, as illustrated in Figure 4.
Creating such hybrids requires:
• High-strength materials and high-toughness component materials;
• Optimized hybrid structures and associated design
methods;
• Surface interface design tailored to hybrid structures; and
• Techniques for validating the benefits and advan355

developed.
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Fig. 4 Failsafe hybrids combining materials with differing
mechanical properties.

tages of the hybrid.
This can be achieved by replacing the traditional
approach — in which processes, construction and properties are treated as separate entities — with a performance-driven approach based on conditions of use, in
order to ensure that the failsafe materials can exhibit
optimum performance in the actual usage environment.
Creating new paradigms for achieving the twin goals
of improved strength and improved toughness in the
component structural materials of a hybrid is not in
itself sufficient for producing failsafe materials.
However it does provide a broader scope of choice in
the development of enhanced failsafe hybrid materials.

3. Incorporating Failsafe Functionality into Existing
Materials
3.1 Failsafe FRP
The failsafe concept has been employed in FRP materials for some time now, given that these materials are
used in structures such as aircraft bodies. Recent FRP
research has been looking into metal-FRP hybrids and
heat-resistant FRP materials that could potentially
exhibit failsafe functionality. There is considerable
research at the moment into the time-dependent characteristics of fatigue and failure behavior of laminated
hybrids of FRP and Ti and/or Al, in response to safety
issues regarding the ongoing use of advanced FRP
materials in aircraft construction. The research is particularly significant in light of the increasing reliance on
FRP materials in this field.
Meanwhile, further research is required on bonding
between FRP and metals. The issue of reliability of the
bonding interface has attracted renewed interest, particularly with respect to the use of recently developed
nano-materials as bonding agents. Despite considerable
demand from industry for non-destructive testing of
FRP materials and bonding surfaces, the lack of
research in this area means that new techniques must be
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3.2 Composite Ceramics Materials
Brittle fracturing remains the single largest issue with
ceramics materials. Considerable resources have been
spent on research to boost toughness through the use of
additives. However, the maximum fracture toughness
achieved with particle-dispersed and whisker-dispersed
materials was 12MPa√
m , while strength was reduced in
the composite materials. Some attempts have been made
to improve both strength and toughness of Si3N4 materials by regulating the composition of the material.
Meanwhile, a fiber-reinforced ceramic material with
strength in the range 200 – 600 MPa and very low notch
sensitivity has been successfully developed. At the present stage of development, ceramic materials provide
optimum strength while fiber-reinforced ceramic materials offer better notch sensitivity. By combining these
two material types, it should be possible to achieve failsafe functionality.
There is considerable demand for composite ceramic
materials designed to withstand environmental conditions where conventional ceramic is unsuitable, such as
conditions involving high temperatures and steam. One
solution is the use of a surface coating such as
Environmental Barrier Coating (EBC), designed to
maintain the functionality of the material in the event of
substantial localized damage to the coating (often
involving a combination of both chemical and physical
damage). Coatings allow failsafe functionality to be
incorporated into the thin coating layer and into antipeeling surface protection.
3.3 Composite Metal Materials
Structural metals used extensively in everyday applications, such as steel and aluminum, exhibit good fracture toughness, and there is little scope for failsafe functionality. Meanwhile, hybrids of metal and FRP, as
described above, are expected to become commonplace
in applications such as aircraft bodies. Unlike FRP and
ceramic composites, metal-based materials will eventually need to provide both strength and toughness in the
applied environment predicted on the very shape and
structure of the materials, as well as failsafe functionality. In the current climate, where most metal materials
are tailored to specific uses and applications, R&D into
structural materials has encountered significant obstacles in the absence of new concepts. The “failsafe” and
“hybrid” concepts represent the way forward.
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Section 2. Sensor Materials
2.1. Optical Sensing Materials
Yasuo Koide
Sensor Materials Center, NIMS
1. Introduction
Sensing technology is increasingly seen as a means
of improving the speed and efficiency of responses to
safety and security threats in society such as crime, terrorism and natural disasters. At the same time, communications systems, evacuation procedures and countermeasures, together with integrated systems that combine
these elements, are also important. High-sensitivity sensor devices can be used for accurate detection of dangerous and harmful objects and substances and abnormal conditions in major structures such as buildings and
bridges.
This chapter analyses the use of optical sensing
devices and materials (as a subset of sensing technology
in general) as a means of boosting the safety and security of wider society against threats such as natural disasters, major transport accidents and industrial incidents,
infectious disease, food safety, terrorism, crime and
information security breaches. We will examine trends
in both domestic and international research and the current work of NIMS, and consider likely developments in
the near future.

2. International Research
The United States leads the world in the development
of sensing technology for safety and security applications as described in this chapter. The scale of statebacked R&D projects on safety and security has been
steadily expanding since the 9/11 attacks. Extensive
information about projects has been made available via

the internet and through international conferences and
workshops. Most large projects are implemented via a
top-down approach whereby research topics put forward
by universities, private industry and government
research institutes are screened for selection by the
Defense Advanced Research Projects Agency
(DARPA)1) of the Department of Defense (DOD) on the
basis of concrete numerical targets and defined requirements. Some US$ 200 million was sent on development
of sensing technology in FY2005, with similar amounts
to be appropriated in annual budgets for the next six
years through to FY2011.2)
Typical project areas include: developing portable
mobile bio-terrorism sensor units capable of detecting
biological and chemical agents and toxic DNA/RNA
and protein structures; improving the accuracy of sensors with respect to conventional biological agents such
as infection sources and toxic chemicals, with a view to
developing rapid-processing, ultra-sensitive detection
sensors and creating immune building structures for the
prevention and elimination of such substances; and
developing rapid-processing, ultra-sensitive spectroscopic sensing systems for biological agents such as
bacteria, viruses and toxic gases.
The ultimate aim with biological and chemical sensors is to develop multi-function sensors combining a
range of functions on a single wafer (or chip). This will
require a hundred- or even thousand-fold improvement
in sensitivity, accuracy and detection response speed.
By combining the latest silicon IC technology with traditional or conventional chemical and biological sensor
technology — a fusion of high-tech and low-tech — it is
hoped that new innovations can be produced.

Table 1 Biological and Chemical Spectroscopic Sensing Technology Development Project (Defense Advanced Research
Projects Agency (DARPA) of the United States Department of Defense (DOD).
(1) Terahertz spectroscopy
Suitable for

Biological and chemical substances

(2) Deep ultraviolet spectroscopy
Biological and chemical substances

Principles

• Molecular rotation-vibration mode in the • Fluorescence in the deep ultraviolet domain (up
Terahertz wave domain (0.5 – 10 THz)
to 280 nm)

Advantages

• Can instantly identify hundreds of different sub• High sensitivity using laser induced fluorescence
stances in a mixed environment

Development
objectives

• Terahertz light sources and sensor elements
• Spectroscopy techniques
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• Deep ultraviolet light sources and sensor elements
• Spectroscopy techniques
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element systems for sensing over a wide spectrum from
ultraviolet light to visible light and infrared light
through to X-rays, radiation and radio frequencies.
In Europe, meanwhile, debate is underway on the
need for greater resources in R&D on safety and security applications at the Europe-wide level. The establishment of a European Security Research Program in
FY2007 is currently under consideration. At the present
point in time, however, national projects in this area
have yet to commence.

3. Domestic Research

DUV light source

3.1 Research in Japan
In Japan, the Japan Science and Technology
Corporation (JST) is conducting a national safety and
security project on advanced sensing technology in the
CREST domain.3) Launched in FY2005 and slated to run
until 2010, the project will develop advanced sensing
technology in the form of sensor devices and information and networking systems (as well as integrated sensing systems combining all three areas) as a foundation
for the development of rapid-response systems for dealing with threats to public safety and security such as
crime, terrorism and natural disasters. The creation of
integrated sensing systems involves the development of
advanced sensing technology in the form of sensor
devices and information and networking systems, as
well as technology that combines all three areas.
Meanwhile, research on bio-sensors, nano-sensors,
chemical sensors, optic fiber sensors, array sensors and
MEMS (Micro Electro Mechanical System) sensors is
focusing on boosting precision and sensitivity and
reducing device sizes to enable accurate identification
of dangerous and/or toxic substances and detection of
structural deterioration and abnormalities in major structures such as buildings and bridges. Table 2 shows the
projects adopted during FY2005. There are no projects
with a primary focus on spectroscopic sensing technolo-

THz light source

Table 1 describes the two projects related specifically
to biological and chemical spectroscopy sensing technology. The first project involves development of compact Terahertz optic sources and Terahertz sensors to
enable instant identification of hundreds of different
intermixed biological and chemical substances, based
on the principle of discrete natural molecular rotationalvibration mode spectra in the sub-millimeter wave and
Terahertz wave domains (oscillation frequency 0.5 – 10
THz (THz = 1012 Hz)). Figure 1 illustrates the basic
principles of biological and chemical spectroscopy sensing using Terahertz (THz) optic sources and sensors.
The other project involves the development of compact, portable, high-sensitivity, rapid-processing biological and chemical sensing systems that measure the fluorescent spectral patterns exhibited by biological and
chemical substances in the deep ultraviolet (DUV)
region of wavelengths below 280 nm, along with fluorescence intensities. Figure 2 illustrates the basic principles of biological and chemical spectroscopic sensing
using DUV light sources and sensors. DUV in the 200 –
280 nm wavelength range is mostly absorbed by the
ozone layer, so very little of it reaches the Earth’s surface. As a result, the DUV detection process is not
affected by sunlight, and can be conducted in broad daylight using only minimal DUV. One of the aims of the
project is to achieve substantial improvements in minimum concentrations detectable using laser induced fluorescence, where laser light is made to resonate in sympathy with the natural fluorescent wavelengths of biological and chemical substances. This necessitates
development of DUV semiconductor laser light sources
and semiconductor sensor elements.
Elsewhere, important research is being conducted on
integrated imaging and sensing systems involving the
fusion of signal and data processing technology with
two-dimensional and three-dimensional imaging systems operating at wavelengths from conventional Xrays through to radio frequencies. The ultimate aim is to
develop integrated architectures and integrated sensor

Rotational-vibration mode
of biological/chemical
substance

THz sensor

Fig. 1 Principles of biological and chemical spectroscopy sensing
using Terahertz (THz) light sources and sensors.
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Fluorescence of
biological/chemical
substance
DUV sensor

Fig. 2 Principles of biological and chemical spectroscopy sensing
using deep ultraviolet (DUV) light sources and sensors.
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Table 2 Advanced sensing technology research topics selected in FY2005 in the CREST research domain of
the Japan Science and Technology Corporation (JST).
Research topics (sensing technology)
Silicon-based
integrated micro
sensors

Spatial observation systems

Mobile sensing
system core

Ultra-sensitive
olfactory sensor
systems

Computational
technology for
sensing in daily
life

Portable biological sensing systems

this area is that conducted by JST. However, the relevant ministry of government are now starting to consider the role of science and technology in public safety
and security, and we can expect to see more involvement by government in this area, including joint initiatives involving multiple departments and ministries.

5. Conclusions

Fig. 3 Deep ultraviolet diamond sensor elements developed by
the NIMS Optical Sensing Materials Group.

gy and optical sensing materials, two areas currently
being studied in the United States.
3.2 NIMS Research
In FY2004, NIMS commenced a two-year research
project entitled Basic Research into Deep Ultraviolet
Systems — DUV Device Solidification, looking at the
development of DUV light sources and sensors. Figure
3 shows the new diamond DUV sensor element developed by our own Optical Sensor Group at NIMS during
this project.4)
A further project entitled Basic Research into
Intelligent Sensor System was launched in FY2006 as
an extension of the research outcomes from the sensor
device project, and is slated to run for five years. Under
this project, the Optical Sensor Group will be developing DUV sensors using wide gap semiconductors (mainly diamond and nitride semiconductors). The DUV sensor elements will ultimately be used for validation of
chemical sensing performance via laser induced fluorescence detection.

4. Future Research
The future is likely to see increasing resources devoted to research and development of sensors as a means of
improving the speed and efficiency of responses to dangers and threats to public safety and security such as
crime, terrorism and natural disasters. The United States
has committed to spending of US$ 200 million per
annum over the next six years, and is actively exploring
joint initiatives with Japan and Europe. In Japan, meanwhile, the only research currently being undertaken in
Materials Science Outlook 2006

Development of fast-acting sensors capable of detecting abnormal conditions has been identified as a priority
research area in the report Budget and Personnel
Allocations for Science and Technology FY2005 5)
released by the Council for Science and Technology
Policy under the Prime Minister’s Office. The report
puts particular emphasis on areas such as protection
against vulnerabilities associated with terrorist threats
and urban overcrowding, detection and decontamination
of toxic and/or dangerous substances, and the ongoing
administration and preservation of key social infrastructure. The United States, which currently leads the world
in sensor technology research and development, is
expected to turn increasingly to major joint initiatives
with Japan and Europe in the future. To this end, it is
important that Japan invests in sensing technology
development and associated pure research in order to be
in a position to capitalize on the push towards international harmonization in this field.
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2. Sensor Materials

2.2. Lead-free Piezoelectric Materials
Xiaobing Ren
Sensor Materials Center, NIMS
1. Introduction
Piezoelectric materials swell or shrink when subjected to an electrical voltage (this is called electrostriction); conversely they generate a voltage when subjected to an external force (this is called piezoelectricity).
Such remarkable features make them an important class
of materials for conversion between mechanical energy
and electrical energy. Piezoelectric materials are used
extensively as actuators and sensors in numerous applications, ranging from the most advanced medical diagnosis system MRI to our familiar mobile phones. 1)
Piezoelectric materials plays an indispensable role in
our modern society.
The remarkable properties of piezoelectric materials
are determined by their unique structure. They (mostly
ionic crystals) are characterized by a displacement
between the center of positive ions and that of negative
ions in their structure. The application of an electric
field causes very slight relative shift between the positive center and negative center, which in turn causes a
small dimension change of the crystal. This is the basic
principle of piezoelectricity (and electrostriction).
However, the effect based on such a principle is very
small. Even the lead zirconate titanate (PZT), which is
known as the best piezoelectric material, generates an
electrostrain of merely 0.01% at an electric field 100
V/mm.
After half a century of intensive research, conventional piezoelectric materials such as PZT are approaching their maturity. PZT, which currently constitutes over
90% of world production of piezoelectric materials, has
reached its limit in performance with a maximum piezoelectric coefficient d33 of around 580 pC/N. On the other
hand, single crystal piezoelectric materials, PZN-PT and
PMN-PT, discovered about a decade ago, exhibit three
to four times better piezoelectric properties (d33 of 2,000
pC/N and above) compared with PZT. They provide
new possibilities for applications.
Unfortunately, the above commonly used piezoelectric materials — the conventional PZT ceramics and the
new PZN-PT PMN-PT single crystals — contain significant amount of toxic lead, and are consequently subject
to increasingly restrictions because of their hazard to the
environment and human body. So there is an urgent
need to find an effective lead-free substitute for the Pbbased materials. As shown in Figure 1, there is a sharp
increase in the research activities on lead-free piezoelec360

Fig. 1 Number of papers found in SCI-EXPANDED database
from ISI by searching with keywords “Pb-free piezoelectric”.
This illustrates the rapid growth of research on lead-free piezoelectrics in recent years.

tric materials over the past few years. The present paper
briefly reviews the domestic and overseas research on
the development of lead-free piezoelectric materials.
(Research on lead-based piezoelectric materials can be
found in Reference 1). Table 1 shows piezoelectric and
electrostriction properties of lead-free piezoelectric
materials compared to PZT.
The requirement for a new lead-free piezoelectric
material is as follows:
(1) be safe for human and the environment;
(2) exhibit good piezoelectric and electrostriction
properties (at least comparable to the performance
of conventional PZT).
(3) cheap and easy to fabricate.
Up to now, a lead-free piezoelectric material satisfying all of the above criteria has not yet been found. In
particular, the piezoelectric and electrostrain performance of nearly all of the lead-free materials are much
inferior to that of PZT (d33 < 200 p C/N). However, in
recent years important progress has been made concerning this important point. In the present article, only a
brief outline of recent development will be given. For
more details, the readers may refer to more specialized
review articles.

2. Trend in International Research
As shown in Figure 2, lead-free piezoelectric materials can be classified into perovskite and non-perovskite
materials according to their structure. The majority of
current research is concentrated on perovskite materials,
because such materials seem more promising. In this
Materials Science Outlook 2006

simple perovskite type

A2+B4+O3 type (BaTiO3, Bi0.5Na0.5TiO3)
A+B5+O3 type (KNbO3, (KNa)NbO3)

perovskite

layer structured perovskite type (Bi4Ti3O12, (SrCa)2Bi4Ti5O18)
Lead-free piezoelectrics
Tungsten Bronze type (Sr2NaNb5O15-Ca2NaNb5O15)
non-perovskite
Other

Fig. 2 Classification of lead-free piezoelectrics.

Table 1 Piezoelectric and electrostriction properties of lead-free piezoelectric materials compared to PZT.
d33

d31

kp

kt

k33
0.70

(pC/N)

(pC/N)

PZT

289

123

0.58

0.51

PZT-4

289

123

0.58

0.51

0.7

PZT-8

218

93

0.5

0.44

0.62

PZT-5H

593

274

0.65

0.51

0.75

BaTiO3

190

78

0.36

0.38

0.48

BaTiO3-CaTiO3
236

BaTiO3-Ce

116

0.565

0.14/50
0.25/120
0.19/60

(BaSr)TiO3-Mn

0.15/30

KNbO3 crystal

51.7

0.15

KNbO3-La,Fe

98

0.17

0.47

KNbO3--La,Fe- MnO2

90

0.12

0.47

KNbO3-NaNbO3

160

0.45

(K0.5Na0.5)NbO3-LiNbO3

235

0.44

0.48

(K0.5Na0.5)NbO3-BaTiO3

104

0.29

0.38

(K0.5Na0.5)NbO3-SrTiO3

195

0.37

(K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3

416

152

0.61

(Bi0.5Na0.5)TiO3-BaTiO3

125

40

194

(Bi0.5Na0.5)TiO3-Ba(Cu0.5W0.5)O3

80

(Bi0.5Na0.5)TiO3-(Bi0.5K0.5)TiO3

93.5

0.314

0.69

55
0.423

(Bi0.5Na0.5)TiO3-NaNbO3

88

0.179

(Bi0.5Na0.5)TiO3-(Bi0.5K0.5)TiO3-BaTiO3

148

0.34

0.492

(Bi0.5Na0.5)TiO3-(Bi0.5K0.5)TiO3-BaTiO3

231

0.41

0.505

[Bi0.5(NaKLi)0.5]TiO3-BaTiO3

205

0.27

(Bi0.5Na0.5)TiO3-BaTiO3-MnCO3

194

0.31

124

0.249

Bi4Ti3O12-Nb

20

0.247

(SrCa)2Bi4Ti5O18

51

0.29

Sr2Bi4Ti5O18-Ca2Bi4Ti5O18

51

section we introduce the current development of several
important lead-free materials.
2.1 BaTiO3 Based Lead-free Piezoelectric Materials
BaTiO3 was the first piezoelectric material discovered
that has a simple perovskite structure, and it had been
the only polycrystalline material in use before the
advent of PZT in 1950s. But it was soon replaced by
PZT because the latter has much better piezoelectric
properties. However, in view of the recent restriction to
the toxic PZT , there has been a renewed interest on
Materials Science Outlook 2006

(%)/E (kV/cm)

0.22/50

BaTiO3-ZrTiO3

((Bi0.5Na0.5)TiO3-(Bi0.5K0.5)TiO3-Sb2O3

Electrostriction

0.29

BaTiO3, with a hope that a modification of it will lead to
a Pb-free solution.
Recent research revealed that Zr-doped BaTiO 3
ceramics exhibited an electrostrain of 0.18% at 40
kV/cm, with an electrical coupling coefficient k33 =
56.5% and a piezoelectric coefficient d33 = 236 pC/N.2)
By utilizing a reversible domain switching mechanism,
based on the symmetrical properties of point defects,
acceptor-doped single crystal BaTiO3 demonstrates a
huge electrostriction of 0.7% at 0.2 kV/cm.3) Similar
effect was also found in polycrystalline Mn-doped
361

(BaSr)TiO3, with an electrostrain of 0.12 – 0.15% at 3
kV/cm.4)
The main drawback of BaTiO3-based piezoelectrics is
the low Curie temperature (Tc) and insufficient piezoelectric coefficient. The Curie temperature of pure
BaTiO3 is only 130° C, and doping reduces it further.
These materials can therefore be used only within a narrow temperature range between room temperature and a
few tens of degrees. Nevertheless, the materials are
cheap and easy to produce, so if a PZT-like performance
could be achieved in such materials, they would have
significant potential for room-temperature applications.

together with making a textured sample further
enhances the material properties. The textured LF4T
sample (see Figure 3) exhibits a d33 value of over 400
pC/N with Tc = 250° C.7) This value is similar to that of
PZT, and is so far the best among the available lead-free
piezoelectric materials.
Nevertheless, it can be seen from Figure 3 that if the
complex texture process is not used, the maximum
piezoelectric coefficient value falls to around 300 pC/N
with Tc = 250° C, which is less than PZT3 and PZT4
with the similar Curie temperature. So further improvement is still required in this direction.

2.2 KNbO3 and (KNa)NbO3 Based Lead-free Piezoelectric Materials
KNbO3 has the same simple perovskite structure as
BaTiO3 and exhibits the same ferroelectric phase transition, but has a much higher Curie temperature (435° C).
These make it a potential lead-free substitute.
Unfortunately, the ferro-ferro phase transitions between
room temperature and Tc destroy the otherwise high
temperature stability and consequently make unmodified KNbO3 virtually useless as a high Curie temperature substitute. Furthermore, KNbO3 is difficult to fabricate and deteriorates in moisture. In recent years many
researches have devoted to improving the properties of
KNbO3 and have achieved certain success. (KNa)NbO3
(KNN), a solid solution between KNbO3 and NaNbO3,
exhibits improved piezoelectric properties (d33 = 160
pC/N) without lowing the high Curie temperature.5)
Recently, it has been revealed that a complex KNN
based solid solution modified by LiNbO3 or LiTaO 3
(Pseudo Ilmenite structure), shows a piezoelectric property comparable to that of hard PZT ceramics, yet with a
relatively high Curie temperature. The addition of
LiNbO3 and LiTaO3 creates a tetragonal/orthorhombic
morphotropic phase boundary (MPB), which leads to
the high piezoelectric performance. In the case of the
LiNbO3 addition, a piezoelectric coefficient d33 of 200 –
235 pC/N, with kp = 38 – 44% and kt = 44 – 48% is
achieved, as shown in Figure 3.6) LiTaO3 addition also
produces a similar piezoelectric coefficient d33 of about
240 pC/N (with Tc = 330° C). 7) The addition of Sb

2.3 Bi0.5Na0.5TiO3
Bi0.5Na0.5TiO3 (BNT) is a piezoelectric material of the
same structure as BaTiO3, with half trivalent Bi and half
mono-valent Na at the A-site. BNT has been considered
as a potential candidate for Pb-free piezoelectric applications because of its high Tc of 320° C. The BNT solid
solution with BaTiO3 (BT) addition can be used to create an MPB and improve the piezoelectric constant to
around 130 pC/N, which shows the highest piezoelectric
performance among the BNT based ceramics.8) Further
modifications to BNT-based materials over the last few
years have improved the piezoelectric constant to about
d33 = 230 pC/N.9)
2.4 Bismuth Layer-structured Piezoelectrics
Bismuth layer-structured ferroelectrics (BLSF) have
a low piezoelectric coefficient (less than 100 pC/N), but
also a low dielectric constant, high Tc and high quality
factor Qm. These unique properties make them suitable
for applications in resonators. BLSF can be expressed as
(Bi2O2)2+(Am-1BmO3m+1)2-, where A denotes mono-,di- or
tri- valent ions with a large ionic radius, and B denotes
tetra- or penta-valent ions with a small ionic radius. The
constant m ranges from 2 to 5.Typical BLSF materials
include Bi4Ti3O12 and (SrCa)2Bi4Ti5O18 ceramics.
2.5 Tungsten Bronze Type Piezoelectrics
Tungsten Bronze type piezoelectrics have a tungsten
bronze structure, as the name implies. They have a low
piezoelectric coefficient (less than 100 pC/N) but high

Fig. 3 (a) Composition dependence of piezoelectric coefficient of (KNa)NbO3 -LiTaO3 solid solution
(b) Comparison with PZT [from Reference 7].
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Qm, and are candidates for resonator applications.

3. Lead-free Piezoelectric Research by NIMS and
Other Domestic Organizations
Japan industry has an enormous interest in the development of lead-free piezoelectric materials, because of
the restriction to Pb-based piezoelectrics. Universities,
national institutions (including the semi-governmental
agencies) and research labs of many companies are carrying out research on Pb-free ceramics and some have
10), 11)
Currently, 1–5 valent
generated important outcomes.
6)
7)
KNN+LT and KNN+LN exhibit the most impressive
piezoelectric properties. The textured KNN+LT ceramics with Sb additive developed at the Toyota Central
Research and Development Laboratories exhibits the
best piezoelectric properties among all the lead-free
ceramics, which is even comparable with PZT (see
Figure 3). However, Sb is a toxic element and may
cause safety concerns. Also, the texture processing has
not been fully developed as an industrial synthesis
method.
NIMS has successfully employed a new recoverable
domain switching mechanism to generate large nonlinear electrostrain in BaTiO3 single crystal with Fe doping.3) Recently, similar nonlinear electrostrain has been
achieved in BaSrTiO3 ceramic with Mn doping,4) providing solid evidence of this new mechanism. The nonlinear electrostrain effect may provide a new way to develop novel nonlinear actuators.

4. Future Trend

the worldwide environmental concerns. Although a perfect substitute for PZT is yet to be found, researches
have made significant progress towards this goal. It is
highly likely that materials with good piezoelectric
properties will be limited to those materials with a simple perovskite structure. Currently, the best piezoelectric
properties are found in materials with A+B5+O3 systems,
but it is also likely that promising candidates may exist
also in other systems. Meanwhile, non-perovskite piezoelectrics, despite their lower piezoelectric coefficient,
may be useful in certain applications due to their high
quality factor. Furthermore, it is expected that large nonlinear electrostrain can be achieved by a recoverable
domain switching mechanism.
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Research into lead-free piezoelectric materials is likely to continue increasing, driven by the environmental
concerns. The ultimate goal is to develop a lead-free
material with piezoelectric performance at least comparable to that of conventional PZT. Research on A+B5+O3
piezoelectric materials, currently the most promising
candidate, is expected to continue; in particular, it is
important to achieve properties comparable to PZT by
conventional fabrication method. Temperature stability
is also an important issue, along with fabrication issues
such as difficulty of sintering and manufacturing costs.
A2+B4+O3 system is another promising candidate that
will continue to attract attention. Although it has not
demonstrated outstanding performance so far, it may
have potential to compete with PZT ceramics in piezoelectric properties with further modifications in the
future. Meanwhile, research on the enhancement of
piezoelectric performance by recoverable domain
switching is also expected to grow.

5. Conclusions
Research into lead-free piezoelectric materials is
attracting increasing interest all over the world due to
Materials Science Outlook 2006
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Section 3. New Developments in Material Reliability
Evaluation
3.1. Characterization of Material Damage Using NanoMeso-Macro Strength Analysis
Nobuo Nagashima and Masao Hayakawa
Materials Reliability Center, NIMS
1. Introduction
Hardness testing is a simple and reliable testing technique for materials. Procedures such as Vickers hardness testing, as featured in industrial standards such as
Japanese Industrial Standards (JIS), are used extensively
for product management and incident investigation.
Conventional hardness testing machines use optical
microscopes to measure indentations down to 20 µm,
but are unable to measure hardness at the µm level and
below. Hardness testing is increasingly required at much
smaller dimensions, for applications involving measurement of semiconductor wiring patterns, micromachines, and thin-film materials such as computer
disks.
A hardness testing machine designed specifically for
microscopic dimensions, which evaluates hardness on
the basis of a indentation force-depth (F-h) curve, has
been successfully used for analysis of the uniformity
and flatness of thin-film materials. The accuracy of the
indentation testing location is critically important in
strength analysis at extremely small dimensions — for
instance, in applications involving semiconductor
device wiring patterns or micro-machines — and also
for steel-based materials (such as martensitic structures
consisting of 0.2 µm lath and 1 µm block components).
This necessitates high-resolution observation, which has
traditionally not been found in microscopic hardness
testing machines.
To this end, the Fatigue Research Group, NIMS has
developed ultra micro-hardness tester on the basis of an
atomic force microscope (AFM) 1) and a microscopic
indentation tester with Si probe for high-resolution
AFM observation.2) The Group is also working on a
material evaluation system for strength mechanisms.3-8)

2. Nano-meso-macro Strength Analysis
Strength property is the most important characteristic
of any steel material. Observation and analysis technology is used extensively to investigate the mechanisms of
strength. Observation and structural analysis informa364

tion for TEM, AP-FIM and AFM is reached an atomic
level. On the other hand, as for the dynamic information, tension tests evalution of macro-level strength
characteristics is comon. There is a considerable difference of scale between these two types of information.
At the Fatigue Research Group, we have developed
ultra micro-hardness tester on the basis of an atomic
force microscope (AFM).1) We have also developed an
empirical equation for converting F–h curve to the
Vickers hardness, Hv*, by using a single metal crystal
as a reference sample. 3-4) This makes it possible to
obtain hardness profiles in regions ranging in size from
the nano scale to the macro scale by correlating the
hardness obtained by using the tester and the empirical
equation with the macroscopic hardness obtained by
Vickers hardness testing. We have also made it possible
to separate the various strengthening factors associated
with solution, dislocation, particle dispersion, and grain
boundaries (fine grain) by determining structural parameters from AFM structural observations and by correlating a hardness profile with these structural parameters.
We named this set of processes “nano–meso–macro
strength analysis”5) and applied the technique to the
analysis of the strength mechanism of steels, such as 1µm ultra-fine-grain ferrite steel,4) low carbon ferrite–bainite steel,6) ferrite–pearlitic steel,7) and tempered martensitic steel.8)
Figure 1 shows the indent size-dependency of the
hardness of 1-µm ultra fine-grain ferrite steel and 30µm large-grain ferrite steel.4) The side length lh of a triangular indent and the vertical angle length ld of a rectangular indent were used to represent the indent size in
the ultra micro-hardness test and in the Vickers hardness
test, respectively. The hardness of the large-grain ferrite
steel is independent of the indent size and nearly corresponds to the base hardness of iron, which has a value
of 100. The hardness of the ultra fine-grain ferrite steel
begins to increase near the grain diameter dα and saturates at 10d α . It then reaches the macro-hardness
obtained in the Vickers hardness test. Miyazaki et al.9)
investigated the effect of the ratio of the crystal grain
size d to the thickness B on the tensile strength by using
plate specimens of Cu, Cu–13 at% Al, and Fe, and
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Fig. 1 Relationship between converted hardness or Vickers hardness and indent size for
1.2 µm fine-grained ferritic steel.4)

showed that the tensile strength saturates when the
thickness is nearly five times the grain size, i.e. B = 5d,
and coincides with the macro-characteristics. Their
results, as well as the finding that a plastic zone twice
the indent size is formed around the indent, 10) can
explain the hardness saturation at 10dα in ultra finegrain ferrite steel; the results also show that dα and 10dα
are important structural parameters. Based on these two
structural parameters, the macro-hardness of ultra finegrain ferrite steel or the Vickers hardness Hv can be split
up into the base hardness Hv*bas of iron, the solid solution strengthening hardness Hv* sol, the dislocation
strengthening hardness Hv* dis , and the fine grain
strengthening hardness Hv*fer.

3. Future Outlook
The nano-meso-macro strength analysis system has
been applied to a wide range of applications since 2005,
including fatigue and SCC mechanism analysis. It has
proven very useful in the study of material failure mechanisms.11-14) The authors have also been conducting joint
research with Japan Atomic Energy Agency (JAEA) on
behalf of Japan Nuclear Energy Safety Organisation
(JNES). The SCC study are outlined below. Recently,
SCC has been observed in L-grade austenitic stainless
steel in core shrouds and Primary loop recirculation
(PLR) pipes in Japanese Boiling-water reactor (BWR)
plants. An investigation of samples taken from the
nuclear power plants showed that the cracking originated in the surface unit of the material, and that transgranular stress corrosion cracking (TGSCC) had occurred.
TGSCC occurred in a surface heavily cold worked by
machining and in an area highly strained by weld deformation.
In this study, we performed ultra micro-hardness,
micro-hardness, and Vickers hardness tests and SEM
and TEM analyses on the nano–meso–macro strength of
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L-grade austenitic stainless steel SUS316 (NG) coldrolled to reductions in area of 10 to 50%.
Structural parameters play an important role in the
nano–meso–macro strength analysis. The SEM and
TEM observations identified an austenitic grain size of
150 µm, slip spacings of 2 µm and 20 nm, and dislocation cell sizes of 0.15 to 0.25 µm as the structural
parameters of cold-rolled SUS316 (NG) steel.
A figure similar to Figure 1 was created by using the
results for the SUS316 (NG) steel base metal and the
specimen with a reduction in area of 50%. This is shown
in Figure 2. In Figure 2, the structural parameters are the
dislocation cell size dcel, 10dcel, which is 10 times dcel, and
10lcsl, which is 10 times the large slip spacing lcsl. The
Vickers hardness Hv of the specimen with a reduction in
area of 50% is split up into the base hardness Hv*bas of
iron, the solid solution strengthening hardness Hv*sol, the
dislocation strengthening hardness Hv*dis, the fine grain
strengthening hardness resulting from dislocation cells
Hv*cel, and the fine grain strengthening hardness resulting from the large slip line spacing Hv*csl.
In a base metal with a solution-treated austenitic
structure there are almost no dislocations or precipitations and therefore dislocation strengthening and precipitation strengthening can be ignored. Also, because the
grain size is as large as 150 µm, grain strengthening
barely operates. Therefore, the difference between the
hardness of the base metal and the base hardness of iron
Hv*bas is thought to be the accounted for by the solid
solution strengthening hardness Hv*sol. Of course, the
solid solution strengthening hardness also exists in the
specimen with a reduction in area of 50%. When coldrolling is performed, the number of dislocations increases, and therefore the difference in hardness between the
base metal and the first flat section in the specimen with
a reduction in area of 50% is thought to be the result of
the dislocation strengthening hardness Hv*dis. As the
indent size increases, the hardness of the specimen with
a reduction in area of 50% begins to increase near dcel
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Fig. 2 Relationships between converted hardness or Vickers hardness and indent size for
parant and 50% rolled SUS316(NG) steels.

and saturates at 10dcel. This tendency agrees with that of
the ultra fine-grain ferrite steel in Figure 1, suggesting
that the difference in hardness between the first and second flat sections is the fine grain strengthening hardness
resulting from dislocation cells, Hv*cel. Eventually, the
hardness of the specimen with a reduction in area of
50% reaches the macro-hardness at 10lcsl. This suggests
that the difference in hardness between the second and
third flat sections is slip-related hardness.
The relationships of the dislocation strengthening
hardness Hv*dis, the fine grain strengthening hardness
resulting from dislocation cells Hv*cel, and fine grain
strengthening hardness resulting from the large slip line
spacing Hv*csl to the reduction in area were obtained as
shown in Figs. 3–5.
In Figure 3, the dislocation strengthening hardness
Hv*dis is zero at a reduction in area of less than 30% and
increases for larger reductions in area. Hv* dis was
obtained by using an indent size smaller than the dislocation cell size, and can therefore be considered to be
the hardness within dislocation cells. It follows from
this that at a reduction in area of less than 30%, dislocations induced by cold rolling do not exist within dislocation cells, and all of them are used for the formation of
dislocation cell boundaries and slip lines. As the reduc-

Fig. 4 Fine-grain strengthing hardness due to dislocation cell,
Hv*cel, against reduction in area.

Fig. 5 Fine-grain strengthing hardness due to coarse slip spacing,
Hv*csl, against reduction in area.

Fig. 3 Dislocation strengthing hardness, Hv*dis, against reduction
in area.
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tion in area increases beyond 30%, dislocations begin to
exist within dislocation cells, and their number increases.
As shown in Figure 4, the fine grain strengthening
hardness by dislocation cells Hv*cel is somewhat low at a
reduction in area of 10%, but saturates at nearly 120 at a
reduction in area of more than 20%.
In Figure 5, as the reduction in area increases, the
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fine grain strengthening hardness as a result of large slip
line spacing Hv*csl increases and saturates at a reduction
in area of 30%.
Therefore, the formation prosesses of dislocation cell
and slip line have completed at 20% and 30% reduction
area, respectively. It can be concluded that the effect of
cold rolled composition on fine-grained strengthening is
completed by the case of the reduction area reaches
30%. Meanwhile, over 30% reductin area, dislocation
begins to appear within the dislocation cell , indicating
dislocation strengthening is taking place.
Because SCC has been observed in the work-hardened layer of L-grade austenitic stainless steel shrouds
and recirculation pipes, attention has been given to studies on the occurrence and crack growth of SCC in coldrolled austenitic stainless steel. Kuniya et al. 15) performed a crevice bent beam test on cold-rolled SUS304
steel under high-temperature and high-pressure water,
simulating an actual usage environment. Their results
show that the occurrence of intergranular SCC and the
length of cracks formed at the same time increased rapidly for a reduction in area of more than 30%. That is,
the SCC sensitivity of cold-rolled steel increases at a
reduction in area of more than 30%. Tubota et al.16)
obtained nearly identical results on L-grade stainless
steels SUS304L and SUS316L. Therefore, a reduction
in area of 30% appears to be a key point in structure formation and the occurrence of SCC in cold-rolled Lgrade SUS316 steel. Although this point remains to be
clarified, one of the important factors for SCC is
believed to be that at a reduction in area of 30%, fine
grain strengthening by dislocation cells and large slip
lines saturates, and a high-strength producing structure
is completed.
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3. New Developments in Material Reliability Evaluation

3.2. Degradation of Heat-Resistant Steel
Kazuhiro Kimura
Materials Data Sheet Station, NIMS
1. Introduction
The advent of heat-resistant steel designed to exhibit
superior strength characteristics at high temperature is
vital for ongoing performance improvements in hightemperature equipment such as thermal and nuclear
power plants, chemical plants and automobile engines.
Mounting public concern over the environment has created a pressing need to reduce emission levels of carbon
dioxide, seen as the single largest contributor to global
warming. Around 30% of carbon dioxide emissions in
Japan are generated by power plants,1) the majority of
which use combustion fuels such as coal and oil. Given
that some 61% of domestic power is supplied by thermal power plants (in FY20032)), eliminating thermal
energy would create a massive problem for energy supplies. This gives rise to the classic trilemma of global
warming, among economic development, energy stability and environmental conservation.3) Economic development increases demand for energy, which (on the basis
of existing technology) creates a greater burden on the
environment. Therefore, environmentally-sensitive
“clean energy” technology is needed in order to satisfy
the additional energy demand without exacerbating the
burden on the environment.
The newly developed combined cycle (CC) natural
gas fired plants and Ultra Super Critical (USC) coal
fired plants offer much higher efficiency in thermal
power plant. CC power plants have both gas turbines
(which are driven by combustion gases at temperatures
in excess of 1,300° C) and steam turbines (which utilize
waste heat from the gas turbines). The development of
the more efficient CC power plant was made possible by
the advent of heat-resistant super alloy materials capable of boosting the temperature of combustion gases in
the turbine.
USC power plants, meanwhile, achieve efficiency
improvements through the use of steam at temperatures
in excess of 600° C, as opposed to the conventional
566° C. Once again, this required newly developed
high-strength ferritic heat-resistant steel for the hightemperature boilers and turbines. Although the CC
power plant is more efficient than the USC power plant,
thanks to the higher combustion temperatures, its longterm prospects are less assured, given that existing
reserves of natural gas are estimated to last only about
another 60 years at current consumption levels, compared to several hundred years for coal.4)
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This section examines recent research on degradation
of heat-resistant steel, an issue of direct relevance to
long-term usage of these power plants over the next
fifty years or so. We will discuss moves towards a revision of design standards pertaining to the safety and
reliability of high-temperature equipment and machinery.

2. International Research
Japan and Europe are actively pursuing research and
development into heat-resistant steel designed for highefficiency USC power plants with steam temperatures in
the range 600° - 620° C, and lead the way in promoting
USC power generation. Already there are six USC
power plants operating in Europe (three in Germany and
three in Denmark), and 20 in Japan. This section concentrates mainly on current research in Europe.
2.1 Creep Strength Evaluation
Steam temperature constitutes the single most important factor governing the power generation efficiency at
a USC power plant. The higher the steam temperature,
the better the efficiency; however, the higher temperatures place a much greater burden on the equipment,
making long-term safety an important consideration.
Boilers and pressure vessels must be designed and manufactured in accordance with the allowable tensile stress
prescribed in the relevant standards and specifications.
Allowable tensile stress is governed by tensile strength
and yield stress and subject to the design margin factor
(or safety factor). At high temperatures where the
chronological phenomenon known as creep deformation
is an issue, allowable tensile stress is governed by longterm creep strength (normally creep rupture strength
after 100,000 hours). Accurate evaluation of long-term
creep strength in heat-resistant steel is therefore a key
factor in the drive to boost the efficiency and safety of
USC power generation technology.
One hundred thousand hours is equivalent to approximately eleven years and five months. Clearly this is an
unfeasibly long time to conduct creep rupture strength
tests. Usually, data from creep tests over a reduced period is extrapolated to provide an estimate of creep rupture strength at 100,000 hours, using a time-temperature
parameter (TTP). Of the various TTPs proposed by
Larson-Miller, Orr-Sherby-Dorn, Manson-Haferd,
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Manson-Succop and others, the Larson Miller parameter
(PLM) is the simplest and most widely used. PLM is the
same as the tempering parameter used for tempering
heat treatment. This approach, however, invites the danger of overstating the long-term creep rupture strength
of high-strength steel, which is a key factor in boosting
USC power generation efficiency. It has been suggested
that short-period and extended-period creep test data
should be evaluated separately.5)
The tendency to overstate long-term creep strength is
caused by a bending in the stress versus creep rupture
life curve at the boundary between the short-term and
long-term regions. Further into the long-term area there
is another bend in the opposite direction, so that the
curve overall describes an S shape. Several studies have
used numerical analysis of the entire length of this S
curve to obtain predictive evaluations.6, 7) In recognition
of the inherent difficulty of obtaining long-term creep
test data for use in calculating allowable tensile stress in
the high-temperature region, the European Creep
Collaborative Committee (ECCC) was set up in 1991 by
48 organizations across 14 different countries to coordinate the collection, analysis and evaluation of creep test
data and develop allowable tensile stress standards for
incorporation into European specifications.8, 9)
2.2 Microstructural Change
Along with accurate prediction and evaluation of
long-term creep strength in heat-resistant steel, we also
need to develop heat-resistant steel with good long-term
creep strength properties (i.e., minimal decline in creep
strength over time). To this end, it is important to have a
proper understanding of the processes and mechanisms
that cause creep strength to decline. There has been a
great deal of research into the histological factors that
cause this decline.10-19) The main strengthening mechanisms for high-strength ferritic heat-resistant steel
(which is crucial to enabling higher steam temperatures
in USC power plants) are precipitation strengthening of
fine MX particles, a carbonitride of Nb and V, and solid
solution strengthening of matrix with Mo and W. Coarse
development of MX carbonitride reduces precipitation
strengthening, while precipitation of Laves phase
(Fe2(Mo, W)), an intermetallic compound of Fe, Mo and
W, reduces the extent of solid solution strengthening by
both elements. For this reason, considerable attention
has been focused on second phase behavior such as precipitation, growth and coarsening. For example, Nath et
al10) have analyzed Laves phase precipitation and growth
behavior to produce a time-temperature-precipitation
curve, while Cerjak et al11) have conducted second phase
analyses using energy filter TEM (EFTEM). Lundin et
al14) have used atom probe (APFIM) and EFTEM in conjunction to conduct a detailed analysis of second phase
composition elements to the states of the various alloy
elements, generating valuable experimental data for second phase thermodynamic analysis. Hald et al12), 15) have
used Thermo-Calc in studies designed to boost computational accuracy in the second phase, while Robson et
al13) have modeled the structural formation process using
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thermodynamic models and neural networks.
MX carbonitride (as used for strengthening of highstrength ferritic heat-resistant steel) has an extremely
fine particle, of the order of several tens of nanometers.
For this reason, advances in analysis techniques such as
EFTEM and APFIM will help to identify the key factors
governing material strength, in turn providing information about as yet unknown precipitation phases. Bursik
et al 16) reported in 1995 the discovery of Z phase
(Cr(Nb, V)N), a complex nitride of Cr, Nb and V, in ferritic steel. Z phase precipitation was subsequently confirmed by Strang et al17) and Hofer,18) with the strong
likelihood of a link to reduced creep strength. The main
constituent elements of the Z phase are Cr, Nb and V. Z
phase precipitation begins after high-temperature usage
over a prolonged period (several thousands or several
tens of thousands of hours), with a rapid rate of growth
producing large particles measuring several hundreds of
nm. This has the effect of reducing creep strength by
eliminating the fine MX carbonitrides measuring several
tens of nm with main constituents Nb and V, which help
to boost creep strength. More recently, Danielsen et al19)
have confirmed the existence of Nb-free Z phase
(CrVN) and provided valuable data for the analysis of Z
phase precipitation and growth behavior.

3. Domestic Research
Japan is also actively pursing research and development into high-strength ferritic heat-resistant steels, and
in fact leads Europe and the United States in the field.
This research is tied to the large-scale introduction of
USC power plants. This section looks at recent developments in domestic research, including updating of
design standards.
3.1 Creep Strength Evaluation
As mentioned in Section 2.1, there is a tendency to
overstate the long-term creep strength of high-strength
ferritic heat-resistant steel. The conventional approach
involves developing an estimate of predicted long-term
creep strength based on the application of TTP to the
results of temperature-accelerated creep tests conducted
over a short testing period. According to Maruyama et
al, 20) the overstating problem can be attributed to
changes in the creep deformation mechanism caused by
the temperature acceleration process. They propose the
introduction of multi region analysis to creep rupture
data, in order to incorporate consideration of changes in
creep strength temperature dependence.
Long-term creep strength predictions are normally
determined through TTP analysis of creep rupture time,
although analysis of creep deformation behavior offers
another potential solution. Numerical analysis techniques such as θ projection, 21) modified θ 22) and
CRISPEN CDM23) have been proposed. CRISPEN CDM
incorporates consideration for variation in creep
strength due to microstructural change and is consequently more complex than the other two techniques
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due to the number of parameters involved. It does however provide a more faithful representation of material
properties, and has been successfully used by Semba et
al24) to perform an in-depth analysis of creep deformation behavior in high-strength ferritic heat-resistant
steel.
3.2 Microstructural Change
The main strengthening factors in high-strength ferritic heat-resistant steel are precipitation strengthening
and solid solution strengthening of Mo and W. As with
the European research described in Section 2.2 above,
local research is heavily focused on precipitation and
growth behavior of MX carbonitrides and Laves phase
and associated changes in the concentrations of solid
solution elements in the matrix. Hamada et al25) have
identified conjugated form of two phases of MX carbonitride, while Toyama et al26) have described Laves
phase precipitation conditions and the influence of
Laves phase precipitation on mechanical properties.
Mimura et al,27) Kadoya et al28) and Murata et al29) have
conducted in-depth studies of changes in the concentration of solid solution elements during Laves phase precipitation and the precipitation process. Similarly, Z
phase precipitation in ferritic heat-resistant steel, first
discovered in 1995, was described by Ishii et al in
2002.30) Meanwhile, Sawada et al31) studied changes in
the tempered martensitic lath structure (as opposed to
the above secondary phase changes) such as the reduction in strength in high-strength ferritic heat-resistant
steel, and reported on techniques for assessing remaining life of steel.
3.3 Research in NIMS
NIMS is currently engaged in a long-term project
involving the collection of long-term creep test data for
heat-resistant metallic materials over a period of more
than 100,000 hours. 32) Findings from the project,
launched in 1966 when NIMS was still known as the
National Research Institute for Metals of the Science
and Technology Agency, are released to research organizations and standardization bodies in Japan and around
the world in the form of Creep Data Sheets providing
valuable reference data on creep behavior. NIMS itself
has also used long-term creep test data and creep test
specimens from the project for research on creep
strength evaluation techniques and factors affecting
creep strength. As Figure 1 shows, the steady decline in
strength of high-strength ferritic heat-resistant steel is
closely related to the formation of localized recovering
soft domains in the vicinity of the prior austenite grain
boundary, which also causes a rapid drop in creep rup33)
ture ductility. NIMS was also the first organization in
Japan to demonstrate the existence of the Z phase,34) and
to postulate a strong correlation between Z phase precipitation and preferential recovery phenomena in the
vicinity of the prior austenite grain boundary and quantitatively demonstrate the loss of MX carbonitride during Z phase precipitation and growth.35) Meanwhile,
research in regulation of the precipitation behavior of
370

Fig. 1 Bright field TEM image of modified 9Cr-1Mo steel specimen which ruptured after 34,141 hr at 600 – 100 MPa creep test
conditions. The prior austenite grain boundary runs from the
upper right to the lower left, with the preferentially recovered
softening area (white contrast) formed along the grain boundary.

MX carbonitride, a key strengthening factor, has yielded
important information about the precipitation behavior
of MX carbonitride during normalizing and tempering
heat treatment.36, 37) Distribution data is now relatively
easy to obtain on a range of precipitation phases, including the traditionally difficult Z phase. As a result, we are
now in a better position to generate information on the
preferential tendency towards Z phase precipitation in
the vicinity of the prior austenite grain boundary and
differences in Z phase precipitation behavior according
to the type of steel.38)
Based on these research outcomes, an accurate model
for predicting the long-term creep strength of highstrength ferritic heat-resistant steel called Region
Splitting Analysis was proposed.39, 40) Figure 2 compares
results from conventional analysis techniques (in which
all available data is treated as an integrated entity) and
Region Splitting Analysis. The latter model involves
splitting into a high-stress short-period region and a
low-stress long-period region, with 50% of the 0.2%
offset yield stress as the boundary, and performing TTP
analysis on each region separately. Although the idea of
analyzing the short-term and long-term regions separately has long been accepted, finding a simple and
objective means of defining the boundary has proved
more problematic. This led to the NIMS proposal of
50% of the 0.2% offset yield stress. These findings,
based on long-term creep test data obtained systematically from creep data sheets, have attracted considerable
interest both at home and abroad.
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Fig. 2 Conventional method (dotted red lines) versus Region Splitting Analysis (solid blue lines).

3.4 Revision of Standards
It has been acknowledged for some time that when
Region Splitting Analysis is used to predict long-term
creep strength based on creep test data obtained through
the creep data sheet project, there is a tendency for the
allowable tensile stress of high-strength ferritic heatresistant steel defined in the standards to be overstated.
Many researchers in Europe and America, aware of this
issue, have argued that the allowable tensile stresses
should be revised. A June 2004 incident at a USC
power plant in Japan that is steam leakage from hightemperature reheat steam pipe prompted the revision of
allowable tensile stress standards for high-strength ferritic heat-resistant steel. Amendments to the
Interpretation of Technical Standards for Thermal
Power Generation Equipment in December 2005, 41)
including lower allowable tensile stresses in certain
material categories, were released together with Usable
42)
Life Evaluation Formulae, a set of guidelines for the
remaining life of materials employed in currently operational power plants designed and built under the former standards. The Region Splitting Analysis approach
proposed by NIMS was employed in both of these. In
this way, the creep data sheet project has made a significant contribution to improving public safety and security through the revision of domestic standards.
Outcomes generated by this project have also been
reported overseas43, 44) and used by standards organizations such as the American Society of Mechanical
Engineers (ASME) and ECCC for revision of allowable
tensile stress.

4. Future Research
4.1 Long-term Creep Tests
Although researchers and engineers have long been
aware of the tendency to overstate the long-term creep
strength of high-strength ferritic heat-resistant steel, it
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has taken considerable time to achieve the general consensus needed in order to revise the relevant allowable
tensile stresses. The pipe failure incident at an operational power plant finally provided the direct impetus to
instigate the revision process, during which the longterm creep test data from the creep data sheets and the
Region Splitting Analysis technique generated by the
long-term research project made an important contribution.
Conventional analysis techniques for conventional
materials, which have been extensively used in the past,
are not suitable for evaluation of creep strength of
newer materials. It is now accepted that a systematic,
long-term scheme for obtaining long-term creep test
data is required, necessitating an ongoing commitment
to generating such data. A framework to bring together
different of organizations for this purpose is needed,
along the lines of the ECCC in Europe, along with a
program for incorporating the data and findings into
standards revisions as quickly and effectively as possible.
4.2 Structural Analysis
Secondary phase precipitation dispersion reinforcement is the main strengthening factor that boosts creep
strength. Although secondary phase observation and
analysis has been performed on ferritic heat-resistant
steels for some time now, Z phase precipitation in ferritic heat-resistant steel was only discovered in 1995, illustrating the capacity for new analytical techniques to
reveal hitherto unknown phases. Since then, we have
gained new knowledge in many other areas, such as the
precipitation behavior of ultra-fine MX carbonitride particles of the order of several tens of nm. Structural
analysis of heat-resistant steels using the latest high-precision analysis technology will help to boost our understanding of strength mechanisms and factors affecting
strength, which in turn will contribute to material development and improved performance and reliability of
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high-temperature power plants.

5. Conclusions
This section has described recent research on degradation of heat-resistant steels. High temperatures cause
time-dependent creep deformation as well as significant
changes in the metallic structure, which in turn cause
substantial changes in the mechanical properties of the
material. We have also described a number of new discoveries of previously unknown phenomena associated
with newly developed materials. In order to resolve the
fundamental trilemma of power generation, the key
technology in energy supplies, we need a long-term
commitment to ongoing creep testing as well as research
employing new analytical techniques, together with
heat-resistant steels boasting enhanced performance and
reliability.
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3.3. Strength Evaluation of Nanowire Materials
Masahiro Tosa
Materials Reliability Center, NIMS
1. Introduction
There is a considerable number of research at present
on the performance and properties of nanosheets,
nanofibers and other functional nanomaterials such as
fullerenes and nanotubes. This is particularly true of carbon nanotube (CNT), fine-structured from carbon
atoms, where many research projects throughout the
world are looking at measurement techniques for evaluating electrical and electronic characteristics with a
view to developing electronic device applications such
as high-intensity field-emitted electron sources and
ultra-fast transistors. However, we have not yet to see a
genuine, flexible methodology for evaluating the key
characteristic of mechanical strength essential to micronano structural materials development — the nanoscale
equivalent of tensile strength testers for ordinary materials. This is due to the inherent difficulties associated
with the manipulation and transportation of materials at
the nanoscale level. In this section, we will discuss
recent developments and the future outlook for research
on mechanical strength measurement of CNT and other
nanowires in diameter several nm through several hundred nm.

2. International Research
Various attempts have been made to measure
mechanical strength of nanoscale materials in terms of
bending strength and tensile strength. This section looks
at the major types of strength measurement in conjunction with in-situ observation of dynamic behaviors using
a transmission electronic microscope (TEM).
2.1 Thermal Vibration
Young’s modulus of each CNT was one by one determined by attaching the CNT rod (length = 0.66 – 5.81
µm, diameter ø = 1.0 – 6.6 nm) to the tip of a TEM
observation Ni ring sample holder, and measuring the
amplitude of natural thermal vibration via TEM while
steadily heating from room temperature up to 1000 K.1)
A plot of the square root average of the amplitude intensity at each prescribed CNT temperature produced an
extremely high average of 1.8 TPa.
2.2 Atomic Force Microscope (AFM)
Young’s modulus and fracture strength were meas374

ured for individual silicon carbide (SiC) nanorods
(diameter ø = 23.0 nm) and MW-CNT (diameter ø =
32.9 nm) bonded to a molybdenum disulfide (MoS2)
substrate surface, using Atomic Force Microscope
(AFM/LFM) during TEM observation.2) The LFM probe
scanned horizontally across nanorods and CNT beams
extending from the substrate surface. The probe location
was shifted steadily from tip to the base of the beam,
and flexure was measured via TEM observation at each
position to determine the correlation between bending
strength (lateral force: LF) and the amount of flexure.
The resulting Young’s modulus was 610 GPa for SiC
nanorods (similar to the whisker value) and 1.06 TPa for
CNT.
2.3 Specimen Jigs
The stress-strain curve for an aluminum slice (length
= 10 µm, thickness = 100 nm) was measured using a
stress application jig prepared specifically for TEM tensile testing via micro-level processing.3)

3. Domestic Research
Strength testing has been conducted on nanowires
(primarily CNT). Tensile strength can also be measured
accurately on materials at the micron level (i.e., not
nanowire size).
3.1 Resonance Frequency
Scanning Electron Microscope (SEM) with two tensile probes in opposing formation was used to measure
inner core pull-out strength test and buckling displacement - stress curves for MWCNT, with the CNT mounted between the probes. It was also found that individual
Young’s modulus values could be determined relatively
easily by mechanically inducing resonance due to cantilever vibration.4)
3.2 Evaluation Testing Equipment
An accurate evaluation tester has been developed for
general mechanical properties such as strength, toughness and fatigue characteristics with the same form at
the slightly larger micron level size. Research is also
underway on the evaluation of material mechanical
strength such as tensile strength, fracture toughness and
fatigue characteristics of the world’s smallest micro-size
test specimens.5)
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3.3 NIMS Research
We have successfully manufactured a number of different silicon (Si) nanowires of diameter 10 – 200 nm
and length 10 µm – 10 mm. As Figure 1 shows, long
crystalline Si nanowires in diameter up to several tens
of nm can be produced in virtually any location at low
temperatures (below 250° C). This breakthrough, developed independently by NIMS based on the low-pressure, low-temperature CVD method, represents the first
successful attempt to produce crystalline wire at under
250° C in the world. And as Figure 2 shows, calculations indicate that the wires are extremely strong (up to
46 GPa at lengths of under 10 µm).
At the nanoscale level, we have already reached the
stage of designing and manufacturing prototypes of
nanowires for measuring thermal conductivity. We produced a prototype micro-prober equipped with strain
gauge for measuring flexural strength of 100 nm diameter nanowire using an optical microscope in atmospheric
conditions. Observation of 1.7 times elongation at 180
µN stress found strength to be at least 160 GPa, much
greater than the theoretical prediction. Advances have
also been made in manipulation techniques for
nanowires of diameter 100 nm or less (and particularly
10 nm or less), including micro-level photo-polymerized joins and micro-sphere optical tweezers for manipulating and joining using laser light, and basic operations such as lifting, carrying and positioning using two

micro-probes in a scanning electron microscope.

4. Future Research
Much useful strength data has already been obtained,
albeit in an ad hoc fashion. However, producing the data
inevitably requires highly advanced technology and
considerable experience. The primary issue in measuring mechanical strength of nanowires is the same as for
structural materials in general, namely: developing a
simple and effective method for installing the material
to be measured (in this case, the nanowire) in the measurement jig. With this in mind, future research will concentrate on the development of simple and effective
measurement techniques.

5. Conclusions
This section shows a general outlook on recent
research on measurement of mechanical strength of
nanowires (primarily CNT) with radius ranging from
several nm to several hundred nm. Due to the inherent
difficulties associated with manipulation and transportation of materials at the nanoscale level, research into
systematic material strength measurement has not yet
reached the stage where we can readily compare various
different structural materials. This is an issue for the
future research in this field.
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3.4. Advanced Material Databases
Yibin Xu and Masayoshi Yamazaki
Materials Database Station, NIMS
1. Introduction
Increasing concern among the general public over
issues such as energy supplies and the environment,
coupled with recent advances in nanotechnology, have
radically transformed the nature and scope of materials
science research. It is most important that materials
databases, as the foundation of our knowledge of materials, keep pace with this transformation. The process of
constructing a genuinely useful database, from system
design and development and data gathering through to
final completion, takes at least five years and more often
ten years or more of development. During this period,
new materials will be developed and new characteristics
and properties will be discovered, generating new information to be incorporated into the database. Relational
database technology, the most widely used technology
in this field at the moment, involves storing data into a
number of pre-designed tables by category. This
approach effectively prevents the subsequent addition of
new categories. For example, it is not possible to add
structural characteristics for thin film materials and
nanomaterials into a database designed for bulk materials, nor new material properties such as environmental
characteristics. It is crucial that materials databases
employ a flexible data structure in order to keep pace
with advances in materials science.
Materials data is highly specialized information that
is obtained from a wide variety of sources. The data
gathering process is beyond the capacity of any single
organization; instead, a joint approach involving multiple information agencies is required, which is of value
in itself. The internet offers an ideal solution, as a convenient tool for obtaining information from a variety of
sources and creating links to other related information
and to application systems. In this way, the internet promotes the development of databases containing genuinely useful data with enhanced data compatibility. Unlike
the Handbook, internet-based materials database systems tend to be used by non-experts such as university
students and graduate students, government organizations and small business. For instance, university students account for about one-quarter of the registered
users of the NIMS Materials Database,1) as shown in
Figure 1. For this reason, it is important that the database be presented in readily accessible form for the benefit of non-expert users, featuring clear theoretical foundations, expert advice in areas such material selection,
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Fig. 1 Users registered on the NIMS materials database (as at
March 31, 2006).

and links to simulation systems and other relevant elements.
Systematic data is necessary for material selection
and design applications; however data obtained from literature and documentation (with the exception of fact
data generated specifically for a database) is not adequately systematic due to the number of data holes.
Thus, the use of relational information based on physics
and chemistry theory to predict physical characteristics
can also be considered a valid means of acquiring data.

2. Recent Research
2.1 Object-oriented Databases
The basic concept of the object-oriented database is
to construct data models for the things (i.e. objects) that
exist in the world at the moment. Thus, a given material
is defined as an object, and all descriptive information
(such as structure and properties) is stored within that
object. Each object can have unique data categories and
can include other objects. Thus, the object-oriented
database approach is equipped to accommodate new
materials such as nanomaterials and composites.
Modern object-oriented databases either employ
object-oriented languages such as Java or C#, or are
constructed as XML databases that are independent of
Materials Science Outlook 2006

programming language. XML databases are expected to
become increasingly widespread in future, thanks to
advances in the programming environment and web
services integration, and Japan is playing a leading role
in developing XML technology for materials databases.
The New Materials Center (NMC) has proposed a standard XML format for VAMAS TWA10 (Computerized
Materials Data) called NMN-MatDB,2) designed specifically for structural materials databases. This format was
used by the NIMS Database Station to compile a new
database on pressure vessels, due for release on the
internet during 2006. Outside Japan, meanwhile, LCI
Publisher in Germany has developed a database system
called SciDex3) featuring an object-oriented database
engine designed specifically for organic materials.
SciDex has already been used in the development of a
liquid crystal database, a Chemical Substances Tracking
System at the University of Hamburg, and an online
index of the Landolt-Börnstein Handbook.
2.2 Standardization of Materials Data Exchange Formats
In order to transfer and exchange materials data over
the internet, the data format must be standardized. The
ISO standard STEP (ISO 10303)4) used by industry to
exchange product information (including materials)
makes some provision for materials information such as
properties and composite structure, but this is considered inadequate. The National Institute of Standards and
Technology (NIST) in the United States has been working on a materials data exchange XML schema called
MatML since 1999, with MatML 3.05) the latest version
currently available. On the recommendation of the US
group, the Committee on Data for Science and
Technology (CODATA) of the International Council for
Science (ICSU) will set up a task group in 2006 to promote international standardization of MatML. As a precursor to this new development, a Workshop of
Scientific Markup Language was held at the 2006
Materials Information Technology Station (MITS) symposium, providing a forum for participants from the
USA, UK, Japan and elsewhere to present papers and
engage in discussion.
2.3 Semantic Web and Ontology Searching
The semantic web concept essentially involves
expressing the relationships among information
resources scattered over the internet in the form of data
structures that can be recognized by a computer for the
purpose of generating automatic links between related
information. Semantic web technology can be applied to
materials information systems to integrate databases
with related knowledge bases, scholarly papers and simulation systems.
The simplest form of search technology, searching by
keyword, meets a difficulty when several different
names are used for the same substance. Simple text
string matching therefore does not constitute a reliable
and accurate tool for locating the desired information.
Ontology involves defining a set of logical rules for
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interpreting relationships between concepts, such as
broader and narrower terms and synonyms. The incorporation of ontology descriptions for material names
and classifications into search engines makes it possible
to search with greater precision for semantically
matched information instead of simple keywords. The
World Wide Web Consortium (W3C), the standardization body for internet technology, has moved to promote
ontology technology by releasing recommendations on
the Resource Description Framework (RDF)6) for defining relations between information resources and the
Web Ontology Language (OWL)7) for describing relationships between concepts.

3. Future Research
Internet and database technology can do nothing
more than enhance the flexibility and expandability of
materials databases, with improved compatibility of
data and integration of information resources. Issues
such as identification of materials and description of
material structures, that ultimately determine the viability of the database, must be addressed in the database
design philosophy. For this reason, in-depth materials
science research is urgently needed in areas such as
development of optimized models for material data and
clarification of internal relationships.
Material data searching needs, in addition to the latest
information processing technology, the development of
materials theory based intelligent search engines. This
would give XRD spectrum search engines and phase
diagram search engines, for instance, the ability to calculate XRD spectra and phase diagrams from crystal
structures, chemical compositions and other information
related to a material, in addition to search for the ready
data contained in databases. Similarly, future advances
in computing power could lead to the advent of search
engines incorporating techniques from computational
materials science, such as a first-principles search
engine capable of providing characteristics of virtual
materials. Figure 2 illustrates the concept of internetbased materials data searching systems of the future.

4. Conclusions
The materials database is more than just an electronic
version of a handbook or data book. In the materials
database, materials data is organized systematically to
facilitate automated computer processing and in-depth
analysis of internal data relations and promote the creation of new knowledge. Computers and the internet are
changing the way we live and work; equally, this technology has the potential to transform the world of material science research, through the integration of materials databases, materials knowledge bases and computational materials science tools using cutting-edge IT systems.
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Fig. 2 Future internet-based materials data searching systems.
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Section 4. Trends Surrounding Policies Pertaining to Risk
Assessment and Management of Nanomaterials
Masahiro Takemura
International Affairs Office, NIMS
remediation, medical care, and other items, as well as
implications (unintentional impact), which are typified
by potential risks of nanomaterials. Looking at only the
latter case, the budget is estimated to be between 10 and
15 million dollars, or perhaps less. Since around 2005,
many have pointed out that the US has dedicated too
few public funds to this field—this despite its being a
leader here. Thus, an active response by the government is required.
Table 2 shows the government departments, agencies,
and public institutes responsible for EHS implications.1)
With the exception of those for medical care, nanomaterials have traditionally been handled in the same category as chemicals; thus, protection of the health and safety
of consumers as well as the environment is the responsibility of the Environmental Protection Agency (EPA),
while protection of the health and safety of workers is
the responsibility of the National Institute for
Occupational Safety and Health (NIOSH). These two
organizations are currently actively working to evaluate
and manage risks connected with nanomaterials.
On the other hand, the framework for standardization
of nanotechnology includes risk assessment and management of nanomaterials. Discussion of these topics and
work to formulate standards are being promoted by the
American Society for Testing and Materials (ASTM).

1. Introduction
While nanotechnology is expected to bring significant benefits to health, the environment, and society,
there are also many concerns that it may also entail
potential risks. More and more countries are placing
priority on policies to predict such risks whenever possible and to minimize them. And, while accumulation of
scientific data remains insufficient and risk assessment
has yet to evolve to a point where it can produce results,
the number of new organizations and projects to tackle
these problems is growing year by year. This chapter
will present trends surrounding policies on risk assessment and management of nanomaterials, both in Japan
and overseas, that are currently viewed as highest-priority issues and closely connected with materials research.

2. Trends Surrounding Policies in the United States
Table 1 presents estimated 2006 budgets for 1)
Environment, Health, and Safety (EHS), and 2) Ethical,
Legal, and other Societal Issues (ELSI) in the National
Nanotechnology Initiative (NNI) of the United States.1)
It should be noted that the budget for EHS contains both
R&D and so-called applications toward environmental

Table 1 NNI (US) investment in EHS, education, and ELSI.
(2006 estimate; total amount for applications and implications) Unit: $1 million
NSF
EHS
Education and
ELSI

DOD

DOE

NIH

NIST

USDA

EPA

NIOSH

DOJ

TOTAL

24

1

0.5

3

0.9

0.5

4

3.1

1.5

38.5

35.5

1

0.6

5

0.5

42.6

EHS: Environmental, Health, and Safety R&D
ELSI: Ethical, Legal, and other Societal Issues

Table 2 Approaches to EHS implications by agencies of NNI (US).
Hazard
Exposure
Characterization
Control
Risk assessment
and management
Outreach
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NSF
○
○

○

DOD
○

DOE
○

NIH
○

NIST

○

○

○

EPA
○
○
○

NIOSH
○
○
○
○

FDA
○

○

○

○

○

○

OSHA

○
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2.1 The Environmental Protection Agency (EPA)
The EPA announced that it will proceed with risk
assessment and management of nanomaterials based on
existing systems pertaining to comprehensive chemical
management. Such systems include, for example, the
Toxic Substance Control Act (TSCA). The EPA also
issued its Nanotechnology White Paper in December
2005, which is founded on an overview of nanomaterials.2) Recommendations mentioned in this document
cover 1) prevention of pollution, stewardship, and sustainability; 2) research: chemical identification and
characterization, environmental fate, environmental
detection and analysis, releases and human exposure,
human health effects assessment, ecological effects
assessment, and environmental technology applications;
3) risk assessment; 4) collaboration and leadership; 5)
cross-agency workgroup; and 6) training.
Without directly regulating nanomaterials, a body
currently established within the EPA—the National
Pollution Prevention and Toxic Advisory Committee
(NPPTAC)—is taking the lead in preparing a Nanoscale
materials Voluntary Pilot Program (NVPP) for the
assessment and management of nanomaterial safety by
private enterprises and NGOs. This program will be
executed by a working group to be made up of private
enterprises and NGOs. Thus, efforts are being made
from the planning stage to ensure social fairness through
the holding of public hearings at appropriate times. In
addition, the EPA is continuing to support research
undertaken by universities on health and environmental
impacts (a total of 4 million dollars over a period of
three years, starting in the summer of 2004).
2.2 National Institute for Occupational Safety and
Health (NIOSH)
NIOSH is not a regulatory agency. It is a research
institute whose mission is to process information that is
needed to create safe working environments.3) Under
the banner “Filling the Knowledge Gaps,” NIOSH
announced a proposed strategic plan for its own nanotechnology research in September 2005. The goals of
this plan are as follows:
- To understand and prevent work-related injuries
and illnesses potentially caused by nanoparticle and
nanomaterials
- To conduct research to prevent work-related
injuries and illnesses by applying nanotechnology
products
- To promote healthy workplaces through interventions, recommendations, and capacity building
- To enhance global workplace safety and health
through national and international collaborations on
nanotechnology
Moreover, the plan presents 10 important issues pertaining to occupational safety and health that arise from
nanotechnology: 1) exposure and dose, 2) toxicity, 3)
epidemiology and surveillance, 4) risk assessment, 5)
measurement methods, 6) controls, 7) safety, 8) communication and education, 9) recommendations, and 10)
applications (Table 3). In actuality, NIOSH is engaged
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in comprehensive research that ranges from the origin of
nanoparticles to trapping methods, with focus on carbon
nanotubes.
2.3 American Society for Testing and Materials (ASTM)
Efforts to standardize nanotechnology in the US
began with the launching of the American National
Standards Institute’s Nanotechnology Standards Panel
(ANSI-NSP) in September 2004. In reality, discussions
and formulation of standards are conducted by the
Committee E56 on Nanotechnology, which was established by the ASTM based on a commission from the
ANSI. This committee has six subcommittees (SC),
whose individual responsibilities are as follows: SC1:
terminology and nomenclature; SC2: measurement
(characterization); SC3: environmental and occupational
health and safety; SC4: international law and intellectual property; SC5: liaison and international cooperation;
and SC6: risk management and product stewardship.
2.4 Efforts by Organizations other than Public Institutes
Among organizations that are not public institutes,
remarkable contributions are being made by the
Woodrow Wilson International Center for Scholars and
the International Council on Nanotechnology (ICON).
Woodrow Wilson is a nonpartisan think tank that commenced a Project on Emerging Nanotechnologies in April
2005. As part of this project, the “Nanotechnology
Health and Environmental Effects: An Inventory of
Government-Supported Research” 4) concept was
launched in October 2005 to create a database of public
research projects throughout the world that pertain to
health and environmental impacts of nanotechnology. It
is the first approach of its kind on the international stage.
In particular, the concept sets as major goals further
promotion of cooperation between public-sector and private-sector research, and support for international
research cooperation. It classifies the scope of research
into the following nine categories: 1) exposure (nanosubstance exposure to people and the environment); 2)
hazard (properties and potential of human toxicity and
ecotoxicity); 3) response (reactions that are caused by
exposure to nano-substances; includes epidemiologic
investigation); 4) generation, dispersion, transformation,
etc. (physical, chemical, and biological processes); 5)
safety (physical danger of fire, explosion, etc.); c) control (control of release and exposure); 7) characterization (characterization of nano-substances connected
with exposure, hazard, response, and control); 8) risk
assessment (development of qualitative/quantitative risk
assessment methods); and 9) risk management (development of frameworks for risk management models).
On the other hand, ICON is an international organization, made up of industry, academia, government, and
NGOs, established primarily by the Center for Biological
and Environmental Nanotechnology (CBEN) of Rice
University in the US. ICON sees as its mission pursuit
of the following areas pertaining to the environmental,
health, and safety risks of nanotechnology through international cooperation.5)
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1) Holding of forums and events to explore health
and environmental risk issues in nanotechnology
2) Building of an electronic knowledge base for
accessing peer-reviewed publications in nanotechnology
3) Supply of high-quality technical information relevant to decision makers in nanotechnology
4) Building of a proactive communications platform
that translates complex scientific data into material
easily understood by many stakeholders.
The electronic database on health, the environment,
and safety of area 2 above is particularly representative
of ICON’s activities. Nearly 1,300 documents (including research reports and other articles) have been registered in the database, which can be accessed by anyone
via the Internet. Combined with the previously mentioned Woodrow Wilson database, this database is
expected to make a significant contribution to research
project planning and evaluation by controlling both the
so-called “entrance” and “exit” of research. ICON has
recently provided $55,000 in assistance to a “Review of
Best Practices for Nanotechnology Safety,” which is a
project run by UCSB. The majority of ICON’s activities are supported by contributions from corporate members.

3. Trends Surrounding Policies in Europe
3.1 European Union
Nanosafe is survey research on risk assessment and
management of nanomaterials, the second phase of
which—Nanosafe II—commenced in March 2005.
Nanosafe is an EU project that aims to collect information on nanoparticle hazards; assess risks to workers,
consumers, and the environment; implement mechanisms for assessing risks to human health; propose a
“code of good practice” in order to reduce risks before
they occur; and recommend guidelines toward regulation. Implemented over a period of four years, the project is estimated to have a total budget of 17 million
euro, with approximately 8 million euro contributed by
the EC and a roughly equal amount provided by private
enterprise.
3.2 Policies of Individual European Countries
Of all European governments, the United Kingdom is
hammering out the clearest policy. This is largely due
to recommendations in a report issued by the Royal
Society and the Royal Academy of Engineering. The
government agencies in charge of this policy are the
Department of Environment, Food, and Rural Affairs
(DEFRA) and the Health and Safety Executive (HSE).
DEFRA handles a wide range of items pertaining to
health and environmental impact, while HSE pays particular attention to occupational health and safety.

4. Trends Surrounding International Organizations
The importance of international cooperation in risk
assessment and management of nanomaterials is recognized by all concerned countries, and discussion of this
topic is being pursued by existing international organizations.
4.1 International Organization for Standardization
(ISO)
In January 2005, a decision was made to establish a
committee on international nanotechnology standardization within the ISO. This move, which was based on a
proposal put forward by the British Standards Institution
(BSI), resulted in the launch of ISO TC-229.6) The
United Kingdom serves as the chair country of this
committee. The committee held its first general assembly in London in November 2005, where it was decided
that activities would be promoted within a framework
made up of three working groups: Working Group 1
(terminology and nomenclature), Working Group 2
(metrology and characterization), and Working Group 3
(health, safety and environmental aspects of nanotechnologies). These working groups are convened by the
following countries: WG1: Canada; WG2: Japan; WG3:
US. The National Institute of Advanced Industrial
Science and Technology of Japan is participating in the
committee and chairing WG2.
4.2 Organization for Economic Cooperation and
Development (OECD)
For 30 years, the Chemicals Committee of the OECD
has served as a venue for deliberations on comprehensive chemical management. In June 2005, it also began
discussions of the impact that nanomaterials have on
health, the environment, and safety, with participants
being experts from concerned countries. A Working
Party on Manufactured Nanomaterials was established
to follow through with these discussions in July 2006.
Major themes of discussion involve exchanges of information on: 1) definitions, terminology, nano-specific
characterization (physical and chemical properties, purpose); 2) environmental fate and impact (confirmation
of hazards; methods for assessing hazard, exposure, and
risk); 3) exposure to humans and health impacts (confirmation of hazards; methods for assessing hazard, exposure, and risk); and 4) benefits to the environment as
well as frameworks for regulation and risk management
(limitation to chemical products).
It would appear that the issues being tackled by the
ISO and OECD have considerable overlap. However,
generally speaking, the former focuses on standardization of individual products and technologies, while the
latter emphasizes the building of protocols that combines these products and technologies.

5. Trends Surrounding Policy in Japan
Discussion on the social impacts of nanotechnology
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in Japan began in August 2004 with an open forum entitled “Nanotechnology and Society,” organized by the
National Institute of Advanced Industrial Science and
Technology (AIST).6) Here, people involved in nanotechnology from industry, academia, and government
engaged in discussions toward maximizing the benefits
and minimizing the risks of nanotechnology. One
aspect of this discussion that deserves special note is the
fact that it was formed based on a cooperative framework including AIST, NIMS, the National Institute for
Environmental Studies (NIES), and the National
Institute of Health Sciences (NIHS), which are controlled by different ministries.
In FY2005, this AIST discussion session evolved into
the “Research Project on Facilitation of Public
Acceptance of Nanotechnology,” an undertaking of the
Special Coordination Funds for Promoting Science and
Technology of the Ministry of Education, Culture,
Sports, Science, and Technology. With AIST serving as
the representative institute, four institutes formed five
working groups to conduct the following research: 1)
risk management of nanomaterials (AIST); 2) health
impacts of nanomaterials (NIHS); 3) environmental
impacts of nanomaterials (NIES); 4) ethical and societal
impacts of nanotechnology (NIMS); and 5) technology
assessment and economic effects to promote public
acceptance of nanotechnology (AIST). The results of
this research were compiled into a report and presented
to public institutes, private enterprises that work with
nanotechnology, and government in the form of recommendations.
It was during this time that the 3rd Science and
Technology Basic Plan was enacted (March 2006), and
there can be no doubt that the discussions mentioned
above had a very significant impact on the formulation
of this plan.7) Chapter 4 of the plan, entitled “Science
and Technology that is supported by Society and the
People,” states that “study and research on the social
impacts of nanotechnology shall be promoted in a comprehensive and strategic manner.” Moreover, with
regard to the nanotechnology and materials field in relevant field-specific promotion strategies, the plan adds,
“While establishment of risk assessment methods and
management methods, standardization of technology,
and other activities can be included among research that
promotes public acceptance of nanotechnology, these
research themes must be tackled through collaboration
and cooperation among government offices and ministries, rather than through the promotion of particular
policies by individual offices and ministries. Thus, it
will be necessary to establish a coordinator that will
oversee all such activities in order to promote sustainable management.” In this way, the plan emphasizes the
need for collaboration among all government offices
and ministries.8)
In FY2006, survey research was passed on to a
“Multidisciplinary Expert Panel on the Implications of
Nanotechnology,” which is also an undertaking of the
Special Coordination Funds for Promoting Science and
Technology. With NIMS serving as the representative
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institute, this project took up four themes from among
those topics tackled in FY2005 research that were considered to have particular urgency or importance, and
then established a task force for each. These four
themes are: 1) study of standard testing nano-substances
and characterization technology (NIMS); 2) study of
priority items in tests on the biological impacts of nanosubstances (NIHS); 3) study of kinetic items for managing the lifecycle of nano-substances (NIES); and study
of technology assessment and communication of nanotechnology (Nagoya University). Furthermore, some
40 experts from diverse backgrounds in the natural sciences, humanities, and social sciences have been
brought together as an interdisciplinary expert panel that
will engage in more multifaceted discussion of these
themes.
While the two abovementioned national projects
involve survey research, full-scale activities include
research on risk assessment of nanoparticles and standardization of nanotechnology. In research on risk
assessment of nanoparticles, a NEDO project entitled
“Risk Assessment of Manufactured Nanoparticles,”
which started in FY2006, is the largest comprehensive
project on this topic in the world. The project employs
an independent study and collaboration framework
involving AIST, the University of Occupational and
Environmental Health, Hiroshima University, Kanazawa
University, and Tottori University, and it has a five-year
budget of approximately 2 billion yen. The project’s
primary objective is to prepare a risk assessment report
on carbon nanotubes, fullerene, and titanium dioxide by
FY2011. Other projects in this area include
“Standardization of Nanoparticle Risk Evaluation
Method,” a project that was commissioned to AIST by
the Ministry of Economy, Trade, and Industry in
FY2005, and “Development of Nanoparticle Evaluation
Methods for Health Impacts of Nanomaterials,” a project that was commissioned to the National Institute of
Health Sciences by the Ministry of Health, Labor, and
Welfare in the same fiscal year.
Based on developments in the United States, efforts
toward standardization of nanotechnology began with
the establishment of Nano-Standardization Panel in the
Japan Standards Association. This committee later
developed into the Council on Nanotechnology
Standards in Japan, which was established within the
Japanese Industrial Standards Committee of the
Ministry of Economy, Trade, and Industry in September
2005. Currently, deliberations and formulation pertaining to standardization of nanotechnology are handled by
AIST and the Nanotechnology Business Creation
Initiative.
Finally, it should be mentioned that the number of
international conferences that are hosted by Japan is
growing. Representative among them are the “Second
International Dialogue on Responsible Research and
Development of Nanotechnology,” which was co-hosted
by the Council for Science and Technology Policy,
AIST, and NIMS (in Tokyo, June 2006) and the “Joint
Japan-UK workshops on the potential health, environMaterials Science Outlook 2006

mental, and societal impacts of nanotechnologies,” cohosted by the Science Council of Japan and the Royal
Society (first meeting in London, July 2005; second
meeting in Tokyo, February 2006).

6. Conclusion
This chapter discussed policy trends pertaining to the
risk assessment and management of nanomaterials both
in Japan and on the international stage. Over the past
several years, domestic and overseas efforts in this area
have become more active, and they are proceeding with
particular speed within frameworks that involve collaboration among government offices and ministries; collaboration among industry, academia, and government;
and international cooperation. Especially, comprehensive projects by NEDO and NIOSH, which are concerned with health and safety in work environments, are
expected to produce significant results over the next few
years.
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1. Introduction
Synchrotron radiation has become indispensable to
materials research undertaken throughout the world.
Previously, synchrotron radiations were ultraviolet
lights and soft X-rays that were released in the operation
of charged-particle accelerators for high-energy physics
experiments (collision of elemental particles, etc.), and
up until the 1970s, materials researches using this synchrotron radiation were associated with high-energy
physics experiments. Since then, it has been discovered
that the great brilliance, high intensity, and wide spectral
qualities of synchrotron radiation are extremely useful
in materials research. Synchrotron facilities have, therefore, been built for the express purpose of using synchrotron radiation from the ultraviolet light to hard Xrays. These facilities are referred to as “second-generation synchrotron radiation facilities.” The so-called
advanced countries—Japan, the United States, and those
of Europe—have taken the lar similar development path
in this area, and thus none have a significant advantage
over the others in performance or use. Japan’s SORRING facility (1975) was the first world’s second-generation facility. And KEK-PF, a synchrotron radiation
facility built in the National Laboratory for High Energy
Physics in 1982, played a leading international role as a
full-scale “photon factory” for materials research.
The second-generation synchrotron radiation facilities of Japan, the US, and Europe have done more than
turn synchrotron radiation into a new light source that
provides fully useful strong ultraviolet light and hard Xrays. They have also significantly altered material
research methods by producing new devices and experimental methods that utilize great-brilliance, high-intensity, and wide-spectral synchrotron radiation. Amid this
trend, Japan has played its part by producing many
innovations. For example, the invention of imaging
plates (IP) X-ray recording media to take the place of Xray film, introduction of IP to X-ray diffraction methods, and development of powder X-ray diffraction
devices using IP and single-crystal X-ray diffraction
devices for proteins are all results of Japanese research.
Third-generation synchrotron radiation facilities
work to insert a high radiation field device called an
Materials Science Outlook 2006

undulator into the synchrotron electron orbit to generate
fine, parallel, and nearly coherent synchrotron radiation
that is even more intense. The undulator was tested at a
second-generation facility and has become the backbone
of third-generation facilities. Because many linear portions are needed in the synchrotron orbit in order to
insert many undulators, facilities have became larger
and capable of handling high energy. The construction
of such facilities started in various countries in the
1990s. Three facilities—Japan’s SPring-8 (1997,
8GeV); the US’s Argonne Advanced Photon Source
(APS; 1996, 7GeV); and the European Synchrotron
Radiation Facility (ESRF; 1997, 6GeV), a facility
shared by the European countries—are currently taking
the lead in such international cutting-edge sciences as
nanotechnology and biotechnology. If there is a slight
difference in how these facilities are used, it would
probably be that open use by industry is more developed
in Japan and the United States than it is in Europe. In
particular, the fact that Japan’s nanotechnology support
projects are widely open to use by industry is highly significant.

2. Roles of Synchrotron Radiation in Materials
Research
The roles that third-generation synchrotron facilities
play in materials research are similar in Japan, the US,
and Europe. Their roles are particularly significant in
“nanotechnology-led materials science,” which seeks to
achieve a level at which individual atoms and molecules
can be counted and controlled. One such role is to serve
as “infrastructure for advanced analysis,” and another is
to serve as a “research bases for pioneering unexplored
fields.”
Although synchrotron radiation is used in a wide
variety of S&T fronts—from basic science to industrial
application—it can be classified into the following
based on differences in interaction between electromagnetic waves and substance (diffraction, scattering,
absorption, etc.):
1. Research on the atomic arrangement and structure
of materials using X-ray diffraction and scattering
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phenomena;
2. Research on the electronic structure and functions
of materials based on photoelectron spectroscopy
and X-ray fluorescent spectroscopy;
3. Research on imaging of ultra-fine structure of
materials using X-ray topography and holography;
and
4. Research on modification and creation of materials
using lithography and irradiation.
Use of third-generation synchrotron radiation differs
greatly from that of second-generation synchrotron radiation in that the leading edge of the abovementioned
research goes beyond the framework of static analysis
and observation and tends toward elucidation of the
dynamic functions and dynamism of materials. This is
true regardless of the research group.
For example, in X-ray single crystal structure analysis
of proteins, research is commencing to devise ways of
automatically analyzing the vast amount of samples1), 2)
while at the same time clarifying the functions of proteins by externally stimulating them (light, heat, pressure, etc.) and then observing structural changes in
time.3) Recent examples include efforts by the ESRF of
Europe to analyze femtosecond-level nuclear displacement in FeCo thin film from X-ray absorption fine structure (XAFS) spectroscopy;4) in vivo observation of muscles that move insect wings using X-ray small-angle
scattering by APS of the US;5) and in situ observation of
metal corrosion at the atomic level by the ESRF.6) The
capabilities of third-generation synchrotron radiation
(high intensity, continuous spectral emission, pulsing,
stability, etc.) are having major impact on these efforts.7)
Similarly, powder X-ray structural analysis of inorganic compounds, etc., provides more than simple, high
throughput; analysis of electron density that controls
material function using Rietveld analysis from highly
precise data and the maximum entropy method, making
maximum use of the properties of high energy and highintensity synchrotron radiation, has also become
routine.8)
In photoelectron spectroscopy that examines the electronic state of substances (PES, XPS), dynamic measurement is being tried to track the electronic state of
functions and reactions. 9)-11) Photoemission electron
microscopy (PEEM) has become practical as a method
for directly observing the electronic state and magnetic
structure of nanostructures in real space, and is becoming an essential means of understanding the expression
of nanoparticle functions by observing changes in electronic state in real space.12)-14)
Work with X-ray microscopes that use the coherency
and polarized nature of undulator radiation is proceeding toward real-time observation of functions and
dynamism.15) And the leading edge of holography16) and
X-ray diffraction microscopy, which aim for femtosecond-level imaging, is moving forward in the form of
research to “pioneer unexplored research fields” that
gives consideration to fourth-generation synchrotron
radiation.17)-19)
On the other hand, technology for modification and
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creation of materials with synchrotron radiation is
directly tied to new industrial technologies, as it exceeds
the limitations of optical lithography using extreme
ultraviolet light (EUV),20) and involves pursuit possibilities for conscious and selective molecular disconnection
using soft X-ray resonance absorption that differs
depending on atomic species.21)
Because synchrotron radiation facilities in Japan, the
US, and the European countries were enhanced as “base
facilities for advanced analysis,” these countries are
roughly the same in concentrating their research extensively on analysis of materials, and are achieving results
based on precise synchrotron radiation data. Although
X-ray powder structural analysis is the most typical
example, this also applies to fields in which measurement has become routine—including other XAFS, XPS,
fluorescent X-ray analysis, and structural analysis and
interpretation under extreme conditions (e.g., under
ultra-high pressure). As the custom of obtaining data
necessary for analysis in synchrotron radiation facilities
becomes established, only preparation of samples and
preliminary experiments in these fields are handled by
universities and general research institutes.
Accordingly, there is a tendency for researchers of
general research institutes to become users of synchronic radiation, and for the ability to develop and accumulate advanced analytical technology to rest with the staff
of synchrotron radiation facilities. This tendency is
expected to have a significant impact on related fields in
general research institutes.
On the other hand, research using the limits of the
high-intensity, coherent, and short-pulse properties of
third-generation synchrotron radiation is “research that
is pioneering unexplored fields,” and synchrotron radiation facilities are serving as “bases” for this research.
The above-mentioned development of holography and
X-ray microscopes for the purpose of obtaining direct
images of atomic arrangements, research to pursue
material functions and dynamism by observing physicochemical phenomena using high-speed X-ray diffraction
and scattering measurement in time, and research on
interaction between the polarized radiation and weak
magnetism of synchrotron radiation most likely fall into
this category. It is thought that, for research that uses
the weak interaction of synchrotron radiation with materials as well as imaging and time-resolved research,
light provided by third-generation synchron radiation
facilities is still insufficient in terms of coherency and
brightness.22), 23)

3. Use of Synchrotron Radiation at NIMS
Since the time of its predecessors—the National
Research Institute for Metals and the National Institute
for Research in Inorganic Materials—NIMS has made
significant contributions to the construction of KEK-PF
and SPring-8 and to materials research that utilizes synchronic radiation. In fact, the people at the center of
efforts to develop devices for X-ray diffraction under
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ultra-high pressure using synchronic radiation (a technology in which Japan led the world) were NIMS staff
members. In the construction and use of SPring-8,
NIMS has considered both its dual role as “infrastructure for advanced analysis” having synchronic radiation
facilities and as a “research base for pioneering unexplored fields.” At the same time, NIMS has constructed
its own BL15XU beamline while also engaging in
aggressive research toward development of a unique
fluorescent X-ray microscope as a “power user” of specific beamlines of SPring-8 and KEK-PF. Although
more detail is provided in the section on “Research
infrastructure and technology based on synchronic Radiation,” NIMS’s development of unique methods for creating high-definition 0.5 to 1-second element distribution images of 1 million pixels deserves particular
recognition.24)-26)
Initially, NIMS’s own beamline was equipped with a
revolving undulator that covers a wide X-ray energy (1
to 60 keV) as well as a variety of peripheral devices,27)
including X-ray diffraction (XRD), X-ray fluorescence
analysis (XFA), X-Ray photoelectron spectroscopy
(XPS), and a photoemission electron microscope
(PEEM). This was intended to allow the beamline to
handle the various measurement demands of users within NIMS, with an eye toward positioning it as NIMS
“infrastructure for advanced analysis.” However, as an
organization that is striving to create new materials,
what NIMS needs most is data on the atomic structure
and electron structure of materials. Thus, NIMS conducted structural reform toward specialization in
research on high-speed and high-precision X-ray diffraction and photoelectron spectrometry. As a result,
NIMS currently boasts world-class functions that can
respond to the demands of users both inside and outside
NIMS for precise powder X-ray crystal structure analysis and photoelectron spectrometry.28)

4. Future Use and Handling of Synchrotron Radiation
Japan, the US, and the European countries are each
planning X-ray Free Electron Laser (FEL) and Energy
Recovery Linac (ERL) technology as so-called fourthgeneration synchronic light sources, and are conducting
beam demonstrations22), 23), 29)-31). The former is a synchrotron-radiation-coherent, ultra-short-pulse, and ultrashort-emittance laser beam; although it differs from
ring-type synchrotron radiation that is currently used, it
is expected to be a light source having supreme performance for laser science and synchronic radiation science. The latter is a chaos beam that can be seen as an
extension of so-called 3.5-generation light sources that
were achieved heretofore through advanced operation of
third-generation light sources (for example, top-up operation of SPring-8). It will be an essential light source
for future materials research.
When looked at from the perspective of the synchrotron radiation user in materials research, both technoloMaterials Science Outlook 2006

gies represent desired light sources for the future, and it
would be difficult to choose one or the other. The latter—Energy Recovery Linac (ERL)—is desired as
“infrastructure for advanced analysis,” while the former—X-ray Free Electron Laser (FEL)—is desired as a
“research base for pioneering unexplored fields.”
For substance and materials research, both should
become the ultimate tools for real-time observation,
real-time measurement, and real-time control of functions and reactions at the atomic/electron level that are
being pursued in a proactive manner with 3.5-generation
synchrotron radiation. Moreover, joint use of neutron
beams and synchrotron radiation should finally bring
research on reactions and functions (catalyst activity,
etc.) closer to its true essence. This should prove to be
an essential tool for “nanotechnology-lead materials science.”
If this situation occurs, the gap between the analytical
instruments possessed by general research institutes and
the functions and performance of equipment in synchronic radiation facilities will continue to grow. At the
same time, there will be a stronger tendency that
advanced researchers specializing in material analysis
are concentrated in synchron radiation facilities.
Because research results will also follow this trend, the
division of roles between general research institutes and
synchrotron radiation facilities will progress, and it is
expected that the time will come for reorganization—or
at the very least re-coordination—of materials laboratories both in Japan and abroad.
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Section 2. Neutron Beam Facilities
Hideaki Kitazawa
Quantum Beam Center, NIMS
1. Introduction
Neutrons have no electric charge and are one of the
smallest fundamental elements that make up a material.
They have excellent penetrating power and have properties similar to a weak magnet (spin). Because of this,
neutrons which posses a magnetic moment interact with
the atomic nucleus and with the magnetic moment of
unpaired electrons around the nuclei. In the scattering
process, the neutron behaves as a particle with a mass
and as a wave with an interference pattern, similar to
light and sound waves. In the nuclear reactor moderator
neutrons have an energy of several tens of meV which
corresponds to a wavelength of roughly 0.1 to 0.3
nanometers, equivalent to the wavelength of X-ray used
in crystal structure analysis. Thus, despite having different generating methods, they can be used in the same
way as X-ray.
In particular, neutrons have the following attractive
characteristics that are different from X-ray: 1) Because
they are neutral particles, their material penetrating
power is much larger. 2) The scattering length of neutrons differs from that of X-ray and has no connection
with atomic number. Thus, there are cases where the
structure of materials comprised of light elements (for
example, hydrogen and lithium) and heavy elements can
be more accurately determined by neutron scattering.
3) Neutrons are magnetic particles with a spin.
Magnetic neutron scattering makes it easier to determine the magnetic structure of materials than by using
X-ray. 4) Neutrons with an energy of several tens of
meV can lose or gain energy by exciting or absorbing
vibrations of atoms within the substance. Thus, this
information can be used to elucidate the status of atomic
vibration within the substance.
Experimentation that ascertains, using the abovementioned characteristics, the arrangement and movement
of atoms and magnetic moment within a substance by
sending in many neutrons and measuring how the se
neutrons are scattered (e.g., direction, spin, changes in
spin direction) is called the “neutron scattering method.”
Because this method can clarify how the properties and
functions of a substance are connected with the arrangement and movement of atoms and molecules, it is used
as the most advantageous means of testing in a wide
range of fields—from physics to biology and from basic
science to application. In recent years, neutron scattering experiments have involved materials research under
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extreme conditions (increased neutron strength, low and
high temperatures, high pressure, and high magnetic
fields), research on soft materials (including polymers
and biological materials), and structural evaluation of
functional materials (superconducting materials, etc.).
Thus, the content of research is becoming more and
more diversified, and the devices used are becoming
more and more sophisticated.

2. International Research Trends
Considering generations of neutron sources, this section divides representative neutron beam facilities operating in the world into nuclear reactors (Table 1) and
accelerators (Table 2). One example: the Grenoble High
Flux Reactor (GHFR), which is located in Institut LaueLangevin of Grenoble, France, has an output of 57 MW.
It is the world’s most advanced reactor dedicated primarily to neutron beam experiments, and it has produced a
wide array of successes in materials science research.
However, nuclear reactor facilities that have been active
as neutron sources throughout the world continue to age,
while the construction of new high-intensity neutronsource reactors has become problematic. This situation
is demonstrated by setbacks affecting the Advanced
Neutron Source (ANS) project, which involved a large
nuclear reactor in the Oak Ridge National Laboratory of
the United States.
It is because of this situation that plans to construct
high-intensity spallation neutron sources using accelerators have came to be proposed. In addition to the Japan
Proton Accelerator Research Complex/Spallation
Neutron Facility (J-PARC/JSNS) of Japan, progress is
being made in two projects to construct high-intensity
spallation neutron sources.1) In the US, the Spallation
Neutron Source (SNS) is currently under construction at
the Oakridge National Laboratory, with completion
scheduled during 2006. 2) And in Europe, efforts to
upgrade neutron sources include the construction of the
Second Target Station at the Rutherford Appleton
Laboratory of the United Kingdom.3) What should be
noted here is that many countries other than Japan are
establishing systems to promote active use of neutron
beams in nanotechnology as they also move toward
higher intensity. This trend is seen in the parallel establishment of the Center for Nanophase Materials Sciences
within the SNS in the US, and the location of a micro389

a project that brings all of Europe together, is moving
toward startup.4) European efforts to build systems that
support close participation of public materials research
institutes in these projects, combined with the fact that
use of neutrons in materials science and industrial appli-

electronics and nanotechnology innovation center adjacent to the GHFR/ILL neutron source facility in the
Grenoble district of France. Moreover, the Grand
European Initiative on Nanoscience and Nanotechnology
using Neutron and Synchrotron Sources (GENNESYS),

Table 1 Major “reactor” neutron beam facilities in the world.5)
Country/region

United States

Australia

HFIR

NBSR

HFR
(France)

ORPHEE
(France)

OPAL

HANARO
(South
Korea)

JRR-3
(Japan)

Research
institute

Oak Ridge
National
Laboratory,
Department
of Energy
(ORNL,
DOE)

National
Institute of
Standards
and
Technology,
(NIST)
Department
of
Commerce

Institut
LaueLangevin
(ILL)

Laboratoire Juelich
Leon
Brillouin
(LLB)

Technical
University
of Munich

Australian
Nuclear
Science and
Technology
Organization
(ANSTO)

Korea
Atomic
Energy
Research
Institute
(KAERI)

Japan
Atomic
Energy
Agency

Thermal output (MW)

85

20

58

15

20

20

20

30

20

Thermal neutron flux in
the reactor
2
core (n/cm /s)

2.1 × 1015

3 × 1014

1.5 × 1015

2 × 1014

2 × 1014

8 × 1014

3 × 1014

3 × 1014

3 × 1014

Cold neutron
source/
epithermal
neutron number

1 (new construction
planned for
2005)/0

1 / 0

2 / 1

1 / 0

1 / 0

1 / 0

1 / 0

24

26

22

6

> 10
planned

8

6

25

1967

1970

1972; renovation in
1993

1980

1962

2004

2006

1997

Renovated
in 1990

Parallel
construction with
the
nanoscience
center (base
facility to
promote
advancements) by
DOE

Facility
most highly
praised for
joint use by
DOE and
users; a
strategic
base for
“fuel cell”
development in the
US

PSB
(Partnership
for
Structural
Biology),
an agency
jointly
managed
by 13 EU
members,
and
MINATEC
are being
promoted

Operation
hours have
been shortened due to
financial
crisis (previously 200
days or
more)

Permanent
shutdown
planned for
2006

Criticality
achieved in
March
2004

Under construction;
completion
planned for
2006

Budgeting
for installation of cold
neutron
source
completed

Facility
having
most joint
use in Asia

Major
Solid-state
research fields physics and
polymer
science

Solid-state
physics,
materials,
and polymer science

Solid-state
physics,
materials,
and polymer science; lifescience

Solid-state
physics,
materials,
and polymer science

Solid-state
physics,
materials,
and polymer science; life
science

Solid-state
physics and
materials
science

Solid-state
physics,
materials,
and polymer science

Solid-state
physics,
materials,
and polymer science; lifescience

Year neutron
source completed
Comments

FRJ(Germany)

Asia

FMR(Germany)

No. of neutron 9 (at presscattering
ent)/17
devices
(after renovation in
2006)
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Europe

Neutron
source

1 (under
construction)/0

1 / 0
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Table 2 Major “accelerator” neutron beam facilities in the world.5)
Country/region

United States

Europe

Japan

Neutron
source

IPNS

LANSCE

SNS

ISIS (UK)

SINQ
ESS (EU)
(Switzerland)

KENS

JSNS

Research
institute

Argonne
National
Laboratory,
Department
of Energy
(ANL, DOE)

Los Alamos
National
Laboratory,
Department
of Energy
(LANL,
DOE)

Oak Ridge
National
Laboratory,
Department
of Energy
(ORNL,
DOE)

Rutherford
Appleton
Laboratory
(RAL)

Paul Scherrer To be
Institut (PSI) announced

High Energy
Accelerator
Research
Organization
(KEK)

Japan
Atomic
Energy
Agency,
High Energy
Accelerator
Research
Organization

Proton energy
(MeV)/current
(mA)

450 / 18

800 / 70

1000 / 1400

800 / 200

590 / 1500

1333 / 7500

500 / 9

3000 / 333

Proton beam
output

8.1 kW

56 kW

1.4 MW

160 kW

1 MW

5MW /
5 MW

4.6 kW

1MW

No. of repeats
(Hz)

30

20

60

50

Continuous

10 / 50

20

25

Target material

Enriched U

W

Hg

Ta

Zircaloy

Hg

W

Hg

Moderator

Solid
methane,
water

Solid
methane,
water

Liquid
hydrogen,
water

Liquid
hydrogen,
liquid
methane,
water

Liquid deuLiquid
terium, heavy hydrogen,
water
liquid
methane

Solid
methane,
water

Liquid
hydrogen

Integrated
neutron intensity (n/s)

5 × 1015

6.7 × 1015

1.8 × 1017

1.8 × 1016

1.25 × 1017

6.3 × 1017

5 × 1014

1.25 × 1017

No. of neutron
scattering
devices

12

7

24

17

15

40

15

23

1981

1983

June 2006

1985/2007

1996

To be
announced

1980

April 2008

Parallel construction
with the
nanoscience
center

Parallel construction
with the
nanoscience
center

Under construction
(scheduled
for completion in 2006);
parallel construction
with the
nanoscience
center

Second
Target plan
being implemented
(scheduled
for completion in 2007)

Studied at
earliest period, but
delayed

World’s first
facility
exclusively
for pulse
neutrons
(shut down in
March 2006)

Under construction
(scheduled
for completion in April
2008)

Major
Solid-state
research fields physics,
materials,
and polymer
science; life
science

Solid-state
physics,
materials,
and polymer
science; life
science

Solid-state
physics,
materials,
and polymer
science; life
science

Solid-state
physics,
materials,
and polymer
science; lifescience

Solid-state
physics,
materials,
and polymer
science; life
science

Solid-state
physics,
materials,
and polymer
science; life
science

Year neutron
source completed
Comments

cation of neutrons have always been strong in Europe,
present a considerable threat to Japan.

3. Research Trends in Japan
3.1 Neutron Beam Facilities
Neutron beams are seen in Japan as being important
tools in nanotechnology and materials science.
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Solid-state
physics,
materials,
and polymer
science

Currently, the research reactor JRR-3 (20 MW) of the
Japan Atomic Energy Agency (JAEA; formerly the
Japan Atomic Energy Research Institute) is available for
general use and operates at a level that is on par with
other such facilities worldwide. On the other hand, the
neutron scattering facility (KENS) of the High Energy
Accelerator Research Organization, which was the
world’s first nuclear spallation-type neutron scattering
facility, shut down in March 2006. The accelerator391

Fig. 1 Bird’s-eye view of the Japan Proton Accelerator Research
Complex (J-PARC).1) JSNS is being constructed in the materials
science testing facility.

based neutron experiments that were conducted at this
facility will be inherited by a neutron facility (JSNS)
that is being constructed within J-PARC, which itself
has been under construction since 2001 in a joint project
of the Japan Atomic Energy Agency and the High
Energy Accelerator Research Organization. Scheduled
to be completed in 2008, J-PARC is a unique project
(see Figure 1) that will be comprised of five facilities
sharing a 1-MW high-intensity proton accelerator on the
campus of the JAEA’s Tokai Research and Development
Center. 1) In particular, JSNS (which possesses the
world’s highest pulse neutron intensity generated by a
nuclear spallation reaction that results from 1-MW proton beam output with 25-Hz operation) is expected to
open frontiers in materials science and life science—
from basic research to application research—and, further, to contribute to use by industry.
3.2 Neutron Scattering Research at NIMS
As a core institution in materials research, NIMS has
achieved the following successes in fundamental technologies pertaining to neutron beams in the materials
science. These successes are unmatched by any other
research institute, either in Japan or abroad.
(1) Development of precise structural analysis methods
using powder diffraction data and their application
RIETAN-20006)—computer software for the Rietveld
method that was developed by NIMS—is widely used in
Japan and abroad for its high precision and ease of use.
It is utilized to determine the crystalline structure of
many substances from X-ray and neutron powder diffraction patterns. For example, high-temperature superconductors are copper oxides that include a variety of
metallic elements, e.g. rare earth, alkaline earth, and
transition metal elements. Neutron diffraction is the
only method available for crystal structure analyses of
materials composed of oxygen, which is a light element
and/or multiple elements with contiguous atomic numbers. Consequently, RIETAN-2000 has been used to
determine the crystal structures of many high-temperature superconductors.
Even more recently, NIMS has been advocating MPF
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(a total diffraction pattern fitting based on the Maximum
Entropy Method [MEM]), which is an approach that differs from the Rietveld method, as a new means of precise structural analysis using powder diffraction data.7)
The MPF method is suitable when handling the dynamic/static irregular distribution, bonding electrons, nonlocalized electron, anharmonic thermal vibrations, etc.,
of atoms (atom groups) that cannot be fully expressed
with crystalline structure parameters. For example, the
MPF method can determine with high accuracy the
transfer pathways of moving chemical species in the
solid electrolytes of positive electrode materials for
rechargeable batteries, fuel cells, proton conductors, etc.
This is information that is difficult to obtain through
other means, and thus the MPF method is doubtless
making a significant contribution to materials design
and development by feeding back this information.
(2) Multi-scale evaluation of magnetic materials and
structure materials using the small angle X-ray/neutron
scattering method
The small angle scattering method is expected to contribute significantly to materials science from the length
scale it covers. In particular, because small angle neutron scattering has high penetrative powers against
metal materials, it can distinguish between Ni and Cr in
iron alloys and between Mg and Si in aluminum alloys.
It can also provide information on local magnetization
distribution in magnetic materials. Thus it is especially
useful in the research of metals.
For example, nano-granular soft magnetic materials
are materials in which magnetic particles (pure Co having sizes of several nm, etc.) are embedded into the
oxide phase. This structure gives them high electrical
resistance and saturated magnetization. Because magnetic characteristics (including the soft magnetic characteristics of such nano-granular materials) appear as
cooperative phenomena of magnetic moments possessed
by magnetic particles, they are always sensitive to fine
structure that dominates interactions between particles.
Consequently, understanding of the magnetic cooperative phenomena of magnetic particles and quantitative
evaluation of fine structure are essential for the understanding of the expression mechanisms of the magnetic
characteristics of nano-granular materials. NIMS has
introduced high-intensity, high-penetration Mo-Kα
small-angle scattering equipment and is proceeding with
the evaluation of textural scale and average characteristics of particle distribution. This is to ensure that parallel use of both neutrons and X-ray can extract the characteristics of both (sensitivity to scattering power difference between atoms and to chemical structure, magnetic
scattering of neutrons, etc.) to the greatest possible
degree. In this way, NIMS has been contributing to
clarifying the relationship between the characteristics of
magnetic materials and fine structures.8)
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4. Future Research Trends
Heretofore, research on atomic-level structures and
the movement of atoms and molecules within substances using neutrons as “micro probes” has been conducted primarily for academic purposes. It is true that
the development of the Japan Atomic Energy Agency’s
JRR-3 industrial use project has led to such research
being gradually applied to residual stress measurement
of the interiors of materials and of fabricated products,
to the development of magnetic materials and battery
materials, and to the development of molecular materials among others. However, until very recently, no systems were in place to support industry-only use of neutrons, and much of this use has been implemented as
joint research between industry and academia.
In FY2008, the new J-PARC will begin operation.1)
A high-intensity neutron beam in its JSNS facility will
make it possible to observe light elements (hydrogen,
lithium, etc.) and magnetism, which is expected to clarify phenomena at the atomic and molecular levels that
had been difficult to grasp using traditional neutron
beam facilities. Moreover, it will become possible to
delineate the roles of JSNS and the high-performance
JRR-3 reactor, which is currently operating at a location
adjacent to JSNS in the same Tokai district of Ibaraki
Prefecture, as purposes require. This will create a major
base for neutron scattering research and realize a
research environment that is extremely unique, even on
the international stage.
Specific uses of neutron beams in materials research
that are envisioned at the present time include: 1) clarification of the magnetic structures of multi-layer thin
films in order to improve the recording density of hard
disks; 2) clarification of hydrogen absorption mechanisms of hydrogen absorption materials; 3) observation
of water distribution, formation, and emission in fuel
cells; 4) analysis of non-destructive residual stress of
large-scale facilities and large-scale structures; and
5) clarification of the dynamic/static distribution of
lithium in order to improve energy density in lithiumion batteries.
In moving forward in these areas, steps must be taken
at facilities to construct use and support systems that
stretch from the “entrance” to the “exit” of the facility.
At the same time, consideration must be given to such
user systems as SPring-8, which is already underway,
when promoting industrial use of neutron beams, which
remains a technology that is largely unfamiliar to industry.

a new research issue, and neutron beams are positioned
as one effective tool in tackling this issue.
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5. Conclusion
The fields of nanotechnology and materials have
seen astonishing advancements that are leading to higher performance and integration, development of materials that can be used even in harsh environments, and
other breakthroughs. Consequently, elucidation of
atomic- and molecular-level phenomena has emerged as
Materials Science Outlook 2006
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Section 3. High Magnetic Field Facilities
Tsukasa Kiyoshi
High Magnetic Field Station, NIMS
1. Introduction
High magnetic field facilities require a large DC
power supply and a cooling water system for excitation
of a water-cooled magnet that serves as their core facility. It mainly limits the number of such facilities, even
on the international stage, and all are user facilities.
This section will present the current status and future
trends of high magnetic field facilities in the world.

2. High Magnetic Field Facilities in The World
Figure 1 shows the locations of high magnetic field
facilities in the world, while Table 1 presents the DC
power supply output and other specifications of these
facilities.
The most efficient method of generating a steadystate magnetic field is to use a hybrid magnet with a
superconducting magnet on the outside and a watercooled magnet on the inside. However, only three such
hybrid magnets are currently operating. The hybrid
magnet of the National High Magnetic Field Laboratory
of the US generates a field of 45.2 T, and it is currently
the only facility capable of generating a steady-state
magnetic field of 40 T or more. The hybrid magnet of
the NIMS High Magnetic Field Station (Tsukuba

Magnet Laboratory) can generate a maximum magnetic
field of 37.9 T at a bore diameter of 32 mm; however, it
generates a field of 35.5 T at a bore diameter of 52 mm.
This is the highest magnetic field for a bore diameter
that exceeds 32 mm. Hybrid magnets with cryocoolercooled superconducting magnets are currently being
developed at the High Field Laboratory for
Superconducting Materials in the Institute for Materials
Research of Tohoku University.
The Grenoble High Magnetic Field Laboratory of
France and the Nijmegen High Field Magnet Laboratory
of the Netherlands are planning to operate hybrid magnets; however, these magnets have yet to come on line.
Having completed a new building in 2003, the
Nijmegen High Field Magnet Laboratory is the latest
high magnetic field facility. The Grenoble High
Magnetic Field Laboratory is producing epoch-making
results that include discovery of the quantum Hall
effect.
All high magnetic field facilities in North America
and Europe have been upgraded since the construction
of the Tsukuba Magnet Laboratory, and they all possess
DC power sources capable of producing 20 MW or
more. Japan is working to overcome this handicap by
increasing the contribution fields of its superconducting
magnets.

HFLSM
Sendai
HFML
Nijmegen

NHMFL
Tallahassee

Hefei
(construction started)

GHMFL
Grenoble

TML
Tsukuba

Fig. 1 High magnetic field facilities in the world.
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Table 1 Major specifications of high magnetic field facilities in the world.
DC power
output
(MW)

Max. magnetic
field
(T)

Contribution fields in hybrid magnet
superconducting magnet (T)
water-cooled magnet (T)

National High Magnetic Field Laboratory 1) Tallahassee
(NHMFL)
US

34

45.2 (bore diameter: 32 mm)

11.5
33.7

Grenoble High Magnetic Field Laboratory2)
(GHMFL)

Grenoble
France

24

30

(bore diameter: 50 mm)

-

Nijmegen High Field Magnet Laboratory 3)
(HFML)

Nijmegen
Netherlands

20

33

(bore diameter: 32 mm)

-

Tsukuba
Japan

15

37.9 (bore diameter: 32 mm)

National Institute for Materials Science
High Magnetic Field Station4)
(Tsukuba Magnet Laboratory, TML)

35.5 (bore diameter: 52 mm)

Institute for Materials Research, Tohoku
University
High Field Laboratory for Superconducting
5)
Materials
(HFLSM)

Sendai
Japan

8

31.1 (bore diameter: 32 mm)

(Hefei)

Hefei
China

(20)

(40)

14.0
23.9
14.0
21.5
12
19.1

3. Future Trends of High Magnetic Field Facilities
Plans for high magnetic field facilities have been discussed in China for many years, and work has finally
begun to construct such a facility by upgrading a conventional high magnetic field facility in Hefei Institutes
of Physical Science.
In all facilities, a major objective for the future will
be to implement NMR and other precision measurement
in magnetic fields of 30 T or more. The National High
Magnetic Field Laboratory of the US is beginning
development of a magnet that will increase inductance
and improve magnetic field stability by electrically connecting a water-cooled magnet and a superconducting
magnet to a series. The NIMS and Institute for
Materials Research of Tohoku University have jointly
begun study of a 30-T superconducting magnet and a
50-T hybrid magnet.
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Section 4. Nano-foundries
Daisuke Fujita
Advanced Nano Characterization Center, NIMS
1. Introduction
Together with three other fields (“life sciences,”
“information and communication technologies,” and
“environmental sciences”), the nanotechnology and
materials field was ranked among four important fields
in the Second Science and Technology Basic Plan
(FY2001 to FY2005) that are “important fields that provide bases for many kinds of scientific and technological advances.” For this reason, the nanotechnology and
materials field is viewed as a field for priority allocation
of resources. The field continued to be placed among
four fields that must be promoted intensively in Japan’s
S&T policy in the Third Science and Technology Basic
Plan (FY2006 to FY2010) that was put forward by the
Council for Science and Technology Policy of the
Cabinet Office. 1) Due to its being mentioned as an
important field in the Second Science and Technology
Basic Plan, the nanotechnology and materials field—
and particularly the nanotechnology field—has seen
dramatic increases in research. This includes expanded
research toward moving emergent technologies to the
next stage as well as in integrated fields (biotechnology,
information and communications, etc.). As this clearly
demonstrates, basic and foundational research is producing ample results. And in the materials field, as
well, active promotion of “nanotechnology-driven materials research” has resulted in steady activation of materials research itself and is producing a variety of
research successes.
On the other hand, it must be admitted that there are
few cases in which the results of nanotechnology and
materials research have entered the public consciousness through the practical application and industrialization of innovations. Here, it has been pointed out that
there is a need to establish an environment that energetically promotes practical application. In order to lower
the various obstacles in the process from basic research
to practical application as much as possible, and to
develop prototypes that should directly lead to practical
application and industrialization in a short period of
time, nanomaterial researchers possessing superior basic
research results and ideas (i.e., “innovators”) will need
to make cutting-edge nanotechnology usable. A fieldspecific promotion strategy of the Science and
Technology Policy Council (nanotechnology and materials field) likewise states that leading and innovative
R&D on practical application of nanotechnology in
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bases for innovation must be actively promoted as a
strategic S&T priority.2)
Cross-cutting, advanced core technologies in nanotechnology and materials research are fabricating technology, creative technology, formation technology, characterization technology, and prediction technology for
substances and materials at the nano scale. Here, nanoscale prediction technology refers to nanosimulation and
modeling based on computer science. On the other
hand, technology associated with nano-scale fabrication
(grinding), creation (accumulation), formation (shaping), and characterization (gauging) are technologies for
“manufacturing” that is essential in nano-scale materials
development. Because these five types of nanofabrication technology have a complementary and synergistic
relationship, they must be established as basic technologies and basic facilities that are shared in nano-scale
manufacturing technology. Hand-in-hand with
advances in nanotechnology, the creation of so-called
“nano-foundries” to serve as shared R&D facilities that
allow advanced innovative prototyping for this kind of
nano-scale manufacturing is being pursued both in
Japan and abroad. Here, “foundry” is used in the sense
of “factory”; thus, a nano-foundry is an innovative prototype factory at the nano scale.
However, because conventional nano-foundries are
facilities that are mainly geared to silicon and other
semiconductors, it was difficult to apply them to the realization of materials researchers’ innovative ideas.
Moreover, efficient promotion of “materials research that
utilizes nanotechnology” needs more than single-process
nano-testing facilities; it requires the establishment of
facilities that integrate the abovementioned five process
types that are necessary in nano-scale manufacturing.
From this perspective, it is thought important for
Japan as a whole to promote the establishment of a
world-leading nano-innovation factory (a “super nanofoundry”) that can handle a variety of substances and
materials and that lines up a series of nanoprocesses
(nanofabrication, nano-creation, nano-formation, nanocharacterization, and nanosimulation) in the manufacturing of everything from materials to prototypes
(Figure 1). By placing this basic facility for advanced
nano-innovation at the center of efforts to further
enhance collaboration with universities and “independent administrative institutions” having large-scale
shared research facilities, it will be possible to energetically promote “materials research that utilizes nanotechMaterials Science Outlook 2006

Fig. 1 Outline of the concept to build a world-leading nano-creation factory (super nano-foundry) to
efficiently promote “materials research that utilizes nanotechnology”.

nology” by researchers in universities, independent
administrative institutions, and private enterprises and
to make breakthrough improvements in R&D efficiency.
Furthermore, it is expected that venues for this kind of
field integration with nanotechnology innovation will
make significant contributions to human resources
development (e.g., young researchers and technicians
that will lead future R&D, etc.) in the nanotechnology
and materials field.

2. International Research Trends
Since the National Nanotechnology Initiative (NNI)
was announced by US President Clinton in 2000, overseas developments have included active establishment
of basic nanotech infrastructure and moves to advance
the construction of bases for nanotech innovation, called
nano-foundries.
In the United States, the National Nanotechnology
Infrastructure Network (NNIN) was established by the
National Science Foundation (NSF) for the purposes of
providing user facilities and human resources development. Thirteen universities located throughout the
country participate in the network. The NSF is an
agency of the US government that has the largest share
of the NNI budget. Moreover, the Department of
Energy (DOE) is supporting construction of the
Nanoscale Science Research Center (NSRC), a user
facility that will synthesize, fabricate, manipulate, and
analyze nanomaterials. And the National Institute of
Standards and Technology (NIST), an organization
under the Department of Commerce, is establishing the
Center for Nanoscale Science and Technology as a facility that integrates nanofabrication, creation, and measurement for the purpose of manufacturing prototype
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devices. This facility has been in operation since 2005.
Among these undertakings, the largest is Albany
NanoTech, which is located Albany, the capital of New
York State of the US.3) At this facility, IBM, Tokyo
Electron, and other private enterprises as well as the
University at Albany, SUNY, and other universities are
beginning research. Possessing a microfabrication line
that includes a 300-mm wafer facility, Albany
NanoTech is developing next-generation semiconductor
manufacturing technology while at the same time developing materials and installing lines for biotechnology.
It is moving forward with development of emerging
technologies that will come to fruition in five to ten
years based on collaboration among industry, government, and academia. Having particularly close ties with
the semiconductor industry, it is engaged in integrated
activities that extend beyond R&D to acceleration of
processes toward commercial application of cuttingedge technologies, fostering of high-tech enterprises,
and development of nanotech human resources.
R&D in nanotechnology is also active in Europe, as
forward-looking efforts are underway to establish bases
for nanotech innovation that, like Albany NanoTech in
the US, are strongly connected with cutting-edge and
integrated fields. France in particular is placing emphasis on promoting S&T. Pole d’Innovation en Micro et
Nanotechnologies (MINATEC), located in Grenoble,
France, is representative of core facilities for nanotechnology in Europe.4) MINATEC is an R&D base for collaboration among industry, academia, and government
that engages in education, research, development, and
technical transfer connected with microtechnology and
nanotechnology, with the Laboratoires philosophiques
au Centre National de Recherche Scientifique (CNRS);
Laboratoire d’Electronique de Technologie de
l’Information, Commissariat à l’Énergie Atomique
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(CEA-LETI); Institut National Polytechnique de
Grenoble (INPG); and the investment promotion bureau
of Isère department serving as main participants. A large
clean room facility has been built next to CEA-LETI, a
developer of semiconductor-related technology. This
facility is seeking to integrate the kind of semiconductor
microfabrication technology found in the US with the
nanotechnology and materials and biotechnology fields.
In Belgium, the Inter-University Microelectonics Center
(IMEC)—which is an independent research base for
micro and nanotechnology related to semiconductors—
has been engaged in basic scientific R&D to meet the
needs that industry will have 10 years into the future in
such fields as micro and nanoelectronics, nanotechnology, information and communication systems technology.
And in Asia, as well, the establishment of nanofoundry facilities to serve as R&D bases for nanotechnology is progressing at a rapid pace in South Korea,
Taiwan, and China. For example, South Korea has built
a National NanoFab Center (NNFC) under the management of the Korea Advanced Institute of Science and
Technology (KAIST). This facility has a framework for
conducting R&D and commissioned services in such
fields as electron devices (with focus on Si substrates),
MEMS/NEMS, and nanobiotechnology. Furthermore,
construction of the Korea Advanced Nanofab Center is
progressing under the Korea Institute of Science and
Technology. The center will likely become an advanced
nanotechnology R&D base that specializes in R&D on
non-silicon devices.

3. Research Trends in Japan
In Japan, the Nanotechnology Researchers Network
Center of Japan (Ministry of Education, Culture, Sports,
Science, and Technology) uses shared facilities to provide technical assistance in difficult-to-use technologies
(advanced measurement technologies, ultra-fine fabrication technologies, and synthesis and evaluation technologies) that require many researchers in nanotechnology R&D. Fourteen shared facilities and institutes affiliated with four groups (Synchrotron Radiation, Ultra
High-Voltage Transmission Electron Microscopy, NanoFoundries, and Molecular Synthesis and Analysis) are
extending this technical support.5) Of these, proactive
efforts toward the establishment and shared use of nanofoundry facilities are underway in five institutes affiliated with the Nano-Foundries Group: the Nano
Processing Facility, Advanced Industrial Science and
Technology; Nanotechnology Research Laboratory,
Waseda University; Quantum Nanoelectronics Research
Center, Tokyo Institute of Technology; Nanotechnology
and Nanoscience Research Center, Osaka University;
and Research Center for Nanodevices and Systems,
Hiroshima University. These nano-foundries are providing technical support on ultra-fine fabrication and
shaping assistance that is in line with the characteristics
of each institute. They are thus serving an important
function in making advanced nano and microfabrication
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intimately usable to researchers in the nanotechnology
and materials field.
The worldwide trend in establishment of nanofoundries is to set up large and concentrated nanofoundries based on a clear field-integrated concept. In
the future, Japan will also actively promote the establishment of next-generation nano-foundry facilities, and
this will allow not only the firm establishment of nextgeneration fundamental industrial technologies but also
the quick transfer of results gained from Japan’s nanotechnology and materials research—a field in which
Japan currently leads the world—to practical application. Consequently, Japan must build nano-foundries
that go beyond silicon-based microfabrication technology. They must be places for the gathering of international and cutting-edge technologies that can be applied
to various material nanoprocesses, and for the fusion of
advanced nanoprocess technology and materials
research in international shared-use environments.

4. Future Research Trends
Until now, Japan has focused on the nanotechnology
and materials field in line with its Second Science and
Technology Basic Plan, and it has actively promoted
development of nanomaterials, biomaterials, and new
materials. Moreover, given the importance of promoting research through field integration in this field, Japan
is building a research promotion framework that is
based on collaboration and integration among domestic
and overseas universities as well as independent administrative institutions and private-sector research institutes.
What is needed to accelerate this kind of field-integrated research are base facilities that can fuse nanotechnology and materials with other fields, and this is
where the nano-foundries that Japan must build come
into play. Nano-foundries such as these aim to pioneer
new integrated fields, and they should serve to concentrate and establish necessary conditions toward achieving this aim. Putting this concept into plain terms, they
should be facilities having the following five elements:
“grinding,” “accumulation,” “making,” “characterizaition,” and “prediction” at the nano level.
First, “grinding” refers to cutting-edge nanofabrication technology. It is technology that can fabricate a
wide range of materials at the nano level—from metallic
materials to semiconductor materials and oxide materials. The latest electron lithography technology is capable of nanofabrication at the 10-nm level. Next, “accumulation” refers to nano-creation technology that forms
multiple layers of atoms at the nano level. Advanced
molecular beam epitaxy and other methods can create
high-grade crystalline quantum-dot structures at the
nano level. And, “making” refers to nano-shaping technology that forms three-dimensional structures at the
nano level. Ion beams and electron beams that are
focused at the nano level can form highly precise threedimensional nanostructures.
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Nanoprocess technology that is represented in such
nanofabrication, nano-creation, and nano-shaping is the
ultimate “manufacturing” technology that has pursued
priority development in the “nanotechnology and materials” research field. Moreover, it requires utilization of
ingenious materials development technology. For
example, Japan has a good track record in promoting
combinatorial materials synthesis as a revolutionary
materials-development technology based on industryacademia-government collaboration. Japan must build
bases for nanomaterials development while at the same
time accelerating development of nanotechnology and
materials by fusing this kind of world-leading materials
development technology with advanced nanoprocess
technology.
“Characterizaiton” refers to advanced measurement
technology at the nano level. Japan possesses the
world’s best characterization technologies and facilities,
including ultra high-voltage transmission electron
microscope facilities, high magnetic field facilities,
nanoprobe technologies, surface measurement technologies, and high-intensity synchrotron radiation facilities
(SPring-8). For this kind of “characterization” technology, it is desirable to build a shared-use network for
advanced nano characterization in collaboration with
large-scale research facilities (synchrotron radiation, ion
beam, neutron beam, etc.) while also fully incorporating
the results of the abovementioned advanced characterization technologies in nano-foundry facilities. This will
allow the analysis of nano fields that had been impossible to analyze heretofore, and accelerate materials
development and nanobio research.
“Prediction” is technology for modeling and simulation for materials design, device design, function prediction, optimization of processes, and other activities at
the nano level. Consequently, it is important to establish intellectual infrastructure, such as a database on the
properties of all substances and materials, and particularly the properties of materials at the nano scale. The
effective use of this infrastructure can provide helpful
guidelines in the design of various nanomaterials.
Furthermore, promotion of a wide range of computational material sciences—from first-principle computing
to thermal-dynamics statistics—using ultra high-speed
computers is making a major contribution to nanomaterials design and process development. Next-generation
supercomputers capable of computing speeds at the
petaflop level, which Japan is currently developing as a
critical technology for the nation, will become a powerful R&D tool in the nanotech and materials field by,
among other capabilities, making multiscale modeling
possible from the nano to the macro levels. In this way,
nano-foundry facilities for the purpose of accelerating
nanotechnology and materials research throughout
Japan are an important part of efforts toward full linkage
with computational material sciences and materials
databases.
Nano-foundry facilities whose greatest characteristics
include advanced nanoprocess facilities that can handle
a wide range of materials should be opened to a variety
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of interests. They should made to serve as open-access
research bases by being opened to universities, independent administrative institutions, and private enterprises that wish to engage in nanomaterials R&D.
Linkage with universities, independent administrative
institutions, and private enterprises is important for reasons other than just new nanomaterial development. It
can also lead to development of advanced nanomaterials
and develops the human resources that will shoulder
Japan’s S&T in the future. Promoting this kind of linkage among major universities throughout Japan will further accelerate the development of young nanotech personnel. Graduate students that participate in their studies through distance learning, in particular, will require
facilities that will support lectures and communication
with instructors using the Internet.
The significance of simultaneously promoting
research and human resources development at nanofoundry facilities for materials research lies in the fact
that the mother organizations that manage these
foundries are international research bases for the development of materials. Thus, by conducting research in a
nano-foundry that is established within a research base,
it is possible to obtain advice and guidance from frontline researchers who are promoting cutting-edge
research in all fields at the materials development and
analysis stages.
A number of nano-foundries have been established
within Japan through nanotechnology support projects
of the Ministry of Education, Culture, Sports, Science,
and Technology, and these nano-foundries are active
today. Nano-foundry facilities for materials research
must function as venues for the quick transfer of results
obtained from nanotechnology and materials research to
the industrial world by considering the compatibility of
these facilities as well as linkage with facilities in other
consortiums (for example, AIST’s Super Clean Room).
This kind of nano-foundry, which can handle various
materials and is equipped for the full line of advanced
nanoprocesses (fabrication, creation, shaping, characterization, and simulation), is a new type of nano-foundry
that has not existed heretofore (the “super nanofoundry”).

5. Conclusion
This section discussed the current status and a future
vision of nano-foundries in materials research from the
standpoint of effective utilization of the results of
Japan’s nanotechnology and materials research.
Nanotechnology and materials research is being pursued
both in Japan and abroad, and success or failure in this
field will have a significant impact on Japan’s science
and technology, industry, and economy. As a central
research institute in the nanotechnology and materials
field, the responsibilities and roles of the National
Institute for Materials Science are great. The time is
coming when the NIMS must assume leadership in this
field by establishing facilities to promote R&D in inte399

Fig. 2 Energetic promotion of materials research utilizing nanotechnology through linkage between a worldleading nano-creation factory (super nano-foundry) equipped to handle advanced nanoprocesses (nanofabrication, nano-creation, nano-shaping, and nano-measurement) and large-scale shared research facilities.

grated fields that are connected with nanomaterials.
From this standpoint, the author recommends the
establishment of shared infrastructure that can handle all
areas of advanced nano-creation, fabrication, shaping,
measurement, and simulation (in other words, super
nano-foundries) as a “future vision for all of Japan.”
This would be in the interest of realizing in a quick and
highly precise manner the innovative research “seeds”
of materials researchers affiliated with universities,
independent administrative institutions, and other organizations as well as a nanostructure concept that is based
on new functionalities. This will allow the use of
advanced nanoprocesses for world-leading nano-level
innovation that can handle various materials (semiconductors, metals, ceramics, bionanomaterials, etc.). As
open-access research bases, these facilities will be
places where researchers and technicians (i.e., innovators) from private enterprise, universities, independentadministrative institutes, and other organizations can
gather to produce revolutionary innovations. They will
also be places for nanotech human resource development and field integration. Moreover, from their position at the core of the kind of shared-use network shown
in Figure 2, super nano-foundries will energetically promote “materials research that utilizes nanotechnology”
and will make breakthrough improvements in R&D efficiency through linked promotion with large-scale shared
research facilities throughout Japan.

http://www8.cao.go.jp/cstp/kihon3/bunyabetu.html
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http://www.nanonet.go.jp/japanese/facility/
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