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Inorganic Nanosheets

MANA Principal Investigator
MANA Scientist

MANA Research Associate
Graduate Student

1. Outline of Research

We aim at developing a new nanofabrication process
involving organization of inorganic nanosheets through
wet-processes, which allows architectural design of materi-
als from a level of crystalline lattice planes. New innova-
tive materials will be created by utilizing advantages of the
wet-process nanofabrication approach.

We will develop a wet-process approach for organizing
the functional nanosheets into multilayer or superlattice
assemblies with a finely controlled nanostructure. Based
on the unique approach with nanosheets, we will establish
the high designing ability and controllability over nanos-
tructures with a nanometer-scale precision.

In the second stage, we will take challenges to tailor
exotic nanostructured materials comparable to artificial lat-
tice systems through nanoscale assembly of nanosheets and
a range of foreign species, based on the new nanofabrica-
tion process. We plan to develop novel nanostructured
materials or nanodevices with a sophisticated function.
Followings are some of selected targets.

(1) High-k nanofilms, which work at a thickness down to
several nanometers.
(2) Transparent magnetic films, which act in response to

UV or short-wavelength visible light.

(3) A new technique, which promotes the growth of high-
quality films of functiona crystals.

o
>

Laper-Sy<ayer sogarcaation
Tanumd ar 0abithior g nan

tror panic Mana etawts
TN Lt e
1w s

-
- » Maw namc® sty ication jechnicae

NMullilsyurs
Superiatices

- -‘ -—: i -- “h e
:" - :‘ AR
— e LY o
 ——— x,.—‘.*.." AR

) |— i ok

- -] o=

Fig. 1. Conceptual explanation of theresearch plan.

2. Research Activities
(1) Construction of Highly Ordered Multilayer Films of

Titania Nanosheets’

We have successfully deposited oversized nanosheets
of TiogzO. (1 nm in thickness x 10-20 um in lateral size)
into a neatly irganized monolayer film without large gaps
and overlaps (see Fig. 2a) through Langmuir-Blodgett pro-

Takayoshi SASAKI

Minoru Osada, Y asuo Ebina, Tadashi Ozawa,
Kazunori Takada, Renzhi Ma, Tsuyoshi Ohnishi
Jianbo Liang, Jia Baoping, Xiaoxiang Xu, -
Bui Thi Hang, Shibata Tatsuo, Akatsuka Kosho
Fengxia Geng, Baowen Li, Linfeng Hu

de
cedure. Repetition of this monolayer deposition produced
highly ordered multilayer films (Fig. 2b), the structural
order of which is comparable to that of artifitial lattice
films constructed via beam epitaxy technique. The films
are shown to be promising in applications as high-k
nanofilms and sead layer for crystal film growth.

° 100

Fig. 2.a: AFM image of a monolayer film of TioO, nanosheets. b:
Cross-sectional TEM image of the 10 layer film. Outlinein a
indicates one nanosheet.

(2) Luminescent Films Fabricated from New Layered

Rare-Earth Hydroxides™

Platelet crystals of new layered rare-earth hydroxides,
which we reported in 2008, could be self-assembled at the
water/hexane interface, and be transferred onto a substrate
into the oriented film (Fig.3). Heating the obtained hydrox-
ide film at 800°C and above converted it into the oxide
film in a topotactic fashion. Such films from Eu-doped Gd
hydroxide exhibited enhanced photoluminescence proper-
ties, which are comparable to those for commercial
Y ,0::Eu.

GAHOM) 5 4Tl ¢ 0.9H 00,0880 Gy 040088

Fig. 3. Films of layered rare-earth hydroxides and oxide film convert-
ed from it by heating. Top photographs show the samples
when excited by UV light.
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Supramolecular Materias

MANA Principal Investigator
MANA Scientist
MANA Research Associate

Jonathan P. Hill

1. Outline of Research

In our group, design, synthesis, and fabrication of
organic materials and organic/inorganic hybrids with nano-
sized structural features have been done based on bottom-
up supramolecular approaches. Construction of molecular
complexes for novel functions such as shape-modified
fullerene assemblies,” unusual chiral recognition,” and
anion-controlled charge separation” was demonstrated as
well as preparation of dimension-controlled nanomaterials.”
Various microscopic morphologies were successfully con-
structed through self-assembled process. Materialization of
the self-assembled structures into hybrid systems resulted in
selectivity-modified sensor system® and nanowire-based
photo-current device.” Selected examples are shown below.

2. Research Activities
(1) Chiral Sensing System by Achiral Indicator.”

Until now NMR spectroscopic detection of guest chi-
rality using an achiral host has not been possible in the
absence of a chiral medium or auxiliary since chiral dis-
crimination is principally based on host and/or diastere-
omeric host-guest complex formation. We have demon-
strated that an achiral oxoporphyrinogen works as a host
capable of signaling chiral information of a-hydroxycar-
boxylic acids in "H-NMR spectroscopy (Fig. 1). In particu-
lar, enantiomeric excess (ee) can be determined by observ-
ing the splitting of *H-NMR resonances of the achiral host.
This differs from the case of chiral hosts (shift reagents)
where % ee is generally determined from the ratio of peak
areas due to diastereomeric host-guest complexes. UV/vis,
CD, FT-IR and NMR spectroscopic investigations suggest
that the unusual phenomenon reported here is based on for-
mation of a complex with 1 : 2 stoichiometry in concert
with a protonation-driven tautomerization of host. This is
the first example in which information about a chiral guest
in a host—guest complex has been translated into informa-
tionin the 1H NMR spectrum of an achiral host.
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Fig. 1. Chiral sensing by 1H-NMR signals of achiral indicator.
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Qingmin Ji, Marappan Sathish, Parayalil Chithra,
Gary J. Richards, Ulka Bhimrao Suryavanshi

(2) Layer-by-Layer Films of Dual-Pore Carbon Capsules
with Designable Selectivity of Gas Adsorption.”

Stable, homogeneous ultrathin films of uniformly
dimensioned dual-pore carbon capsules with mesoporous
walls and macroscopic empty cores were fabricated using
layer-by-layer methods based on electrostatic interaction
between polyelectrolyte and a surfactant coating of the car-
bon capsules. The resulting dual-porous carbon capsule
films were investigated as a sensor substrate for vapors of
different organic solvents. The carbon capsule films have
much higher adsorption capacities than conventional elec-
trolyte films and even than non-capsular mesoporous car-
bon films. The dual-pore carbon capsules have greater
affinities for aromatic volatiles over their aiphatic counter-
parts, probably due to stronger T-TU interactions.
Additionally, the adsorption selectivity can be designed.
Impregnation of additional recognition components into
the carbon capsules permits further control over adsorption
selectivity between aromatic and non-aromatic substances
and between acids and bases in the prevailing atmosphere.
Therefore, it is anticipated that the dual-pore carbon cap-
sule films developed in this work will find application in
sensing and separation applications because of their des-
ignable selectivity.
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Fig. 2. Dual-pore carbon capsule film with designable selectivity of
gas Adsor ption.
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Inorganic Nanostructured Materials Group

MANA Principal Investigator
(MANA Chief Operating Officer)
MANA Scientist
MANA Research Associate

Tianyou Zai

1. Outline of Research

Our ultimate goal is to explore various applications of
one-dimensional nanomaterials, including their optoelec-
tronic applications, composites materials fabrication etc.
At current stage, we are developing controllable methods
for synthesis of nanomaterials, investigating their proper-
ties, and developing novel nanofillers for polymeric com-
posites to achieve mechanical reinforcement and thermal
conductivity improvement.

In order to accomplish this purpose, we set up afull set
of instruments for synthesis and characterization of nano-
materials, including induction furnace, transmission elec-
tron microscope etc, which enable us to effectively control
synthesis of various nanotubes and nanowires. In addition,
since we had many years research experience on boron
nitride nanotubes (BNNTSs). Now we can synthesize large
quantities of highly pure BNNTs. We are also trying to
fabricate new 2D nanomaterials as nanofillers to achieve
effective mechanical reinforcement and thermal conductiv-
ity improvement in composites. Based on the ultimate goal
and our current researches, we set up following three sub-
themes. (Fig.1)

(i) Developing highly effective synthesis method for vari-
ous semiconductor nanomaterials;

(if) Systematic property investigation to fabricated nano-
materials,

(iif) Developing highly thermo-conductive electrically
insulating nanofillers for polymeric composites.

Controllable Property
Growth of < > investigations
nanostructures

i .|

1 1
F

P

Novel  nanofillers
development

Fig. 1. Three sub-themes and their organic coordination.

2. Research Activity
(1) Novel nanofillers development — boron nitride nanosheets.”
An efficient method was developed to fabricate highly

Yoshio BANDO

Takao Mori, Chengchun Tang, Chunyi Zhi
Lang Li, Jing Lin, Chun Li, Haibo Zeng,

pure 2D BN nanosheets in milligrams level. Their thick-
nesses can be as small as 1.2nm. Polymethyl methacry-

image is high resolution image indicating the lattice and the
inset isa scheme of atomic structure.

late/BN nanosheets transparent composites were fabricat-
ed. The coefficient of thermal expansion for the composite
films were remarkably reduced and a 22% improvement in
the elastic modulus was obtained with only 0.3 wt% BN
nanosheets fraction utilized.

Fig. 3. SEM images of patterned ZnO nanorod arrays grown
from1000 nm polystyrene plates with heating time of 0 min, 1
min, and 1.5 min, respectively.

(2) Controllable synthesis of ZnO and CdS nanowires and
property investigations.*”

Methods were developed to synthesize ZnO and CdS
nanowires in a controllable way. For ZnO nanowires, the
nanowire density, uniformity and tapering were effectively
adjusted to optimize their field electron emission. A very
low turn-on field of 1.8 V/pm was finally realized. As for
CdS structures, the microrods, sub-microwires, and nan-
otips were obtained in control, and their structural,
cathodoluminescence and field emission properties were
systematically investigated.
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Nanotube Properties

MANA Principal Investigator
MANA Research Associate

1. Outline of Research

Opposed to well-established synthetic routes and
deeply studied crystal structures, the exact physical proper-
ties of nanotubes, e.g. their intrinsic electrical and mechan-
ical performance at the individual structure level, have
remained basically unknown. The new techniques utilized
by the Nanotubes Group, i.e. scanning tunneling micro-
scope (STM) — transmission electron microscope (TEM)
and atomic force microscope (AFM)-TEM, allow one for
the first time to gain thoughtful insights into such proper-
ties under afull control of the tube morphology, its crystal
and defect structure, and chemistry. The regarded works
have been performed not only for the two basic nanotube
systems, namely, C nanotubes (CNTs) and BN nanotubes
(BNNT), but also for a variety of inorganic tubes made of
various dielectrics and semiconductors.”

2. Research Activities
(1) Electrical-field-assisted thermal decomposition of multi-
walled BNNTSs.

BNNT failure under a current flow is an important
issue as far as its integration into nanoelectronics is con-
cerned. We studied the Joule-heating-induced failure of an
individual BNNT using the STM-TEM unit. The break-
down process occurred via thermal decomposition of tubu-
lar layers from inside-out of tubes leaving amorphous ball-
like B-based nanoparticles behind (Fig. 1).>” Due to par-
tially ionic nature of the B-N bond, the thermal decomposi-
tion temperature (1200-1900 K) was dependent on local
electrical field: the higher the electrical field - the lower
the decomposition temperature.

Fig. 1. An individual BNNT under a current flow in the STM-TEM;
Growing B-balls are arrowed; they are also verified by the ele-
mental maps taken from the decomposed tube (inset).

(2) Interface dynamic behavior between CNT and metal
electrode.

Metal contact—NT interface dynamicsis a crucial ques-
tion in regard of the CNT electronics.” The interactions
between CNTs and W electrodes were analyzed in STM-
TEM. Under current, the metal tip absorbed CNT atoms,
which then penetrated deep into its body, formed a tung-

Dmitri GOLBERG
Mingsheng Wang, Xijin Xu, Xianlong Wei

sten carbide, and finally precipitated as freshly-formed C
tubular shells encapsulated the electrode. CNT wall-thick-
ness shaping via stepwise absorption of the inner shells by
the electrode was demonstrated. This work provided
detailed understanding of the CNT catalytic growth and the
previously unknown spatially-resolved kinetics at a given
nanotube/metal interface.

A

Fig. 2. An individual CNT under a current flow in the STM-TEM;
(a-d) Consecutive steps of the tube shells and W electrode
changes under passing current through the CNT/electrode
interface.

(3) Making robust CNT circuits.

Multi-terminal CNT plumbing was performed under
biasing and Joule heating of two (or more) crossed Co-parti-
clefilled CNTSs (in-tandem with the convergent electron irra-
diation of the Co sites) using the STM-TEM specimen hold-
er. Complex intra-diffusion processes resulted in transform-
ing Co-filled CNTs into empty branched tubes tightly weld-
ed through a Co clamp (Fig. 3). Electrical transport and
mechanical property measurements reveal high metallic con-
ductivity and ultimate mechanical robustness of the junc-
tions. The circuits possess resistances of only several tenskQ
and exhibit ultimately high tensile strengths of ~1-5 GPa.*®

Fig. 3. HRTEM image (left), structural model (center) and force- dis-
placement curves (right) recorded under tensile loading of
plumbed multi-walled CNTsinsidethe AFM-TEM holder.
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Nanostructured Metallic Materials

MANA Principal Investigator
Magnetic Materials Center

MANA Research Associate

Graduate Student (Univ. Tsukuba)

1. Outline of Research

The purpose of this group is to obtain better under-
standings of structure-property relationships of various
nanostructured materials as guiding principles to develop
nanostructured materials with superior magnetic or
mechanical properties for energy saving and data storage.
The specific subjects in this group are: 1) development
high coercivity magnets for hybrid electric vehicles by
controlling interfacial nanostructure, 2) development of
high density recording media for heat assisted recording
(HAMR) and read sensors for next generaton hard disk
drives (HDD) by the nanostructure control of magnetic
thin films, and 3) development of high strength Mg alloys
for weight reductions of transportation vehicles.
Understanding the structure-property relationships of the
above materials are essential to design and develop the
materials with superior performances. However, because
of their nanosized structure, characterizations of the struc-
ture and chemistry of these materials are becoming diffi-
cult despite the advances of modern nanostructure analyti-
cal techniques. To fill the gap between the required quanti-
tative analylitical capability and the analytical limit of the
TEM technique, we have been working on improving the
performance of the 3D atom probe technique dramatically
by employing short wave length femtosecond pulse lasers.

2. Research Activities

Recent successful implementation of pulse lasers to
assist field evaporation have expanded the application
areas of the 3D atom probe technique to a wide variety of
materials including semiconductors and their thin film
devices. Generally, it was believed that only electrical con-
ductive materials can be analyzed by the atom probe tech-
nique. Although there have been a few successful analysis
results of ultrathin film oxides like high-k films on Si or
MgO in magnetic tunneling junctions, there have been no
reports on successful atom probe analyses of bulk insulat-
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Fig. 1. Schematic of femotosecc;nd Iaéer assisted wide angle 3D atom
probe.
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Fig. 2. 3D atom tomography of yittoria stabilized t-Zr O, and MgAl.O,
spinel nanocomposite. (a) and (b) show the concentration
depth profiles obtained from subset volumesa and b.

ing ceramics. The main objective of this work was to
demonstrate that even insulating bulk ceramics can be
guantitatively analyzed by the 3DAP assisted with ultravi-
olent (UV) laser pulses”. A Yb:KGW femtosecond laser
with a third harmonic generator (A=343 nm, 1.4 pJ/pulse,
pulse duration of 400 fs) operating at the pulse frequency
of 100 kHz was adopted to alocally built 3DAP instrument
with CAMECA's fast delay line detector. As a demonstra-
tion sample, we have selected nanocomposite ceramics
made of 3 mol% Y,0, stabilized tetragonal ZrO, with
30mol% MgAl,O, spinel. The average grain size of the t-
ZrO, and MgAl,O, were approximately 70 - 80 nm, respec-
tively. The electrical resistivity of the sample was estimat-
ed at least 109 Qcm. Even from such high resistivity mate-
rial, we were able to observe field ion microscopy (FIM)
images using Ne as an image gas. All the peaks of atom
probe mass spectrum were attributed to the ions of all the
constituent elements. Part of Al, Zr, and Y were detected
as oxide molecular ions, and only Mg was detected as sin-
gle atom ions without oxide molecular ions. The 3D recon-
structed atom maps of Al+Mg, Y, Zr and O shows the
presence of nanocrystalline Mg and Al rich grains
(MgAI,O,) consistent with the microstructural feature
observed by SEM and TEM. The atom probe tomography
has also shown that Al and Y atoms were segregated along
ZrO,/ZrO, grain boundaries. We have further demonstrat-
ed that atom tomography can be obtained from Al,Os,
MgO, (CeDy)0O,, Zn0O, Y,0:-ZrO, sintered bulk ceramics
and other semiconductor devices. Based on these results,
we will discuss the underlying mechanism of laser assisted
field ionization of the atoms from nonconductive and high
resistive materials.

Reference
1) Y. M. Chen, T. Ohkubo, M. Kodzuka, K. Morita, K. Hono, Scripta
Mater. 61, 696 (2009).
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Photo-Ferroelectric Materials

MANA Principal Investigator

MANA Research Associate Tongik Shin

1. Outline of Research

Lithium niobate (LiNbO;) and tantalate (LiTaO;) are
typical ferroelectric materials possessing excellent piezo-
electric, pyroelectric, opto-electric, photovoltaic and non-
linear optical properties. There is no material except them
which has been studied and applied in so wide fields. As a
nature of ferroelectric material, such effects depend on the
direction of spontaneous polarization. When anti-parallel
domains are created in a single crystal by locally inverting
polarization, the patterned domain structures enable vari-
ous hew applications to be devel oped.

In order to promote efficiently collaborative research
programs between NIMS and UW in interdisciplinary
research fields, such as medical science, materials engine-
ering, mechanical engineering, and aero-space science using
such ferroelectric materials, .we have set up NIMS Overseas
Operation Office at the University of Washing- ton. In this
project, we are focusing on some research sub- themes
using their photonic or photo-induced properties as follows.

(1) ” Tunable IR Wavelength Conversion Materials and

Devicesfor Dental Applications’:

This project is to develop a new capability with poten-
tially wide application of tunable IR wavelength conver-
sion devices using a quasi-phase-matched optical paramet-
ric (QPM) generation. Anticipated outcome of this project
is to develop a simple, compact, robust and maintenance
free module for tunable IR wavelength conversion for bio-
logical, atmospheric, and materials research. In this
research, EMSL/PNNL plays arole in developing and test-
ing proposed tunable IR wavelength conversion modulesin
collaboration with NIMS, who originally demonstrated
QPM using single crystal of Mg doped SLT that were
developed in NIMS. Development for a clinical laser is
lead by UW-Dentistry. UW-M SE assesses the damage cre-
ated by laser and nano-structural characterization for fur-
ther improvement of the materials systems.

(2) “ Charged Molecules Manipulation on Nano- Domain

Patterned Ferroelectric Templates’:

In this research, multi-functional properties of ferro-
electric lithium niobate (LN) and lithium tantalate (LT)
single crystals are used to control surface potentials and
charges of the materials through external fields. Nano-
scale domain patterning, a technique also developed in
NIMS, is employed to pattern the surface properties. In the
vicinity of surfaces, polarization charge by pyroelectricity
and carrier supply by photovoltaic effect result in domain
specific adsorption of charged ions, molecules (including
designed DNA) and nano-particles from the environment.
We are aiming to create novel multi-functions integrated
templates using the surface potential patterns controlled by
the external fields.

(3) " Light induced pyroelectric effects for miniaturized X-
ray generator” :

As the pyroelectric effect relies on a change in temper-

Kenji KITAMURA

ature, energy harvesting possibilities require temperature to
vary in either space or time. Simplified models suggest that
conversion efficiency depends on how quickly heating and
cooling cycles are performed because the time scales for
temperature change are typically much longer than for
electronic interactions. Heat conduction through the crystal
is the limiting step in the thermal exchange process, so in
this study, we are focusing on the pyroelectric effect
induced by the irradiation of a short pulse laser. A very
small X-ray generation based on this pyroelectric effect
using an electric heater is commercialized. However to
miniaturize the generator and to deliver the ray to a small
space, light-induced pyroelectrics will be necessary. This
work is performed under the collaboration with UCLA.

2. Research Activities

(1) We have successfully demonstrated that a QPM device
based on small, stoichiometric lithium tantalite single crystals
can be used in the dternative laser surgery system with easily
con-trolled temperature-tuning for multi-tissue ablation.

n Fig. 1. Dental ablation of a human molar
accomplished using 2.78 pm light from
the novel QPM- based Tunable IR
source. This crater diameter was
measured to be 500 pm with a depth
of 750 pm.

Fig. 2. Look down from the wall edge of the
ablation crater in another molar tooth
irradiated at 2.78 pm. No charring,
burning, or collateral enamel degra-
dation is apparent, only a smooth,
even evisceration.

(2) We have demonstrated photoreduction of metal ions
that resulted nano-metallic particles deposited on the polar-
ized ferroelectric substrate. The metalized substrate can be
applied for chemical or biochemical sensors by contact it
with a solution of functional molecules having reactive
groups that react with the deposited metal nanopartcles.

Fig. 3. Hibritaized DNA absorption on
nano- mettalic particles deposited on
patterned domain of LN template.
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