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Beginning of solar cell research in 
Japan

Miyano Professor Konagai, I believe you 
are very familiar with the history of solar 
cell research in Japan from the early days.
Konagai I started solar cell research in 
1972 when I was a first-year master’s 
student at Tokyo Institute of Technology. 
I have been in this career for nearly 45 
years. The first solar cell material I studied 
was gallium arsenide (GaAs). Since 
then, I have dealt with many different 
materials. The “Sunshine Project” began 
in 1974 as Japan’s long-term project for 
R&D of new energy technologies. Then, 
the inauguration of the New Energy 
Development Organization (NEDO, pre-
decessor of New Energy and Industrial 
Technology Development Organization) 

took place in 1980, which has been pro-
moting collaboration between the industry 
and academia in R&D of solar cells.

To make more efficient silicon solar 
cells

Konagai At present, 40 GW of solar 
cells are manufactured worldwide annu-
ally. Silicon (Si) is the dominant solar 
cell material, accounting for 90% of all 
materials used. However, the energy con-
version efficiency of crystalline Si has not 
been improved since it reached around 
25%. I think we need to take bold action 
to achieve conversion efficiency of 28 to 
29%, which is considered to be the theo-
retical maximum.
Miyano At NIMS, we are conducting 
research on Si from the economic view-

point. For instance, we developed a new 
method to grow single crystal Si from 
a seed crystal. This method greatly 
reduced production cost compared to the 
previous method which was originally 
developed to grow crystals for integrated 
circuits. The resulting conversion effi-
ciencies are very similar between the 
two methods.
Konagai I agree that cost reduction is a 
very important issue. Also, it is extremely 
difficult to dramatically increase con-
version efficiency using Si alone. In this 
regard, we have high expectations for 
tandem (multijunction) solar cells, con-
sisting of Si cells stacked with several 
semiconductors that are capable of ab-
sorbing sunlight at various wavelengths 
that cannot be absorbed by Si cells. 
Rapidly growing Chinese industries are 

also interested in tandem solar cells, and 
according to report on solar cells titled 
“International Technology Roadmap for 
Photovoltaic (ITRPV),” the prevalence 
of tandem solar cells is expected to grow 
to 10% of all Si solar cells by 2025.

New concepts to create innovative 
materials

Miyano The latest trend of solar cell 
R&D is to develop materials that are 
superior to Si in terms of cost and con-
version efficiency.
  Accordingly, NIMS has been conducting 
research on III–V compound semicon-
ductors, which are a combination between 
group III elements in the periodic table 
such as aluminum (Al), gallium (Ga) and 
indium (In), and group V elements such 
as arsenic (As) and nitrogen (N). Because 
group III and V elements absorb light at 
different wavelengths, the combination 
of these two groups enables utilizing 
sunlight in a wide range of wavelengths 
and thus increasing power generation 
efficiency. However, it is difficult to con-
trol interfaces between different stacked 
semiconductors. We are currently devel-
oping a technology to solve this issue. 
This technology is critical to successfully 
fabricate tandem solar cells.
  We are also working to develop quan-
tum dot solar cells. The idea behind this 
technology is to achieve high conversion 
efficiency taking advantage of quantum 
effects by fabricating a nanosize struc-
ture called a quantum dot in a crystal.
Konagai It is not appropriate to focus 
our research efforts exclusively on Si for 

the reason that Si is the dominant solar 
cell material. To create highly superior 
solar cell products, it is important for us 
to develop new materials by constantly 
applying several new concepts.

Discovery of perovskite materials

Konagai About three years ago, per-
ovskite-based materials suddenly be-
came known to photovoltaics research 
field. What we call perovskite is essen-
tially ionic crystals of lead iodide having 
a crystal structure called perovskite. I 
was utterly surprised by the fact that 
these materials marked a conversion 
efficiency of 12% in initial studies. If I 
were a little younger, I definitely would 
work on perovskite. It is a big mystery to 
me that materials of such high potential 
remained undiscovered until recently.
Miyano Actually, perovskite mate-
rials had been studied in Japan since 
the 1990s. But they were perceived as 
light-emitting materials at that time. 

However, if the materials emit light, the 
light can be used to generate electricity, 
but no one thought of that then.
  NIMS has been taking two approaches 
in perovskite research. The first approach 
is to aim for high conversion efficien-
cies. In fact, Dr. Liyuan Han’s group has 
achieved a conversion efficiency of more 
than 18%. The second approach is to 
focus on basic research in the framework 
of GREEN – the Global Research Center 
for Environment and Energy based on 
Nanomaterials Science (see page 6 for 
research at GREEN). The secret to high 
power generation efficiencies of per-
ovskite materials must lie in the charac-
teristics of the materials themselves. In 
this view, we aim to identify the mech-
anism, and then establish a roadmap for 
its application.
Konagai Reliability plays a major role 
in reducing power generation cost. That 
is because if solar cell products break 
down easily, cost will increase over the 
long run.
Miyano It is generally believed that per-
ovskite materials do not last very long. 
However, based on a series of basic 
research conducted at NIMS, we have 
identified factors related to stability in 
considerable detail. In subsequent stud-
ies, we will try to formulate strategies to 
achieve long-term stability.

More ideas through interdisciplin-
ary interactions

Konagai My impression of Japanese re-
search institutes is that they are conduct-
ing solar cell research in isolation without 
coordination. I hope NIMS will play a 
leading role in promoting collaboration.
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Putting solar cell
research in perspective

SPECIAL TALK

As of the end of 2015, the cumulative amount 
of solar cells installed in Japan has reached 30 
gigawatts (GW). This amount is projected to grow to 
100 GW by 2050, and there are high expectations 
that solar energy will serve as a core energy 
resource. However, to meet these expectations, it is 
critical to develop groundbreaking solar cells that are 
highly efficient, reliable and capable of generating 
electricity at low cost. What actions need to be taken 
toward that end? Professor Makoto Konagai, who 
has been leading solar cell R&D with focuses on 
thin-film silicon and crystalline silicon solar cells, 
and NIMS Fellow Kenjiro Miyano, the leader of the 
Ad hoc Team on Perovskite PV Cells, discuss the 
current situation and prospects of solar cell research.

Makoto Konagai Kenjiro  Miyano
Professor, Advanced Research Laboratories, Fellow, National Institute for Materials Science
Tokyo City University

It is more challenging 
than those on 
transistors and LEDs. 
That is the very reason 
that solar cell research 
is so much fun.

A systematic 
approach is vital to 
increase conversion 
efficiency. Fortunately, 
all necessary 
characterization 
technologies are 
available at NIMS.

Makoto Konagai

Kenjiro Miyano
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Band structure of single-junction crystalline silicon solar cell

SPECIAL TALK Putting solar cell research in perspective
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Miyano Different solar cell materials are 
studied separately by researchers with 
different specialties, and almost no inter-
action takes place between the groups. It 
is a shame that this is the common prac-
tice. In fact, there are cases where groups 
in certain fields are dealing with some un-
solved issues, while groups in other fields 
already have found a solution to the same 
issues. Researchers should interact with 
other scientists with diverse backgrounds 
across different disciplines. I hope NIMS 
will provide researchers with opportuni-
ties for vigorous interactions.

  Also, to increase the conversion effi-
ciency of solar cells, it is necessary to 
take systematic measures rather than 
random and unorganized measures. For-
tunately, a broad array of characteriza-
tion technologies is available at NIMS. 
As such, when we create new sample 
materials, we can even analyze the dis-
tribution of elements in these materials 
immediately. When we detect sudden 
high conversion efficiencies, we often 
find unexpected structural features in the 
sample materials. By understanding the 
relationships among parameters of sam-

ple fabrication, the resulting conversion 
efficiencies and the structure of sample 
materials, it may be possible to pur-
posefully create materials with desirable 
structures. I want to take full advantage 
of such strength NIMS offers.
Konagai Solar cells already have been 
in use by many households, but to make 
solar energy a core energy resource, 
more innovative ideas need to be incor-
porated. I hope that young people will 
engage in solar cell research with new 
ideas and dreams.
(by Shino Suzuki, PhotonCreate)

  Perovskite solar cells are drawing 
much attention as next-generation so-
lar cells due to their high efficiency and 
low production cost. However, before 
they can be put to practical use, there 
are many issues to overcome such as 
low reproducibility, low stability and 
low durability. To tackle these issues, 
GREEN launched the “Ad hoc Team on 
Perovskite PV Cells” in October 2014. 
Consisting mainly of researchers with 
experience in R&D of organic solar 
cells, the team has been carrying out 
basic research on perovskite solar 
cells, taking full advantage of GREEN’s 
specialty in calculation/measurement 
techniques and materials development 
technology. Here are some accom-
plishments made by the team.
  A perovskite layer is formed after a 
solution containing a perovskite mate-

rial is covered on a substrate. In con-
ventional methods, the solution must 
be applied onto a titanium oxide layer 
with a complex porous structure in or-
der to facilitate crystallization. However, 
those methods are associated with low 
stability and low reproducibility caused 
by moisture and oxygen entering into 
the perovskite layer. The team success-
fully fabricated perovskite layers with 
enhanced performance by strictly con-
trolling the surrounding environment, 
as controlled during the fabrication 
of organic thin film solar cells, and by 
eliminating a porous structure in the 
substrate.
  In addition, the team made mod-
ifications to the perovskite material 
application process. It developed a 
new fabrication method involving the 
addition of chlorine, which made it 

possible to form a perovskite layer with 
even thickness and a smooth surface. 
With this new method, it is now feasible 
to fabricate perovskite solar cells with 
high reproducibility and high stability.
  Team members Yasuhiro Shirai and 
Masatoshi Yanagida enthusiastically 
say, “Since perovskite layers can be 
fabricated at a low temperature range 
of less than 140°C, they are compatible 
with lightweight and flexible substrates 
such as plastics. For this reason, the 
industrial community is very much inter-
ested in them. However, further basic re-
search is necessary as the mechanisms 
of perovskite solar cells generating 
electricity have not even been un-
derstood. We will intensify our research 
efforts in hope of realizing practical use 
of the cells as soon as possible.”
(by Kumi Yamada)
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The research contributes to the enhancement of cell performance
and the understanding of the mechanism

Yasuhiro Shirai (left) and Masatoshi Yanagida (right), members of the Ad hoc Team on Perovskite PV Cells, GREEN.
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GREEN’s effort in basic research on perovskite solar cells



  At present, most of commercial solar cells 
are made by silicon. Due to high-quality 
requirements, silicon used as semiconduc-
tor devices, such as computer CPUs and 
memory is single-crystal. On the other 
hand, less expensive multicrystalline 
silicon is primarily used for solar cells 
due to priority on low production cost over 
the quality of end products. However, the 
energy conversion efficiency of multic-
rystalline silicon, about 18%, is one-tenth 
lower than that of single-crystal silicon, 
which is about 20%. To address these 
issues, inexpensive ways to create sin-
gle-crystal silicon were pursued.
  One of the pursuers was an industry
-government-academia research team 
consisting of NIMS, including a team 
leader, Takashi Sekiguchi, who serves as 
a managing researcher at the International 
Center for Materials Nanoarchitectonics 
(MANA); Kyushu University; Japanese 
manufacturers; Toyota Technological 
Institute; and Meiji University. The team 
succeeded in the development of a 

method for creating single-crystal silicon 
that consistently yields high conversion 
efficiencies at lower cost. This achieve-
ment was made while implementing 
the NEDO (New Energy and Industrial 
Technology Development Organization) 
project titled “Development of next-
generation, high-performance technology 
for photovoltaic power generation
systems” from FY2010 through FY2014.

Modifying the method for creating 
multicrystalline silicon

  Sekiguchi explains the historical back-
ground associated with the project. “Jap-
anese industries used to lead the solar cell 
market before 2006. But other countries 
eventually gained a lead as low-priced 
multicrystalline silicon solar cells. The 
NEDO project was launched under such 
circumstances in the hope of restoring 
Japan’s competitiveness in this market 
by developing mono-crystal silicon solar 
cells with high conversion efficiencies at 

low cost.”
  Sekiguchi’s research team considered 
modifying “cast methods” used to pro-
duce multicrystalline silicon.
  Normally, single-crystal silicon is pro-
duced through the following steps: first, 
melt the high purity silicon feedstock in 
a crucible at about 1,600°C.  After that, 
hang a small piece of single-crystal sili-
con (seed crystal) above the crucible and 
place it in contact with the molten sil-
icon. Then allow the seed crystal to grow 
and expand. Finally, slowly pull up the 
growing crystal mass. This crystal growth 
method is called the Czochralski (CZ) 
method. It is time-consuming and requires 
advanced techniques and, therefore, is 
costly to implement.
  On the other hand, multicrystalline 
silicon is produced by melting silicon in a 
square mold set in an electric furnace, and 
allowing the molten silicon to solidify 
from the bottom. This method was mod-
ified to develop a seed cast method that 
allows crystal seeds to grow into mono 

crystals (We call them “mono” rather than 
“single” to distinguish this crystal from 
CZ).  Conventionally, mono crystals are 
grown in a setting in which the bottom 
of a crucible is lined with 20 × 20 cm 
single-crystal silicon plates. Silicon feed-
stock is melted above the plates and then 
solidified. This type of seed cast method 
is called a multi-seed cast method, as 
multiple crystal seeds are used (Figure 1). 
This method is easier to perform than the 
CZ method, as all you need to do is cool 
and solidify molten silicon. However, the 
method also has some drawbacks—it is 
expensive to conduct due to the use of 
multiple crystal seeds and because crystal 
defects are created in borders between 
seed crystals.
  In light of these drawbacks, Sekiguchi’s 
research team attempted to develop a new 
type of seed cast method which employs 
only one crystal seed. The team set a 
single-crystal silicon plate holding a lone 
crystal seed in the center of the mold to 
grow silicon crystal. This method eliminated 
the issue of defect formation between 
adjacent seeds (Figure 2).
  Sekiguchi says, “To reduce production 
cost, we used a creative approach to ther-
mal design and temperature control of the 
electric furnace. It was especially import-
ant to optimize the cooling process of sil-
icon ingot after solidification as a means 
to prevent crystal defects (dislocations) 
from generating and multiplying due to 
thermal stress.”

  European research institutes also con-
ducted similar studies, but many of them 
were unable to produce desirable results 
and ended up their projects immaturely. 
Sekiguchi’s team has built up expertise 
in crystal defects through many years of 
experience at NIMS in studying defects 
in semiconductors. The team took full 
advantage of its skills, knowledge and 
know-how for the successful development 
of solar cells.
 “Also, the Kyushu University group 
played a vital role in designing the inter-
nal structure of the electric furnace using 
its special talent in computer simulation 
of crystal growth,” added Sekiguchi.
  Sekiguchi’s research team also worked to 
control contamination during the growth of 
crystals with impurities, which was a prob-
lem associated with seed cast methods.
 “In conventional cast methods, the sur-
face of the mold is coated with silicon 
nitride as release agents to prevent the 
silicon from sticking. In addition, due 
to the fact that the heater and insulation 
materials are made of carbon, and the 
mold quartz, it is very difficult to prevent 
the incorporation of these materials into 
silicon ingots. For this reason, during 
the growth of silicon ingots, the precip-
itation of silicon nitride, silicon carbide, 
or silicon dioxide occurs, degrading the 
performance of silicon solar cells. We 
dealt with this issue by minimizing 
contamination with impurities, and 
succeeded in the creation of high-quality 

mono-crystal silicon,” says Sekiguchi.
  The resulting solar cells achieved 
conversion efficiencies nearly as high 
as solar cells made of CZ silicon. Fur-
thermore, Sekiguchi said that an oxygen 
concentration in the new silicon products 
was only about 6 ppm as compared to 
the oxygen concentration of about 20 
ppm in CZ silicon.
 “At present, we estimate that the pro-
duction cost using the new method falls 
under the mid-range between the costs of 
implementing the CZ and multicrystal-
line silicon. We believe we can achieve 
higher conversion efficiencies than that 
of CZ silicon by further optimizing our 
method. If this vision comes true, the 
value of our products will increase even 
more,” says Sekiguchi.
  Hope is growing that high-quality and 
low-priced single-crystal silicon solar 
cells will become available in the near 
future and play an active role in slowing 
global warming.
(by Kumi Yamada)
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· Many dislocations in borders 
  between seed crystals
· Expensive due to the use of many
  seed crystals

Multi-seed cast method Single-seed cast method

New method to create high-quality
single-crystal silicon at low cost
Aiming to regain control of the price-competitive solar cell market

In recent years, the solar cell market has been dominated by multicrystalline 
silicon solar cells that are inexpensive but are of low quality. Amid the situ-
ation, an industry-government-academia joint research team led by NIMS’s 
Takashi Sekiguchi developed a method to create high-quality single-crystal 
silicon solar cells with high energy conversion efficiency at lower cost.
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Improvement of Existing Material

Takashi Sekiguchi　
Managing Researcher,
International Center for Materials
Nanoarchitectonics (MANA)

Figure 3 : This research project was conducted by 
staff members from Japanese silicon manufacturers as 
well as researchers and students from several countries 
including China, Germany, France, South Korea, and Fiji.

Figure 2 : Mono-crystal silicon created using the single-seed 
cast method (left). Unlike the conventional product (right), the 
new product has a metal-like smooth and shiny surface.

Figure 1 : Conventional multi-seed cast method (left) and the newly developed 
single-seed cast method (right).

· Low dislocation densities
· Low cost



H3PbI3) film—is used as a light absorp-
tion material. This hybrid material is 
processed into films by adding the material 
into a solution and then print. The film 
product can be mass-production through 
printing, and the conversion of the sub-
strate from a glass to a film form makes it 
possible to create flexible solar cells.
  However, the existing perovskite solar 
cells have several problems in terms of 
performance, such as that power gener-
ation characteristics vary among cells 
depending on the conditions under which 
the films are fabricated, and energy con-
version efficiencies fluctuate in relation 
to the voltage applied to the cells. In ad-
dition, these cells also have stability and 
durability issues as they deteriorate easily 
when exposed to continuous sunlight.
  To deal with these issues, Han focused 
on the electron and hole extraction layers 
of the cells. Up to that time, these two 
layers were made of organic materials. He 
thought that the stability and durability of 

these layers would dramatically increase 
if inorganic materials were used instead 
of organic ones. He paid particular atten-
tion to two kinds of inorganic materials, 
nickel oxide and titanium oxide, as they 
are compatible with the energy level of 
perovskite materials.
  On the other hand, to use these inor-
ganic materials as extraction layers, they 
needed to be transformed into the thinnest 
possible layers due to their high electrical 
resistance. Making them into thin layers, 
however, would also cause an increased 
occurrence of “pinhole” defects, which re-
duces the conversion efficiencies of cells. 
To overcome this dilemma, Han’s group 
reduced pinhole defects by making these 
inorganic layers thicker. Also, to increase 
the conductivity of these layers, he added 
high concentrations of niobium ions to the 
inorganic electron extraction layers and 
high concentrations of lithium and magne-
sium ions to the inorganic hole extraction 
layers. Experiments demonstrated that the 
conversion efficiencies and durability of 
these layers in fact increased as expected. 
Moreover, the use of thicker inorganic 
layers with reduced pinhole defects 
allowed Han’s group to expand cell sizes.
  Han explains several issues like the pro-
cess of fabricating the inorganic layers. 
“At present, organic materials are used for 
electron transport layers. When we cre-
ated a thick inorganic layer on top of an 
organic electron transport layer, we were 
very careful not to damage the organic 

layer. Also, when we pasted the inorgan-
ic materials, we were fully cautious in 
completely removing moisture from the 
working environment, as perovskite lay-
ers break down in the presence of water.”
  In addition, the amounts and ratios of 
niobium, lithium, and magnesium ions 
to be added to inorganic films had to be 
optimized according to the thickness of 
the films. Han’s knowledge and unique 
know-how developed over years were 
once again very helpful for his research 
group to tackle this challenge.
  According to Han, the most critical issue 
to be addressed toward the practical use 
of perovskite solar cells is to increase 
their conversion efficiencies and durabil-
ity. To increase their durability, it is really 
necessary to replace currently used organic 
materials with inorganic materials. Ac-
cordingly, we aim to create “all-inorganic” 
perovskite solar cells by additionally 
replacing organic electron transport layers 
with inorganic layers. Also, I expect that 
a conversion efficiency of 20% can be 
achieved by FY2016 through improve-
ment of perovskite materials. Further-
more, I believe it is possible to achieve 
a conversion efficiency of even 30% or 
higher by using perovskite solar cells in 
tandem with silicon solar cells by placing 
the former on top of the latter. Whatever 
approach might be taken, I predict that 
perovskite solar cells will be in practical 
use by around 2020.”
(by Kumi Yamada)
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  Perovskite solar cells are drawing atten-
tion rapidly as their energy conversion 
efficiencies are nearly as high as those of 
silicon solar cells, they are made of cheap 
materials, and they can be produced in 
large scale at low cost without using high 
temperatures/pressure and a high vacuum 
process. On the other hand, they still have 
many performance issues to be resolved 
in terms of reproducibility, stability, and 
durability. Consequently, intense com-
petition is ongoing internationally to 
achieve practical use of these solar cells.
  Liyuan Han of the Photovoltaic Ma-
terials Group at the Center for Green 
Research on Energy and Environmental 
Materials, NIMS, is among the first 
researchers to have taken the initiative in 
the development of perovskite solar cells. 
The perovskite solar cells developed by 
Han’s research group marked a conver-
sion efficiency of 15% on February 27, 
2015. This was the world’s first official 
record verified by an internationally-
recognized independent organization for 
solar cell evaluation. Furthermore, Han’s 
group achieved a conversion efficiency of 
18.2% in October, 2015 (Figure 1).  This 
efficiency—comparable with efficiencies 
of single-crystal/multicrystalline silicon 
solar cells—has attracted much attention 
globally.
  In most previous reports, conversion 
efficiencies of perovskite solar cells were 
made using small cells (0.1 cm2) without 
disclosing measurement methods. Such 

small cells are prone to large measure-
ment errors, and thus the efficiencies 
measured in this manner are unreliable. In 
contrast, Han’s group successfully created 
cells of large areas (≥1 cm2) by making 
modifications in materials constituting 
the layer structure of the perovskite solar 
cells and in fabrication methods. The 
group also demonstrated the excellent 
durability of the cells as the deterioration 
of their performance was only less than 
10%, even after 1,000 hours of continu-
ous exposure to sunlight.

Using inorganic materials to over-
come the most challenging issue—
durability

  Perovskite is essentially a mineralog-
ical name for calcium titanate, and 
compounds having the same perovskite 
crystal structure are collectively called 
perovskite-type compounds.
  As shown in Figure 2, a perovskite solar 
cell consists of a glass substrate, a trans-
parent conductive film, a hole extraction 
layer, a perovskite layer, an electron trans-
port layer, an electron extraction layer, 
and a back electrode. The cell generates 
electricity as the perovskite layer absorbs 
light, which then induces charge (electrons 
and holes) through photoexcitation. 
Currently, an organic-inorganic hybrid 
material with a perovskite structure—a 
methylammonium lead iodide (CH3N-

Figure 1: Current-voltage characteristics of perovskite solar cells measured by the Calibration, Standards and 
Measurement Team at the AIST Research Center for Photovoltaics. The underlined measurement in red 
represents a conversion efficiency of 18.2% achieved using the newly developed perovskite solar cells.

Figure 2 : Structure of a perovskite solar cell.

Achieving Conversion Efficiency Over 18% 
With Large-size Perovskite Solar Cells.
Aiming to realize practical use of “all-inorganic” cells by 2020

Expectations are growing for perovskite solar cells to serve as the next-genera-
tion solar cells due to their low production cost and high conversion efficiencies. 
Competition is intensifying among many countries in the development of these 
cells toward practical use. Amid the situation, a research group led by NIMS’s 
Liyuan Han is emerging as a groundbreaker in this endeavor.

Toward practical use

Back electrode
Electron extraction layer

Hole extraction layer

Electron transport layer

Perovskite layer

Transparent conductive film

Glass substrate

Han Liyuan
Managing Researcher,
Center for Green Research on
Energy and Environmental Materials



abovementioned nitride semiconductors. 
QD is nanometer-scale structure, so that 
electrons are confined in all three dimen-
sions. For fabrication of QDs, we utilize 
“droplet epitaxy”, which is an original 
technique developed in our Institute. 
  In this method, a Ga flux is supplied on 
an AlGaAs surface without an As flux, 
resulting in the formation of Ga drop-
lets of approximately 10 nanometers in 
diameter. Then, an As flux is irradiated 
onto these Ga droplets, which causes 
reactions between Ga and As, leading 
to the formation of GaAs quantum dots. 

Lattice-matched QDs have advantageous 
for staking of a large number of QD 
layers with close proximity. “Since solar 
cells that are designed under the concept 
of intermediate bands have relatively 
simple structures, we think they can be 
manufactured at low cost.” says Noda.
  Noda is also working on quantum well 
(QW) solar cells, in which coupled QWs 
are used to explore the influences of 
coupling of electronic states or a mini-
band on solar cell properties. Quantum 
wells are structures capable of confining 
electrons in one dimension, and they can 

easily be fabricated using the methods 
for growing ultrathin-films such as mo-
lecular beam epitaxy.
“If solar cells that meet the concept of 
intermediate bands are successfully cre-
ated, a conversion efficiency of 60% is 
achievable in theory. At this moment, 
there are still many issues to address 
such as a decrease in open-circuit volt-
age. We would like to overcome these 
issues by reviewing current solar cell 
structures and developing new materi-
als,” says Noda.
 (by Kumi Yamada)

Utilization of sunlight at all
wavelengths may be achieved by 
III–V nitride semiconductors

  The theoretical conversion efficiency 
limit of ordinary crystalline silicon solar 
cells is around 30%. To further increase 
conversion efficiencies beyond this theo-
retical limit, a creative approach must be 
taken to find the way to convert sunlight 
at more wide range of wavelengths into 
electrical energy. To this end, NIMS is 
actively engaging in R&D of solar cells 
using compound semiconductors.
  In particular, III–V compound semicon-
ductors consisting of elements in group 
13 (group III) and group 15 (group V) of 
the periodic table, namely gallium arse-
nide (GaAs) and indium gallium phos-
phide (InGaP), have bandgap energy 
close to 1.5 eV (electron volts), which is 
the optimum energy level for maximum 
conversion efficiency. Also, as these 
compounds are resistant to radiation, 
they already have been put to practical 
use in space. In addition, III–V com-
pound semiconductors efficiently ab-
sorb sunlight, and non-absorbable light 
efficiently passes through them. Because 
of these properties, these semiconductors 
are capable of dramatically increasing 
conversion efficiencies when they are 
arranged in a tandem or multijunction 
structure, comprising a lamination of 
several types of compound semiconduc-
tors with different bandgaps. However, 

the structure of the tandem structure is 
so complex that it is difficult to manu-
facture technologically.
  While striving to address this issue, a 
research group consisting of Masatomo 
Sumiya of the Wide Bandgap Mate-
rials Group and MANA Independent 
Scientist, Sang Liwen, focused on gal-
lium nitride (GaN) and indium nitride 
(InN)—two compounds that were wide-
ly recognized as the materials for blue 
light-emitting diodes on the occasion of 
the Nobel Prize announcements.
  A III–V nitride semiconductor, GaN, 
has a large bandgap (i.e., wide gap, 3.42 
eV), and is mixed with InN (0.7 eV) to 
create InGaN crystal, which enables eas-
ier control of the bandgap. If a mini band 
(i.e., intermediate band) can be formed 
in the bandgap using wide-gap semicon-
ductor materials, it is feasible to utilize a 
wide range of sunlight spectrum without 
using a tandem structure. To achieve 
this, the research group laminated 30 
layers of InGaN thin films with different 
In compositions over an n-type InGaN 
semiconductor layer.
  The resulting solar cell was able to 
convert not only a part of sunlight 
equivalent to intrinsic InGaN bandgap 
energy but also visible light at longer 
wavelengths into electricity. This was 
the first study demonstrating that a III–V 
nitride semiconductor material is capa-
ble of forming an intermediate band. The 
research group is also trying to laminate 

III–V nitride semiconductor, that has 
larger band gap, on top of a GaP-based 
concentrating solar cell, which has re-
corded the highest conversion efficiency. 
It is conceivable to further increase the 
conversion efficiency by deriving elec-
tricity from each cells individually. “By 
combining this crystal with concentrat-
ing solar cells, we hope to achieve the 
world’s highest conversion efficiency,” 
says Sumiya.
  Solar cells are susceptible to defects 
formed in cell materials and interfaces. 
Accordingly, upgrading of solar cell 
materials, interface control and device 
fabrication processes leads to an increase 
in the conversion efficiencies of III–V 
nitride solar cells. Concurrent with this 
approach, Sumiya and Sang’s group is 
also planning to conduct R&D of power 
conductor devices using III–V nitrides, 
taking advantage of techniques and 
know-how they have acquired through 
solar cell research and development.

Aiming to high efficient solar cells 
using quantum dots 

  On the other hand, Takeshi Noda of the 
Photovoltaic Materials Group is work-
ing on high efficient solar cells using 
quantum dots (QDs), where QDs are ex-
pected to serve as an intermediate band. 
We use GaAs and AlGaAs (aluminum 
gallium arsenide)—other types of III–
V compound semiconductors than the 
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Masatomo Sumiya
Chief Researcher,
Wide Bandgap Materials Group,
Electric and Electronic Materials Field,
Research Center for Functional Materials

Sang Liwen
MANA Independent Scientist,
International Center for Materials
Nanoarchitectonics (MANA)

Takeshi Noda
Leader of the Photovoltaic Materials Group,
Center for Green Research on Energy and
Environmental Materials

Conversion efficiency of solar cells is determined by the energy required to 
convert solar energy into electricity (bandgap). NIMS is currently conducting 
research aiming to convert sunlight at more wide range of wavelengths into 
electrical energy by forming an “intermediate band” in the bandgap.

Solar cells of the future

III-V nitride semiconductor thin film growing device

Ultimate conversion efficiencies by 
means of “intermediate
band concept”
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“
”Photovoltaic Power Generation Technology Research 

Association (PVTEC) promotes the advancement of photovoltaic 
industries in Japan. As of November 2015, 51 organizations, 
mostly industries, are serving as PVTEC members. We asked 
Dr. Hiroshi Morimoto, PVTEC President, about his view as 
an industrial representative on the current status of solar cell 
development in Japan and his expectations for NIMS.

High expectations for perovskite 
and III–V compounds

—Would you tell us about the cur-
rent status of solar cell develop-
ment by Japanese industries?

Dr. Morimoto  With regard to the 
development of silicon solar cells, there 
are two major objectives from the 
industrial perspective: first, to develop 
low-cost devices with high conversion 
efficiencies, and second, to develop 
technologies enabling the integration of 
photovoltaic power generation systems 
into the existing electric power system. 
As for increasing conversion efficiency, 
national projects are underway targeting 
a module efficiency of 20% or higher. 
From the aspect of reducing production 
costs, a goal has been set to develop 
devices with costs less than the running 
costs of a conventional thermal power 
plant: 7 yen/kWh.
  Concerning the issue of integrating 
photovoltaic power generation systems 
into the existing electric power system, 
efforts to develop technologies have been 
intensifying in relation to the upcoming 
retail electricity deregulation. Also, the 
adoption of the Paris Agreement at the 
Paris climate conference (COP21) in 
December 2015 is expected to promote 

the use of renewable energies world-
wide. In harmony with these trends, 
we need to consider how to incorporate 
solar cell technology into Japan’s social 
system, taking account of increasing 
public interest in the concept of a “Smart 
City.”

—What is your vision on the devel-
opment of new materials?

Dr. Morimoto  Compound semicon-
ductors, including perovskite and III–V 
compounds, are promising, new, alter-
native materials to silicon. In particular, 
perovskite is drawing much attention 
given that its conversion efficiency has 
dramatically increased over the past few 
years. On the other hand, solar cells 
consisting of III–V compounds also 
demonstrate high conversion efficien-
cies, but are expensive to manufacture. 
For this reason, their applications have 
been limited only to certain areas such 
as outer space. Once these two types of 
materials have achieved higher conver-
sion efficiencies and lower production 
costs than conventional solar cells, I 
believe that the demand will rise rapidly.

—Chinese industries are ahead of 
Japanese industries in terms of 
solar cell market share.

Dr. Morimoto  The reasons for China’s 
recent dominance over Japan in the solar 
cell market are due to the fact that Ger-
man industries developed the systems 
capable of easily producing inexpensive 
and higher-performance silicon solar 
cells, and that China has acquired the 
systems. For Japanese industries to 
counter this situation, we need to develop 
new materials and also systems capable 
of manufacturing inexpensive and 
highest-performance devices using the 
new materials.

—What are your expectations of 
NIMS regarding these efforts?

Dr. Morimoto  The global community 
has strong interests in developing low-
cost solar cells with high conversion 
efficiencies. Given that materials devel-
opment tends to be an extremely long-
term endeavor, it would be too much bur-
den for industries to carry out this task by 
themselves. So, I really hope that NIMS 
will take the lead in the development of 
innovative materials. Moreover, I want 
NIMS to firmly promote collaboration 
among industries, governments and 
academia by serving as Japan’s materials 
research hub.
(by Kumi Yamada)

HIROSHI Morimoto

NIMS should serve as
materials research hub for
the development of
innovative solar cell materials

PVTEC President
Dr. Hiroshi Morimoto
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Will all energy problems be solved some day?
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  In this day and age of mass energy 
consumption, meeting ever increasing en-
ergy demand is a tough issue around 
the world. International community 
leaders and experts often discuss and 
share ideas to resolve this issue. How-
ever, concrete solutions have not yet 
been established.
  Currently available energy resources 
include fossil fuels—such as petro-
leum, coal and natural gas; natural 
energy—such as sunlight, solar heat, 
wind power, hydropower and geother-
mal heat; nuclear power and biomass. 
Each type of energy has its own 
advantages and disadvantages.
  Fossil energy is a small in cost and 
easily accessible resource, but its 
availability is limited and its utilization 
results in emission of a large amount of 
CO2 into the environment. In contrast, 
natural energy is an unlimited and 
environment-friendly resource, but it 
is difficult to utilize efficiently and eco-
nomically based on current technology. 
Nuclear power is an excellent means 
to generate electricity as it can be ac-
quired in large amount at low cost, and 
it can be used to generate electricity 
without emitting CO2. However, utili-
zation of nuclear power in places like 
Japan requires meticulous risk man-
agement in light of the consequences 
of the Great East Japan Earthquake.
  Biomass and geothermal heat have 
limited availability at a time, so they 
also are unsatisfactory as major ener-
gy sources.
  How can humankind solve energy 

issues while overcoming the urgent 
challenges of global warming and air 
pollution?
  The answer to the question might lie 
in the latest information technology.
  For example, while the performance 
of lithium ion batteries has dramatically 
improved over years, the batteries are 
still expensive, large and heavy. Also, 
they are susceptible to deterioration 
and take a long time to fully charge. If 
lithium ion batteries can be replaced 
with “conductive polymer batteries,” 
which are much lighter and smaller, 
it may be feasible to make the 75 
million automobiles existing in Japan 
play a role of “mobile, high capacity 
storage batteries.” However, because 
conductive polymer batteries have a 
three-dimensional network structure, it 
is much more complex to analyze their 
material structure than that of current 
secondary batteries. For this reason, 
super-fast computing capability is nec-
essary for the development of conduc-
tive polymer batteries. Similar com-
puting resources are also essential for 
the development of quantum dot solar 
cells, promising next-generation solar 

cells with a potential conversion effi-
ciency of 40% or greater.
  Furthermore, the same goes for algae 
capable of producing heavy fuel oil 
using CO2 and water. To efficiently 
produce heavy-oil-producing algae 
that work in a real world situation, 
ideas have been brought up to create 
artificial algae using such information 
technology as genetic analysis/engi-
neering. In addition, the availability 
of arithmetic processing technology 
capable of performing huge amounts 
of calculations instantaneously is also 
critical to achieve practical use of ther-
monuclear fusion which is believed to 
be very difficult.
  Rapid advancement of information 
technology can make all of these 
things possible.
  When I visited the nuclear plant in 
Kashiwazaki City, I met Nobel Prize 
winner Prof. Susumu Tonegawa. He 
said that if humankind happens to 
perish, energy issues would be the 
most probable cause (I agreed with 
him at that time). But after all, that 
fear appears to be unnecessary.




