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Nanotechnology – Grand Design in Japan ～Key Technology for Solving Global Issues～

Executive Summary

 This report focuses on one of the areas of R&D essential to solving global social problems, 
namely, nanotechnology, and comprehensively covers the following issues: (1) clarification 
of the scientific and technological aspects of nanotechnology and the positioning of 
nanotechnology with respect to other disciplines on a total science-technology map, (2) 
analyses of the national nanotechnology initiatives of major countries worldwide, including 
cautions and suggestions for future public investment in this area in Japan, and (3) concrete 
proposals for new nanotechnology initiatives to solve global issues. 

 The main conclusions include the following.

(1)  The scientifi c and technological (S&T) area of “nanotechnology” is evolving through three 
different stages: the first involves the progressive advancement of each independent 
nanotechnology (“progress-nano”), the second concerns the interdisciplinary integration of 
advanced nanotechnologies originating from various S&T areas (“fusion-nano”), and the 
third involves the creation of a system of new functions by assembling various advanced 
and fused nanotechnologies (“systems-nano”). Through this serial and parallel evolution 
of nanotechnology, highly specialized and diverse disciplines are synthesized in a unifi ed 
manner, giving rise to “Functions Design” for global issues. “Functions Design” symbolizes 
the restoration of true Engineering which is being driven by nanotechnology, and serves 
as a powerful tool for solving future problems and promoting innovation.

(2)  Since the 1980s, the Japanese government has continuously made R&D investment in 
nanotechnology and materials, an area which has maintained high scientifi c as well as 
technological potential. Recently, however, not only the United States and European 
Union but also China and Korea have exceeded Japan in the level of public investment 
in this area (when comparing purchasing power parity in 2007). It is likely that Japan 
will lose her internationally strong position if the government hesitates over suffi ciently 
funding the area of nanotechnology in the future. Tangible and intangible assets such as 
R&D potential, networks of user facilities, and human resources which have been built 
up over the past several decades should be inherited as a legacy without delay into the 
strategies of the 4th Science and Technology Basic Plan to be initiated in fi scal year 2011. 
As for issues of education and human capability development, not only the government 
sector but also the academic sector should make efforts to prepare their long-term future 
plans.

(3)  Public investment policy in Japan’s 2nd (2001-2005) and 3rd (2006-2010) Science and 
Technology Basic Plans has been based on so-called “Priority R&D Areas”, but will now 
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be shifted to “Social-issue Targets” in the 4th Science and Technology Basic Plan (2011–). 
Such a drastic change in S&T policy should be justifi ed based on logical and quantitative 
evidence obtained from a systematic review of the spending of the Science and Technology 
Basic Plans over the past 10 years, which is in the order of roughly ¥40T (US$370B); 
however, such a review has not been carried out as yet. In any case, independent of 
whether S&T policy targets “Priority R&D Areas” or “Social-issue Targets”, the most 
important systems for improving investment efficiency in the area of nanotechnology 
are, fi rstly, an implementation system which promotes interdisciplinary interaction and 
academia-industry communication and, secondly, a coordination system which encourages 
inter-ministry collaboration. It is important, therefore, to view the whole S&T Plan as 
a matrix consisting of “Social Issues” and “R&D Areas” and to implement it as a unifi ed 
plan. 

   The R&D areas held to be important in the fi eld of nanotechnology are “Green Nanotech” 
for Energy and the Environment (Green Innovation), “Nano-Bio” for Health and Medical 
Issues (Life Innovation), and “Nanoelectronics” for maintaining the global competitiveness 
of the Electronics Industry. Different from the strategically important R&D areas 
focused on in the 3rd Science and Technology Basic Plan, the priority areas in the coming 
Basic Plan should be funded according to their prescribed ratios of total amount of 
investment. Specifi cally, the investment ratio of each priority area should be authorized 
by the government in advance in order to guarantee the quantitative execution of the 
strategy, which would be similar to NNI’s system of Program Component Areas (PCA) 
in the United States as well as the systems in place in Korea and Taiwan. This kind of 
funding policy is important for constructing infrastructure such as a user facility network, 
and for promoting the activities of EHS and ELSI toward responsible development of 
nanotechnology. 

 Chapter 1, entitled “Nanotechnology in Society: Basic Concepts”, presents the basic 
concept of nanotechnology in the context of a society facing global issues. As one of the 
interdisciplinary technological areas essential for solving global issues, the definition and 
properties of nanotechnology can be understood within an evolutionary framework consisting 
of three different stages: “progress-nano”, “fusion-nano”, and “systems-nano”. These three 
stages are evidenced by the historical milestones in the development of nanotechnology. 
Through this serial and parallel evolution of nanotechnology, highly specialized and diverse 
S&T areas can be reconstructed, integrated, and unified into a new concept of “Functions 
Design” for the solution of global issues, producing and nurturing new S&T areas such as 
Green Nanotech, Nano-Bio, and Nanoelectronics. It is demonstrated that Japan, a country 
with advanced nanotechnology capabilities, has made essential contributions to this fi eld for 
more than a half century. 

 Chapter 2, “International Trends and Challenges for Japan”, provides an overview of 
national nanotechnology initiatives implemented after the year 2000 in more than 20 
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countries (including the United States, European Union, Japan and some Asian countries) 
and compares these countries’ public investment activity, COEs in the R&D sector, education 
and human capability development, and social acceptance issues, thereby making clear 
the current status of nanotechnology in Japan and the future problems faced. While China 
and Korea have intensively increased total public investment in all S&T areas, Japan’s 
investment has remained relatively unchanged. Moreover, in the field of nanotechnology, 
the annual investment of the United States, China, and Korea has already exceeded that 
of Japan if each currency is evaluated using purchasing power parity. This is happening 
despite current global trends in nanotechnology that can be characterized as follows: (1) 
nanotechnology is widely expected to afford major contributions to global issues, (2) there 
will be increased participation and growth in this fi eld among Asian countries and BRICs, 
and (3) this will be accompanied by a rapid increase in the number of commercial nanotech 
products available. As an example in point, more than 80% of the subjects targeted by 46 
Energy Frontier Research Centers (EFRCs) established by the United States’ Department of 
Energy in 2009 are in nanoscience and nanotechnology.
 All of these global trends clearly indicate that, into the future, nanotechnology will serve as 
an “innovation driver” for solving social issues. Although Japan is still managing to maintain 
high quality as well as high numbers of scientifi c papers, patents, and industrial parts and 
materials in spite of the small increase in public investment, “fusion-nano” and “systems-
nano” are essential to fi nding solutions to global issues and it is highly likely that Japan will 
lose national assets if public funding to this fi eld is stopped or reduced, especially in view of 
the rapid growth of the fi eld in Asian countries and BRICs.
 Also discussed are other problems associated with Japan’s nanotechnology initiatives, 
that is, incomplete funding of the user facility network and research hub centers, reduced 
incentive for global collaboration by young researchers and academia, and the absence 
of a “one-stop domestic gatekeeper system” to deal with social acceptance issues of 
nanotechnology.

 Chapter 3, “Nanotechnology Grand Challenge”, discusses how the forthcoming public 
R&D policy after 2011 should be established and how the nanotech-related initiatives 
be implemented, by examining in a concrete way the grand challenge that can be met 
by nanotechnology. Intermediate reports on the 3rd Science and Technology Basic Plan 
(FY2006-2010) prepared by independent ministries unanimously state that the 4th Basic 
Plan be organized on the basis of “Social-issue Targets” rather than “Priority R&D Areas” as 
the latter approach adopted by the 3rd Basic Plan tended to create vertical barriers in inter-
area discussion and policy setting.
 However, no logical and quantitative evidence has been reported thus far for any such 
vertical barriers between the four Priority Promotion Areas of the Council of Science and 
Technology Policy (CSTP) of the Cabinet Office, Japan, and there has been no systematic 
review conducted on the spending of the 2nd and 3rd Science and Technology Basic Plans, 
which accounted for around ¥40T (~US$370B) over the past 10 years. Even if vertical 
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inter-area barriers do exist for the Project Teams of the 4 Priority Promotion Areas, it is 
necessary to clarify whether these barriers are caused by an essential problem inherent to 
the approach of “Priority R&D Areas”, or simply due to a lack of coordination by CSTP or to a 
more fundamental reason originating from the government’s inter-ministry decision-making 
process.
 According to two different studies based on quantitative analyses of patents from the 8 
different R&D areas, innovation is most likely to occur in the field of Nanotechnology/
Materials in the future (details are given in the text).
 The most important mechanisms for increasing the efficiency of the investment in 
nanotechnology are those stimulating both interdisciplinary interaction between individuals 
working in different disciplines and communication between academia and industry, and 
those incentivizing inter-ministry collaboration in the government sector irrespective of 
the targets of future Science and Technology Basic Plans. Priority areas in the forthcoming 
Science and Technology Basic Plan, which will correspond to the “Strategic Important R&D 
Areas” of the 3rd Plan, should be funded according to allocation ratios of the total budget 
for the initiative in order to guarantee the quantitative execution of the strategy. In this 
sense, such allocation ratios should be authorized in advance by the government, a policy 
which has been adopted by the United States (NNI’s Program Component Areas), Korea 
and Taiwan. The lack of quantitative or numerical determination of the allocation ratios in 
the case of Japan’s 3rd Basic Plan resulted in a mere 2.5% of the budget being allocated to 
the user facility network (Nano-net), compared with around 15% in the United States and 
Taiwan and 20% in Korea. Nanoscience and nanotechnology, together with materials science, 
continuously promote the “fusion of scientific disciplines”, which increases the potential 
of fundamental research aimed at solving global issues. Importantly, nanotechnology also 
contributes to integrating a variety of technological areas such as energy, the environment, 
ICT, and biotechnology. Such “fusion and continuous evolution of technological areas” has 
given rise to and nurtures the new technological areas of Green nanotech, Nano-bio, and 
Nanoelectronics, and hopefully will help launch a new industry that will contribute to 
solving global issues. This fusion of scientifi c disciplines and fusion and continuous evolution 
of technological areas should take place in the context of a unifi ed and active fi eld in which 
face-to-face discussion is highly encouraged.
 New materials exploration, functions design, and computational science are all emphasized 
as key factors for connecting “nano” with “system”. Various systems are proposed for 
the promotion and acceleration of interdisciplinary research projects; these include user 
facilities and R&D centers, education and human resource development, industry-academia-
government collaboration, inter-ministry activities, new funding policy, social acceptance 
of emerging nanotechnology, international cooperation, standardization, and intellectual 
property right.
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1. Nanotechnology in Society: Basic Concepts
The past ten years have seen significant changes in the way science and technology has 
interacted with society. This chapter discusses the background to these changes and the 
increasingly important social role of science and technology, and clarifi es particularly how 
nanotechnology is characterized.

1.1 Science and Technology and Global Challenges

The 20th century was, in short, a century of science and technology. It began with the 
portent of the emergence of quantum mechanics—a new frontier of science. In the post-
World War II era, developments in engineering, a field based on physics and chemistry, 
evolved technologies for production and processing. This subsequently led to the birth of 
not only the automobile industry and the parts and materials industries that supported 
it, but also the semiconductor industry and the information industry which were entirely 
new. These industries and advanced science and technology changed people's lives and 
culture, and became the driving force of innovation that promoted economic development. 
As a result, investment in research and development (R&D) became regarded as a vital 
factor for winning in globalized competition. In advanced countries, science and technology 
policies have been increasingly strengthened as strategies: information technology (IT), 
biotechnology, and, in the 21st century, nanotechnology have become typical targets of 
national investment strategies.

It has become clear, however, that science, technology, and industrial activities, which 
have been sources of wealth, longevity, and affluent life, can simultaneously be negative 
factors that cause global climate change through rapidly increasing population and total 
energy consumption. The Intergovernmental Panel on Climate Change (IPCC), which 
was established in 1998, spent more than 10 years and prepared its Fourth Assessment 
Report (published in 2007) based on research of approximately 3000 scientists. Its content 
is sobering: it asserts that almost surely global warming can be attributed to increased 
emissions of greenhouse gases, such as carbon dioxide, caused by human activities since the 
Industrial Revolution.

If the situation is left unsolved, it will at some point result in frequent occurrences of natural 
disasters, loss of land, and disruptions in food and water supply, as indicated in the signs 
of such unfortunate events that we are already seeing. This can be easily extrapolated from 
the fact that not only advanced countries, but also emerging countries, such as the BRICs, 
and developing countries have continued to strive for economic development and market 
expansion without exception for two decades since the end of the Cold War. The reduction 
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of greenhouse gases is one of the most important global issues, and needs to be addressed 
without delay. Also, another global issue—the protection of biodiversity—is surfacing, and 
the effects of such challenges on human activities are becoming increasingly serious day by 
day.

Since around the time of the publication of the IPCC Fourth Assessment Report, countries 
pursuing a low-carbon society have been discussing and announcing concrete goals one 
after another. Responding to a request made by the leaders of the G8 nations at the 
Gleneagles Summit held in the UK in 2005, the International Energy Agency published 
“Energy Technology Perspectives 2008” and proposed a scenario toward 2050 for measures 
against global warming. Japan also was praised for its announcement of the Cool Earth 50 
plan at the Heiligendamm Summit held in Germany in 2007. Both advocate a reduction of 
greenhouse gas emissions by 50 percent by 2050, relative to 2005 levels in the former and 
1990 levels in the latter. In Japan, after the Toyako Summit in 2008, then Environment 
Minister Tetsuo Saito announced the Vision for an 80 Percent Reduction of Greenhouse 
Gases by 2050. In the US, President Obama publicly stated that the country would achieve 
an 80 percent reduction by 2050 in his speech at the National Academy of Sciences in April 
2009. As for the Democratic administration in Japan which started in September 2009, then 
Prime Minister Hatoyama promised in his speech given at the UN to reduce, by 2020, the 
amount of greenhouse gas emissions by 25 percent relative to 1990 levels. This is not a goal 
for some distant future, but a target for the immediate future.

How can greenhouse gas emissions be reduced? It is not easy to satisfy the enormous and 
increasing demands for energy of advanced counties and emerging nations such as the 
BRICs and simultaneously to decrease greenhouse gas emissions. Further advancement and 
integration of various cutting-edge technologies are required to generate, store, transmit, and 
conserve energy without emitting greenhouse gases such as carbon dioxide. In the medium 
to long term especially, achieving the substantial reduction targets mentioned above will be 
impossible unless innovative technologies are created for the use of renewable energies that 
center on solar energy—an inexhaustible clean energy. The development of technologies that 
involves basic research is essential, and, in this sense, the role and responsibilities of science 
and technology in society have become greater than ever before.

Science and technology, therefore, is expected to become the key in reducing negative 
effects produced by industry, which is a fundamental shift from its mere role as a source of 
innovation—a role which was unilaterally welcomed by society. In 1999, the International 
Council for Science (ICSU) advanced the idea of "science in society, science for society" in 
Budapest, which implied greater responsibilities for science and technology as well as its 
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increased signifi cance in society.

1.2 Technical Characteristics and the Evolution of Nanotechnology

A global-scale phenomenon is the culmination of a complex system, and solutions to the 
technical issues that we face require diverse, innovative progress. Especially, technical 
issues related to the natural environment often cannot be solved within certain academic 
or technology fields, and cooperation or integration between interdisciplinary academic 
approaches and technology fields is therefore necessary. In this context, nanoscience or 
nanotechnology is essential to the development of new technologies associated with the 
environment and energy, as described in the following.

A nanometer is one billionth of a meter and is about the length of several atoms, with one 
atom being the smallest indivisible unit for determining the nature of matter. Nanoscience or 
nanotechnology generally deals with structures that are 1 nm to 100 nm in length. Therefore, 
in a three-dimensional setting, molecules consisting of several atoms to tens of thousands 
of atoms are considered. Artificial objects and natural objects (such as biological objects) 
are completely different from each other and cannot be connected in any way in the visible, 
macroscopic world, but they can be found to have similar molecules with common atoms 
in the nanoscale world. Put another way, combining artifi cial objects and biological objects 
is possible only from a nanoscale perspective, and a relevant fi eld, nanobiotechnology, has 
been established. The integration of different fi elds can be considered as the most signifi cant 
characteristic of nanotechnology.

To ensure a clear description of the characteristics of nanotechnology, in which new 
technological areas emerge from interdisciplinary integration, nanotechnology is defi ned as 
follows.

"Nanotechnology" is an academic and technological area in which bulk, surface, and 
interface structures in the scale of 1 to 100nm, with their specifi c properties and phenomena 
including growth and fabrication are observed, measured, analyzed and controlled at the 
atomic and molecular levels. In particular, the creation of new knowledge and functions is 
accelerated through interdisciplinary interaction among different fi elds of nanoscience and 
nanotechnology such as physics, chemistry, nano-electronics, and nano-biotechnology.

To be precise, nanoscience refers to the academic aspect and nanotechnology to the 
technological aspect. However, the term "nanotechnology" is generally used to refer to both 
collectively.
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Examples of concepts and basic technological issues in nanotechnology are shown in Table 
1-1.

There are two representative processes in “nanofabrication” .  One is top-down 
nanofabrication, in which desired nanostructures are obtained by shaving bulk materials 
or thin-film materials, as seen in a basic microfabrication technology such as very-large-
scale integration (VLSI) of electronic circuits. The other is bottom-up nanofabrication which 
creates desired self-organized nanostructures, starting with atoms or small molecules. 
The latter, if realized, is the ultimate fabrication process in nanotechnology. Also, self-
organization, which overcomes limitations of the former and contributes to practical 
applications of nanotechnology, is the key to the latter’s success. Recent research in VLSI 
includes a case in which a low dielectric constant (low-k) material is fabricated through a 
process using self-organizing block copolymers. This, when combined with photolithography 
(a top-down nanofabrication process), can create a multilevel interconnect layer capable of 
high-speed transmission of electric signals. Therefore, the combination of two processes is 
also important.

Table 1-1:  Concepts and Basic Technological Issues in Nanotechnology
Concept Basic technological issues

Nanofabrication Top-down nanofabrication, bottom-up nanofabrication, 
self-organization

Nanostructure Dimensionality, periodicity, nano-spaces and gaps, nano-
particles, supramolecules

Nano-interface / nano-surface
Physical structure, chemical modifi cation, organic / 
inorganic - bio interface, solid-liquid interface, homo-
/hetero-junction

Nanoscale phenomena Quantum effect, catalytic effect, electoronic, optical, 
thermal and mechanical properties, transport phenomena

Nanoscale measurement
Atomic resolution, dynamic measurement, three-
dimensional imaging, measurement of single molecules or 
cells

Structural design /  
functions design

Supramolecular design, computer simulation, theory for 
self-organization

Examples of “nanostructures” include not only ultrafine particles of metals and 
semiconductors, supramolecules such as dendrimers, and composite materials utilizing 
nanospaces or nanogaps such as zeolites, but also the fullerene molecule (C60), carbon 
nanotubes (CNTs), and graphene as zero-, one-, and two-dimensional carbon nanostructures, 
respectively. Also, in molecular biology, DNA, a basis of the central dogma, plays an 
important role in the nanoscale world.
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The most significant characteristics of the nanoscale structure of matter include (1) the 
quantum effect as a size effect, (2) the quantum wave effect generated by repeated nanoscale 
grids that are about 10 to 100 times larger than an atom, and (3) the nano- surface/nano- 
interface effect resulting from a signifi cant increase in the number of “surface” atoms relative 
to the number of “bulk” atoms within the matter. These lead to “nanoscale phenomena” that 
are entirely different from ordinary, observable “bulk” physical properties, such as various 
catalytic effects and electronic, optical, mechanical, and thermal properties that change 
freely, unconstrained by material constants. Various transport phenomena of electrons, ions, 
and molecules that utilize nanospaces and nanogaps and which are designed and created 
inside matter are attracting attention in relation to the aforementioned global issues, and 
they are anticipated as an essential technology in the fi elds of energy and the environment.

“Nanoscale measurement” and “structural design / functions design” provide experimental 
tools for observing nanostructures and theoretical means for designing nanomaterials, 
respectively, that are essential for R&D of nanotechnology. Refi nement and maturity in these 
two concepts will guarantee and accelerate the advancement of the entire nanotechnology 
fi eld. The following subsection provides an overview of the evolution of nanotechnology: how 
it started, progressed, and will be extended.

In 1947, the transistor was invented based on solid state physics with methods in quantum 
mechanics, an entirely new paradigm that emerged at the beginning of the 20th century. 
This was a precursor to nanotechnology. Subsequently, the semiconductor industry emerged 
and, in merely half a century, developed to a level that changed our lives for good. The advent 
of the VLSI circuits with lergely integrated CMOS transistors was a symbolic event in 
nanotechnology, and its microfabrication technology attained sub-100-nanometer resolution 
by the end of the 20th century. Nanoscience was also accepted as a real academic fi eld around 
the time when basic techniques to observe and manipulate individual atoms or molecules 
were realized by the invention of the scanning tunneling microscope in the 1980s and the 
atomic force microscope that followed. With such methods for observation, computers, whose 
computational capability had been dramatically improved due to the advancement of VLSI 
circuits, made it possible to conduct fi rst-principles calculations which rigorously solved the 
dynamics of atoms and molecules. In the 1990s, the environment for theoretical computation 
in nanoscience began to be established. As a result, nanoscience and nanotechnology were 
unifi ed, and a new interdisciplinary academic and technology fi eld was born that was based 
on physics, chemistry, and biology and incorporated electronic engineering, biotechnology, 
and materials engineering. This new fi eld was nanotechnology, the defi nition of which was 
discussed in the previous subsection.
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As nanotechnology is directly connected with cutting-edge R&D, rapid progress is one of its 
characteristics. Also, its technology evolves hierarchically, as illustrated in the following. 
As shown in Figure 1-1, the evolution of nanotechnology is characterized by three stages: it 
goes from the “progress” (advancement) stage to the “fusion” (integration)  stage, then to the 
“systems” (organization) stage, showing a multilayered, hierarchical generational transition.

The first stage is the “progress” (advancement) stage, in which the fine-tuning of element 
technologies to challenge the limit of micronization at the nano level is pursued. Examples 
include the evolution from the electronic microscope for crystals to the scanning probe 
microscope or monomolecular spectroscopic technique for individual atoms or molecules in 
measurement technology, and the evolution from photolithography to ultraviolet lithography 
in miniaturization of circuit devices in LSI. As for the thin-fi lm fabrication technology, the 
“progress” (advancement) stage began in the 1980s as nano-level approaches were used from 
early stages because of molecular beam epitaxy (MBE) technology, and, since then, progress 
has continually been made in its various element technologies.

Multilayered, Hierarchical Evolution 
of Nanotechnology

First generation (~1990~)    Progress Nano
Progress of Nano-world (1-100nm) in each 
independent discipline; via top-down, bottom-up or 
combination

TEM, STM, ALE, lithography, CNT, supra-molecule

Second generation (~2000~)   Fusion Nano
Interdisciplinary fusion of Nano-worlds of different 
disciplines

low-k material via block-copolymer process,
graphene on Si, DNA transistor, nano-DDS

Third generation (~2010~)     Systems Nano
Integration of various Nano-worlds into functional 
sytems 

molecular E, nano-bot, hierarchical self-assembly
Interdisciplinary fusion, Integration  - Key issues

Figure1-1: Multilayered, Hierarchical Evolution of NanotechnologyFigure1-1: Multilayered, Hierarchical Evolution of Nanotechnology
The second stage is the “fusion” (integration) stage, in which different fi elds are integrated 
through interdisciplinary research on element technologies that are refined to the limits, 
leading to technological integration and new nanotechnology with new functions. In the 
case of the microfabrication of LSI circuit designs below 100 nm, it is not enough to shorten 
the wavelength of ultraviolet light in lithography (i.e., “progress”), and therefore materials 
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technology that decreases the dielectric constant of the interlayer insulating film (low-k 
materials) or increases the dielectric constant of gate insulator film (high-k materials) 
becomes essential. That is, integration between microfabrication and materials design 
technology occurs as the next evolutionary stage. In fact, 11 elements were used in LSI in 
the 1990s (0.8 μm), but the number increased to 15 elements at the beginning of the new 
century. Since the turn of the century, “fusion” (integration) in nanotechnology has been 
promoted and accelerated heavily in the national strategies for nanotechnology of the US 
and major European and Asian countries. Indeed, integration has played a central strategic 
role and continues to progress in diverse ways today toward the creation of new industries.

The third stage is the “systems” (organization) stage, in which element technologies that are 
refined and new nanotechnologies that result from combinations of such technologies are 
organized into a system. In the case of LSI circuit components, the design trend is moving 
from 45nm technology to 22nm technology, an extreme feat, and one of the goals will be to 
create new nanoelectronics systems through producing three-dimensional, hybrid, hetero-
structured designs, along with advancement in lithography and low-k and high-k materials. 
It is expected that the number of elements used will reach 60. As to renewable energies, 
technologies in solar and fuel cells and separation membranes driven by nanotechnology 
will create new energy systems. In the field of biotechnology, technologies in regenerative 
medicine and drug delivery systems (DDS) involving materials science will be incorporated 
into medical systems and used in clinical applications. In order for these to happen, 
organization in nanotechnology (i.e., “systems” nano) will be necessary in each area as the 
fi nal stage.

As discussed thus far, nanotechnologies reach the gate to industry through the three 
technological stages of “progress” (advancement), “fusion” (integration), and “systems” 
(organization), evolving in an overlapping, hierarchical, and diverse manner. This would 
correspond to the term "converging technology" used by Mihail C. Roco (US National Science 
Foundation (NSF)), a key promoter of the US National Nanotechnology Initiative (NNI).

Figure 1-2 illustrates the evolutionary process of nanotechnologies in certain technology 
fi elds plotted against a time axis.  Representative examples for three fi elds (nanoelectronics, 
green nanotechnology, and nanobiotechnology) are shown.
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Figure1-2: Evolution of NanotechnologyFigure1-2: Evolution of Nanotechnology

1.3 The Key to Solving Challenges: Nanotechnology for the 
Resurgence of Engineering

As discussed in the previous subsection, with advancement of  specific nanotechnology 
fi eld as well as through the integration of various fi elds, entirely new frontiers can emerge 
and further new technologies can be organized as a system to realize various functions. 
Global-scale phenomena induce global issues, which are extreme forms of complex systems, 
and innovative, systematic approaches are needed to resolve these issues. In particular, 
environment-related technological issues are often unable to be resolved within certain 
academic or technology fields and, naturally, require interdisciplinary approaches where 
cooperation and integration among technology fields are inevitable. Therefore, a first 
important observation can be summarized as follows.
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Nanotechnology for Energy-Related and Environmental TechnologiesNanotechnology for Energy-Related and Environmental Technologies

The realization of a low-carbon society represents global Challenges in the areas 
of energy-related and environmental fields, for which a variety of knowledge and 
technologies must be fully utilized in the future. Such technology fi elds need academic 
and technological integration and cooperation most in order to overcome substantial 
hurdles. Nanotechnology is based on different fields and evolves in a hierarchical and 
multilayered fashion from the progress (advancement) stage to the fusion (integration) 
stage, then to the systems (organization) stage. As an overarching field, it drives 
innovation and is an essential technology field for the areas of energy-related and 
environmental fi elds.

Let us broadly characterize nanotechnology as a tool to resolve global issues in the 
comprehensive context of science and technology as a whole. Figure 1-3 shows a simplifi ed, 
two-dimensional diagram for  the discussion in this subsection. In the fi gure, keywords are 
placed on a two-dimensional diagram, describing how science and technology contributes 
to the resolution of global issues society is facing. The vertical axis displays four categories: 
"science", "engineering", "industry", and "society". The horizontal axis qualitatively shows 
the degree of system complexity with a distance from the origin (indicating simple system).

Let us start with the bottom outside the diagram. Along the horizontal axis starting from 
simple system to complex systems, pairs of an artificial object and a biological object—
"atoms, supramolecules", "devices, proteins", "nanosystems, living systems", and "mega 
artificial objects, natural ecosystem"—are shown to provide examples of the degree of 
complexity. The progress (advancement), fusion (integration), and systems (organization) 
in nanotechnology are also represented along the horizontal axis. Physics, chemistry, 
biology, and mathematics are listed at the bottom of the diagram as basic sciences, but 
there is no significant meaning to their horizontal position in the diagram. Nanoscience, 
materials science, life sciences, information science, and systems science are listed in order 
of increasing complexity as examples of sciences derived from the four basic academic 
disciplines. It would be appropriate to consider that evolutionary of nanotechnology from the 
advancement to the organization limits around the point on the horizontal axis indicated by 
"nanosystem and living system".
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Figure1-3:  Science and Technology for Solving Global Challenges - How Nanoscience & Figure1-3:  Science and Technology for Solving Global Challenges - How Nanoscience & 
Nanotechnology Contribute to Challenges -Nanotechnology Contribute to Challenges -

Various technologies are born from such explicit knowledge, and further technology fields 
such as nanotechnology, biotechnology, systems engineering, and information engineering 
are established as “engineering”—one of the four contexts displayed on the vertical axis. 
Needless to say, engineering is originally a body of technological knowledge that aims to 
optimally combine different bodies of knowledge from a variety of academic fi elds. It creates 
materials, devices, and systems with desired functions. During the last half century, the 
scope and maturity of science and technology continually increased as typically seen in the 
advancement of quantum mechanics and information science. However, in spite of such 
progress it became rather difficult to have a total grasp of the field. Although integration 
among academic fields is the essence of engineering, even in universities the engineering 
department is segmentalized into specialized subfields and such compartmentalization in 
academia is not removed, but it is rather seriously intensifi ed.

Nanoscience and nanotechnology are academic and technology fi elds that clearly overcome 
such a problem, and they have played a role in establishing the field of functions design 
which responds to various needs through knowledge integration. In fact, most of the national 
plans for nanotechnology in the US and major European and Asian countries, which 
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successively started around 2001, strategically include measures to promote interdisciplinary 
integration of different academic fields and cooperation among industry, academia, and 
government. A typical example is a network of common user facilities as infrastructure; these 
facilities are integrative research centers where researchers from different fi elds concentrate 
on their research "under one roof". The successes and failures of such attempts at integration 
in different countries’ projects are described in Chapter 2. A second important observation is 
as follows.

Functions Design: an Interdisciplinary Field and Powerful Tool for Solving Functions Design: an Interdisciplinary Field and Powerful Tool for Solving 
ChallengesChallenges

Functions design, a field in which knowledge from various fields is unified optimally 
and utilized, lies in the essence of “engineering”. Nanoscience, or nanotechnology drives 
progress of the fi eld. Establishing the functions design fi eld involves, with full utilization 
of the nanotechnology knowledge, comprehensive review of academic and technological 
fields which have become too segmented and specialized to understand the overall 
picture, and then promotion of the fusion of various fi elds. Ultimately one has to overcome 
the complexity of the substance and material fi elds by linking them with systems science. 
This implies the resurgence and evolution of “engineering” which provides a powerful tool 
necessary and essential for solving challenges global society are now facing.

The top of the vertical axis in Figure 1-3 signifies “sustainable, eco-friendly society”. 
More concretely, relevant global challenges are the realization of a low-carbon society, the 
protection of biodiversity, and the establishment of a healthy society emphasizing quality of 
life. These challenges are considered solvable only when drastic innovations in science and 
technology become reality that could create new industries leading to a sustainable, eco-
friendly society. The new industries include the energy conservation (e.g., power electronics 
and thermal insulation materials), renewable energy, environmental (e.g., solar cells, fuel 
cells, biomass, and artifi cial photosynthesis), and regenerative medical and health industries 
(e.g., iPS cells). The “Element” industry and “Umbrella” industry in the fi gure refer to the 
parts and materials industry (Japan's strength) and the general systems industry (Japan's 
weakness), respectively (according to the defi nition by Ken Ando and others of JST-CRDS1). 
The two types of industries, simple and complex ones are listed horizontally in the diagram.

Developing a Proposal Method for Research 
and Development Strategies for Strengthening International Competitiveness: The Creation and Development of an Umbrella Industry Based on Japan’s 
Strength the Components Industry
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As mentioned earlier, the responsibility of science and technology in solving global challenges 
and creating new industries is to establish the fi eld of “Functions design” which can respond 
to global-scale social demand translated into scientifi c or technological problems. The fi eld is 
created from fusion and integration among academic fi elds, that is, through the integration 
of scientific and technological attainments under the common thread of nanotechnology. 
However, there still exists a large gap between research and industry. Three important 
technology fields narrow this innovation gap: nanoelectronics which advances existing 
electronics with nanotechnology, nanobiotechnology which integrates nanotechnology with 
biology/biochemistry, and green nanotechnology which is environmental and renewable-
energy technologies based on nanotechnology. They are expected to grow intensively in the 
future. The integration and progress of these technology fi elds is the key to overcoming the 
innovation gap (displayed on the vertical axis). Although details are discussed in Chapter 
3, Figure 1-3 provides a bird's-eye view that takes into account the role of science and 
technology in responding to specifi c demand arising from global society. This is the reason 
why the establishment of the field of “Functions design” is mentioned as the resurgence 
of “true” engineering, in addition to a list of technological components that are arbitrarily 
offered in science and technology. This subsection closes with the following third observation.

Nanoelectronics, Nanobiotechnology, and Green Nanotechnology: Toward New Nanoelectronics, Nanobiotechnology, and Green Nanotechnology: Toward New 
Industries Contributing to the Solution of Challenges through fusion and Industries Contributing to the Solution of Challenges through fusion and 
evolution of  Technology Fieldsevolution of  Technology Fields

In order to realize a sustainable, eco-friendly society, it is necessary, at the least, to polish 
achievements in science and technology in the fi eld of “Functions design”. At the same 
time, an important factor in achieving both the solution of social challenges and the 
promotion of industries is to create new industries by refining the current electronics, 
biotechnology, and energy and environmental industries through the utilization of 
nanotechnology and by integrating and advancing technology fields. To achieve this, 
the fi eld of “Functions design” established through integration among academic fi elds is 
essential, and concretely refl ects the role that should be played by science and technology 
in society that faces global issues.

1.4 Nanotechnology in Japan

In Japan, which adopted modern sciences all at once after the Meiji Restoration in 1868, 
signs of the emergence of nanoscience in natural science existed at an early stage. The rich 
world of nanoscience was explored along with the establishment of quantum mechanics, 
which was based on models of the atom. Early on, Hantaro Nagaoka published in 1903 the 
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Nagaoka model which dealt with the atom. He was the fi rst Japanese scientist in the fi eld of 
physics to achieve international recognition. Work by J.J. Thomson, Ernest Rutherford, and 
Niels Bohr followed, and in the 1930s the theoretical framework of quantum mechanics was 
mostly completed based on established atomic models. After World War II, solid state science, 
which was mainly built on quantum mechanics, blossomed with the invention of transistors 
by John Bardeen, Walter Brattain, and William Shockley (the point-contact transistor in 
1947 and the junction transistor in 1948). In Japan, such inventions have greatly infl uenced 
people's lives through the electronics industry whose establishment was led by industrial 
corporate efforts.

The title of a lecture for the American Physical Society given by Richard P. Feynman, an 
American Nobel laureate in physics in 1959, was "There is a plenty of room at the bottom." 
His words predicted the potential of scientifi c fi elds that studied phenomena at atomic and 
molecular levels and are often quoted as a prescient comment that was aware of a nano-level 
scale, observing developments in advanced technologies. Three years later, Ryogo Kubo (then 
at Tokyo University) theoretically calculated the quantum size effect of metal particles and 
showed that nanoscale particles exhibited characteristics much different from ordinary bulk 
metals. This can be considered as the first concrete theoretical prediction on a nanoscale 
effect. Other contributions by Japanese researchers in the 1960s include the discovery of 
the photocatalytic effect (the Honda-Fujishima effect, 1968) by Kenichi Honda and Akira 
Fujishima (then at Tokyo University) and the proposal and experimental investigation of 
semiconductor superlattices (1969) by Reona Esaki (then at the Thomas J. Watson Research 
Center), a Nobel laureate in physics for his tunnel diode. The former led to the completion 
of weather-resistant self-cleaning (photocatalytic) technology (patented in 1994) conducted 
mainly by Kazuhito Hashimoto (Tokyo University), which created a 100 billion yen industry, 
and the latter contributed to the electronics industry with the development of the high 
electron mobility transistor (HEMT, 1980) by Takashi Mimura, Satoshi Hiyamizu (then at 
Fujitsu Laboratories), and others, as well as semiconductor laser. Also, it was in 1974 that 
Norio Taniguchi of the Tokyo University of Science fi rst used the term "nanotechnology" and 
proposed its concept at an international conference on manufacturing technologies.

Carbon nanomaterials are a good representative of nanomaterials. The fullerene molecule 
(C60) was discovered by Harold W. Kroto (UK), Richard E. Smalley (US), and Robert F. 
Curl (US) in 1984, but Eiji Osawa (then at Hokkaido University) had published in 1970 
a model of a "soccer ball structure" consisting of six- and five-membered rings. In 1991, 
Sumio Ijima (then at NEC) discovered the carbon nanotube (CNT), a representative carbon 
nanomaterial which is currently a popular subject of both basic and applied research, and 
the structural model with a tube of a six-membered carbon ring network has been published. 
In addition, Morinobu Endo (Shinshu University), who had studied carbon fibers since 
the 1970s, explained the growth process of the CNT and had initial success with a mass 
production technology. As seen from these examples, Japan has played a leading role in 
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carbon nanomaterials research. These carbon nanomaterials (including graphene, attracting 
increasing attention as two-dimensional carbon nanomaterial) will take advantage of 
the characteristics of metals and semiconductors. They are also expected to contribute 
signifi cantly to industries through electronic devices utilizing various electric attributes such 
as high mobility, display devices using high electron emission, strong composite materials, 
supercapacitors, health care, and biological applications. The following summarizes this 
subsection.

Japan is a Leading Country in NanotechnologyJapan is a Leading Country in Nanotechnology

As an advanced nation, for more than half a century, Japan has continually led 
academic research, technological development, and industrial activity that have made 
nanotechnology (including nanoscience) an important fi eld and has accumulated relevant 
scientific knowledge and technologies. Clearly, Japan plays a prominent role in global 
nanotechnology.

Major countries in the world launched their large-scale public investment strategies for 
nanotechnology in the new millennium, and this trend has been led by the US NNI. The 
NNI strategically designates nanotechnology as the most essential field for technological 
innovation in the fi rst half of the 21st century. However, in the 1980s in Japan the Science 
and Technology Agency (STA) and the Ministry of International Trade and Industry (MITI) 
were already running national projects on nanotechnology in parallel. They include the 
Hayashi Ultrafi ne Particles Project (1981-1986, 1.5 billion yen for 5 years) and more than 
ten other projects, which were started in and after 1981 by the Research and Development 
Corporation of Japan (later integrated into the Japan Science and Technology Agency 
(JST)) under STA as Exploratory Research for Advanced Technology (corresponding to the 
subsequent ERATO-Type Research under the Basic Research Programs of JST). There was 
also the Atom Technology Project entitled “Ultimate Manipulation of Atoms and Molecules” 
(1992-2002, 26 billion yen for 10 years), initiated in 1992 by the New Energy and Industrial 
Technology Development Organization (NEDO) under MITI. Table 1-2 shows a partial 
list of such projects. The listed projects are those that started before the First Science and 
Technology Basic Plan (1996), through which the Japanese government began to construct 
full-fl edged strategies for science and technology.

The program under STA named Exploratory Research for Advanced Technology is 
characterized by a totally new approach based on a personnel-centered research 
environment: it selected highly capable leaders, gave them the authority to choose and 
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manage staff members in order to create heterogeneous researcher groups, and made 
investments intensively with a time limit of 5 years. Also, it was a remarkable program 
because it searched for people from not only universities, but also the private sector. In fact, 
the leader of the first project, the Hayashi Ultrafine Particles Project, was the chairman 
of Japan Vacuum Engineering, and Sumio Iijima, who would later become a discoverer 
of carbon nanotubes, participated in the project as a group leader. The R&D program 
produced many results and attracted international attention. Currently, it is succeeded 
and managed by JST, an Independent Administrative Institution, as the ERATO Program. 
Prior to the start of the First Science and Technology Basic Plan in 1996, no university 
had a program that provided comparable research funds or funds for the hiring of post-
doctorate researchers. Therefore, the impact of the program was especially significant. 
Nearly 100 projects have been implemented in the last 30 years, with half of them related 
to nanoscience, nanotechnology, nanobiotechnology, and materials science. Table 1-2 lists a 
small group of representative projects.

As for MITI, programs for large projects that guaranteed funding for 10 years, such as the 
Large-Scale Projects (1966-1993), Sunshine Projects (1974-1993), and Next-Generation 
Projects (1981-1993), were implemented under generous budgets. However, except in one 
or two instances, the projects were only for people from companies and national research 
centers, and the participation of universities, which were full of desirable human resources, 
was not realized even for projects on subjects closely related to basic research. The situation 
changed in the fi rst half of the 1990s when MITI shifted its policy emphasis toward basic 
research, and the Atom Technology (Ultimate Manipulation of Atoms and Molecules) 
Project (1992-2002), which started in 1992 after a 3-year preparation period, was Japan's 
fi rst national R&D project on nanotechnology based on concentrative collaboration, among 
industry, government, and academia.

The Atom Technology Project had several unprecedented characteristics. First, it was based 
on true collaboration between industry, government, and academia, with the participation of 
researchers from universities who possessed leadership qualities. Second, in order to promote 
integration between different fi elds (e.g., nanotechnology and biology, theoretical studies and 
experimental studies) all researchers, including those who came from the private sector, were 
gathered together and the Joint Research Center for Atom Technology (JRCAT), a place for 
intensive joint research, was set up at the National Institute for Advanced Interdisciplinary 
Research (NAIR, 1993-2000). Third, basic discretion, such as authority over budgetary 
and personnel decisions, was given to the project leader. Fourth, the medium- to long-term 
stay of well-known foreign researchers was realized through NAIR's abundant funds for 
international collaboration. There were always more than 100 researchers at the research 
center, including around 40 post-doctorate researchers and more than 20 foreign researchers, 
and the language used there was, in principle, English. In such a remarkable research 
environment, research activities led by Yoshinori Tokura, Kiyoyuki Terakura, and others 



24 Nanotechnology - Grand Design in Japan:  Key Technology for Solving Global Issues

CRDS-FY2010-SP-02 Center for Research and Development Strategy, Japan Science and Technology Agency

yielded a signifi cant amount of academic results and also produced, after the completion of 
the project, 13 professors and 17 associate professors (as of 2007). Taking the view of atom 
technology (nanotechnology) as technology that would deeply involve all industries in the 
21st century and as integrative technology connecting electronics and biotechnology, the 
project spent 26 billion yen over 10 years, while trying the aforementioned administrative 
experiments. Therefore, it was a large-scale national project on nanotechnology that 
preceded the US NNI by approximately 10 years. The following statement summarizes this 
subsection.

Table 1-2: Examples of National Projects on Nanotechnology in Japan (prior to 2000)

Project name Program 
name

Responsible 
funding agency

Duration
（FY）

Note

Hayashi Ultrafi ne Particles 
Project

Exploratory 
Research for 
Advanced 
Technology1

Research and 
Development 
Corporation2, 
STA

1981 – 
1985

1.5 billion 
yen for 5 
years, 10 to 
20 people
(per project)

Kuroda Solid Surface 
Project

1985 – 
1989

Yoshida Nanomechanism 
Project

1985 – 
1989

Hotani Molecular Dynamic 
Assembly Project

1986 – 
1990

Kunitake Molecular 
Architecture Project

1987 – 
1991

Sakaki Quantum Wave 
Project

1988 – 
1992

Aono Atomcraft Project 1989 – 
1993

Itaya Electrochemiscopy 
Project

1992 – 
1996

Yanagida Biomotron Project 1992 – 
1996

Atom Technology (Ultimate 
Manipulation of Atoms and 
Molecules) Project

Large-Scale 
Projects 
Program

NEDO, MITI 1992 – 
2001

26 billion 
yen for 10 
years, 100 to 
200 people

1 Subsequently, ERATO-Type Research under the Basic Research Programs.
2 Later, the Japan Science and Technology Agency, the Ministry of Education, Culture, 
Sports, Science and Technology.
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Japan’s investment to nanotechnology and Relevant National Projects prior to Japan’s investment to nanotechnology and Relevant National Projects prior to 
NNINNI

The Science and Technology Agency (STA) organized more than ten research projects 
related to nanoscience or nanotechnology, representatively the Hayashi Ultrafine 
Particles Project (1981-1985, 1.5 billion yen for 5 years), which were started in and 
after 1981 operated by the Research and Development Corporation of Japan. Further, 
the Ministry of International Trade and Industry (MITI) independently organized the 
Atom Technology (Ultimate Manipulation of Atoms and Molecules) Project (1992-2001, 
26 billion yen for 10 years) initiated in 1992. These projects are characterized by a 
totally new approach based on a personnel-centered research environment, which were 
proceeded to NNI of the US (2001~). As far as nanotech is concerned, Japan, as a nation, 
makes continuous investment on nanotech fi eld, much earlier than any other countries.    

Before addressing this question, let us fi rst summarize the above discussions.

(1)  Science and technology has contributed to industry as a source of innovation and has 
been welcomed by society. However, as our activities, including those of industry, started 
to threaten human society and the ecosystem at a global level, the role and responsibility 
of science and technology as the key to solving such problems has become more signifi cant 
than before.

(2)  Nanotechnology is a technology that utilizes scientifi c and technological attributes specifi c 
to nanodomains. Nanotechnology is also an academic and technological field, in which 
such attributes are integrated and combined with other knowledge and techniques in 
various ways to create desired new knowledge and functions. It is true quintessential 
engineering and leads to the fi eld of “Functions design”.

(3)  In the fi eld of nanotechnology, technologies are naturally refi ned in nanodomains due to 
developments in science and technology (Progress), integration occurs among different 
fi elds due to their involvement in nanodomains (Fusion), and integrated technologies are 
incorporated into more complex systems through systematization processes (Systems), 
leading to the creation of desired functions. In this evolutionary process of technology, the 
current state corresponds to the beginning of the “Fusion” stage, and the “Systems” stage 
is anticipated as to bear the fruits of the future industry.

(4)  The realization of a low-carbon society through energy and environmental technologies 
is a representative example of a global challenge. Overcoming this technically 
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significant hurdle will require mobilization of a variety of knowledge and technologies, 
and nanotechnology, which is interdisciplinary and progresses in a hierarchical and 
multilayered manner, is an indispensable technology fi eld.

(5)  For nearly a century, science and technology in Japan have been clearly characterized 
by its considerable international contribution to materials science and materials 
engineering, which have been generally based on physics and chemistry. Nanoscience 
and nanotechnology in Japan, including the nanofabrication of electronic components, 
have developed into fields that hold a prominent international position. National 
projects aiming at further growth and progress in the fi elds were implemented, starting 
in the 1980s, independently by STA and MITI, and have produced many outstanding 
researchers.

From these observations, Japan’s future direction is obvious. For Japan to contribute 
to the realization of a low-carbon, healthy society and the protection of biodiversity as 
a member of the international community, nanotechnology, which has a great potential, 
should be fully evolved into a fi eld of “engineering” that responds to various challenges (i.e., 
Functions design) and new industries should be created based on green nanotechnology, 
nanobiotechnology, and nanoelectronics.

It is true, however, that a lack of "systems thinking" is one of Japan’s weaknesses, and poor 
corporate performance of business solution providers is a reflection of such weakness. As 
Figure 1-3 shows, the strengthening of systems science is needed to tackle various challenges 
in the future and its interactions with nanotechnology are important. However, it may 
take time to develop systems science and to train people who acquire a broad perspective. 
Maintaining top-level capabilities in the world in nanotechnology is unconditionally 
necessary. Since major countries in Asia are rapidly advancing in this technology field, 
medium- to long-term plans for nanotechnology should be urgently prepared that involves 
problem-solving-oriented approaches.

Major countries' national strategies for nanotechnology since 2000 seem to be in some kind 
of boom.2 Japan, with its Second and Third Science and Technology Basic Plans (2001-2005 
and 2006-2010, respectively), has directed its strategic national investment over 10 years at 
nanotechnology and materials science, one of four areas being heavily promoted. However, 
Japan's national investment strategy based on the Science and Technology Basic Plans was 
not something that began following a boom. It should be noted again that the strategy was 
a continuation of plans based on national projects for nanotechnology continually launched 

Nano-Hype: The Truth Behind the Nanotechnology Buzz.
Nano paipu kyoso: Amerika no nanoteku senryaku. 
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since the 1980s, as explained in previous subsections. Japan's great potential in the field 
today is the result of such public investment which began early on, and a report by the World 
Technology Evaluation Center (WTEC) in the US clearly shows that the inception of the 
country’s USNNI was rather greatly affected by Japan's actions, as described in the next 
chapter.

Future Public Investment Strategies toward the Solution of Global ChallengesFuture Public Investment Strategies toward the Solution of Global Challenges

In order to respond to global challenges centering on energy and the environment and 
to develop internationally competitive industries, Japan should promote the evolution 
of nanotechnology, in which knowledge and research have been accumulated for several 
decades and in which Japan has an advantage. Japan also should develop technology 
fi elds that deal with specifi c challenges, such as green nanotechnology, nanobiotechnology, 
and nanoelectronics. National investment in nanotechnology started in the 1980s and 
began to accelerate the integration of nanotechnology and other technology fi elds after 
the Second and Third Science and Technology Basic Plans. Discussions on investment 
strategies for the Science and Technology Basic Plan starting in 2011 should be held 
aiming at the organization (“systems”) of nanotechnologies so that the technology fi eld 
capable of dealing with global challenges will contribute to the creation of new industries.
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2. International Trends and Challenges for Japan
This chapter provides an overview of countries' moves during the past 10 years with a 
focus on the US and major European and Asian countries that have maintained strategic 
investment according to national plans for nanotechnology since 2000 from the standpoint 
of strategic components, research centers and networks of common user facilities, education 
and researcher training, the promotion of innovation, and social receptivity to technology. 
The purpose of this chapter is to identify Japan's position relative to international trends 
and point out future challenges.

2.1 International Trends Surrounding Nanotechnology

As discussed in the previous chapter, the fi eld of nanoscience blossomed in the second half 
of the 20th century as the ultimate form of research on substances, and nanotechnology is 
based on it. They are considered as the key to innovation in all industries, and investment in 
R&D began at the national level worldwide in the 21st century. In Japan, they were included 
in one of the four fi elds promoted strongly in the Second and Third Science and Technology 
Basic Plans (2001-2005 and 2006-2010, respectively) and received strategic national 
investment. It is now time to make a broad assessment of the effects of the investment and 
the international situation, considering the upcoming Fourth Basic Plan and subsequent 
periods. In the following, we will examine an overview of situational changes, including 
generational changes in nanotechnology, observed during these past few years.

More than 5 years have passed since countries began making public investments in 
nanotechnology and materials science; Japan and the US have made such investment for 10 
years. Today, the circumstances surrounding nanotechnology are changing signifi cantly at a 
global level, as described in the following.

(1)  To deal with global-level challenges such as global warming and the depletion of natural 
resources, people are anticipating breakthroughs in nanotechnology and materials science 
that will enable renewable energy technologies including next-generation solar cells 
to be developed, that the weight of transporters and their components can be reduced 
for energy saving, that rare resources can be conserved and replaced with ubiquitous 
materials, and that a low-carbon society can be realized.

(2)  As relevant crucial issues, people have hopes for nanotechnology and for the development 
of materials that will lead to the creation of environmental cleanup technology, highly 
functional catalysts associated with the safety of drinking water and food, high-
performance fi lters, and environmental monitoring sensors.
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(3)  For improved health care and quality of life in today’s aging society, people have high 
expectations for nanotechnology and materials science that will enable the application 
of technologies involving the human genome (the decoding time for which has been 
dramatically reduced) and the enhancement of the functions of biological materials 
(materials that originate from, apply to, substitute for organs of, constitute a probe for, 
and vitalize biological systems).

(4)  European countries and the US have deployed strategies for nanoelectronics to overcome 
the limit of microfabrication under CMOS technology, using new concepts.

(5)  International competition in the race toward the commercialization of nanotechnologies 
has become fierce due to the rapid catch-up by China, South Korea (simply referred 
to as “Korea” in the following), Taiwan, and Singapore, the national strategies for 
nanotechnology of emerging countries such as India and Russia, and competition between 
Japan, the US, and European countries.

These circumstances are fostering the development of nanotechnology and materials 
technology, with signs of the commercialization of nanotechnologies in the background, 
which are described in the next subsection. A symbolic event was the appointment by then 
US President-elect Obama in December 2008 of Steven Chu, who was the director of the 
Lawrence Berkeley National Laboratory of the Department of Energy (DOE) and a 1997 
Nobel laureate in Physics, as Secretary of Energy. He started the Molecular Foundry, 
a Nanoscale Science Research Center (NSRC) founded in the Berkeley Lab under the 
umbrella of NNI, and is also a strong supporter of the Helios Project that pursues innovation 
in the field of renewable, alternative energy through interdisciplinary integration and 
nanotechnology. Currently, notable energy R&D plans are being developed under Energy 
Secretary Chu. The position of nanotechnology in the plans is discussed in Subsection 2.1.3.

Since the start of NNI in the US in 2001, Japan, Korea, the UK, and several dozen other 
major countries have announced their own national plans for nanotechnology one after 
another, and the amount of public investment in R&D has been increasing year on year. The 
world's total investment, including private investment, was 9.5 billion dollars (860 billion 
yen) in 2005; it reached 13.5 billion dollars (1.2 trillion yen) in 2007 and was estimated 
to reach 14.9 billion dollars (1.35 trillion yen) in 2008. In these few years especially, both 
government investment and private investment (including investment by venture capital 
firms) tended to increase rapidly due to multiplier effects of (1) continually increased 
government investment mainly in the US and European countries, (2) new entries by 
emerging countries (Russia, Asian countries, and Middle Eastern countries), and (3) signs of 
the formation of nanotechnology markets. Also, since 2007, private investment has exceeded 
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government investment.

In the US and Japan, expectations began to rise about returns on the intensive investment 
that had been made since 2001 in terms of industrial output, but there was no reliable data 
to observe the situation. Only recently, the Project on Emerging Nanotechnologies (PEN) 
of the Woodrow Wilson Center started to publish survey results on nanotechnology-related 
products. According to the data, the number of nanotechnology-related products in the world 
suddenly started to rise in 2005, and it rose from 210 in March 2006 to 1,015 in August 2009.  
3 This means that three or four new nanotechnology products are created every week in the 
world. In the US, as of 2008, the number of nanotechnology companies exceeded 2,500, and 
nanotechnology products including parts worth 70 billion dollars (approximately 6 trillion 
yen) were being sold on the market (M.C. Roco/NSF). In Japan, as of December 2007, 386 
products including nanotechnology processes were confirmed already to be on the market 
(according to the investigation by JST-CRDS). In Taiwan, as of 2009, approximately 350 
products were offi cially certifi ed as NanoMark products.

The prediction of market size for the nanotechnology industry has been revised signifi cantly 
upward, reflecting the rapid increase in nanotechnology projects during these few years 
and anticipations for their long-term contribution to the energy and environmental fields. 
According to Lux Research, Inc., an investigation organization specialized in nanotechnology, 
the value of the nanotechnology-based goods already amounted to 88 billion dollars (8 trillion 
yen) in 2007, and the value of the nanotechnology-enabled goods is expected to reach 3.1 
trillion dollars (280 trillion yen) in 2015. This is three times larger than the market size 
predicted for 2015—1 trillion dollars (90 trillion yen)—which has been consistently supported 
by the NSF since NNI’s inception.

Signs of Commercialization Due to the Evolution (Systems Stage) of NanotechnologySigns of Commercialization Due to the Evolution (Systems Stage) of Nanotechnology

Clearly, after 2005, countries' investment in nanotechnology R&D began to bear fruit in 
the form of products. As shown in Figures 1-1 to 1-3 in Chapter 1, nanotechnology and 
materials science seem to be transitioning from the fi rst stage (the Progress (advancement) 
stage where progress in each field occurs separately from others) to the second stage 
(the Fusion (Integration) stage where, after experiencing refi nement, different fi elds are 
integrated). These fi elds are considered to pursue further technological development as 
the driving force of innovation contributing to the solution of energy problems and other 
global environmental issues, and move into the third stage (the Systems (Organization) 
stage where a constructive systematization of various nanotechnologies occurs).
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started in 2009. Its symbol is the Green New Deal whose principles are the shift from 
fossil to non-fossil and the move toward clean energy. Responding to this, Energy Secretary 
Chu announced three research initiatives in May 2009. The first is the organization and 
enhancement of 46 basic research centers called the Energy Frontier Research Centers 
(EFRCs) with 777 million dollars over 5 years. The second is the establishment of the 
Advanced Research Projects Agency-Energy (ARPA-E) that pursues innovative energy 
technologies with high-risk, high-return applied research. The third is the creation of Energy 
Innovation Hubs—eight energy research hubs supporting entire activities from basic and 
applied research to the engineering development necessary for commercialization “under one 
roof” (through integration and cooperation).

The 46 EFRCs are a result of a 10-year preparation and selection process, and their 
organization and enhancement initially began in April 2009 before the announcement of 
the three research initiatives. The initiatives themselves began with discussions at several 
workshops on desired future energy situations in a so-called sustainable society and, with a 
backcasting approach, basic research problems were selected that would achieve them. This 
process is rare and was used for the fi rst time outside the approach taken by the Defense 
Advanced Research Projects Agency (DARPA) of the Department of Defense. Especially, 
there had been no case of applying the process to the selection of topics for basic research, 
and indeed 10 years was spent on the process.

The establishment of the EFRCs has much significance for Japan as a case study, since 
the country is shifting toward problem-solving-oriented policy for science and technology. 
The following characteristics can be pointed out in regard to the background to the 
establishment, topics of basic research at the 46 research centers, and project management 
methods employed.

(1)  The philosophy and leadership of Patricia Dehmer, who was the head of the Office of 
Basic Energy Sciences (BES) under the DOE Offi ce of Sciences for 10 years (1997-2007), 
remains infl uential.

(2)  Responding to the fact that basic research, which starts with academic principles, does 
not necessarily lead to innovations, Dehmer adopted an approach in which a desired 
energy system is fi rst imagined before starting discussions on necessary basic research.

(3)  Ten critical research areas, including the use of solar energy, were first specified at 
workshops in 2002 and 2003. In order to identify basic research that solves problems in 
these areas, 10 workshops were held during the 5 years from 2003 through 2007, and, 
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fi nally, fi ve scientifi c principles to challenge were selected and summarized in a report.

(4)  The acceptance of applications started in 2008, and 46 out of some 260 applications were 
selected. The 46 EFRCs were announced in April 2009.

(5)  The research projects of the 46 EFRCs involve, for example, quantum dot solar cells, fuel 
production through artificial photosynthesis, and materials design (inverse design), 80 
percent or more of which belong to nanoscience or nanotechnology.

(6)  An EFRC contract condition states that, through increased cooperation and the 
integration of concepts, joint research with many relevant research groups should be 
conducted.

The following summarizes this subsection.

Nanotechnology as the Main Player in Problem-Solving-Oriented Basic Research Nanotechnology as the Main Player in Problem-Solving-Oriented Basic Research 
Pursuing Energy of the FuturePursuing Energy of the Future

The DOE fi rst determined a goal to be pursued as the energy system of the future, and 
then 46 EFRCs were chosen after the topic for basic research were selected at a number of 
workshops. These topics, which were selected over a 10-year period, are typical problem-
solving-oriented topics for basic research. An examination of the topics reveals that 80 
percent or more of them involve nanotechnology. The topics were selected not because 
they can be tackled within the fi eld of nanotechnology. Rather, they refl ect the fact that 
attempts to solve energy problems ultimately led to the selection of nanotechnology. 
Also, the process of establishing the EFRCs implies that the adoption of a backcasting 
approach for topic selection as a policy requires a period of around 5 years and people 
who can consistently lead an entire program.

2.2 Public Investment Strategies and Design: the World and Japan

Let us first compare major countries in terms of their national budget, weight allocation, 
education, and researchers for science and technology in general, without concentrating 
solely on nanotechnology. Figure 2-1 compares the government budget of major countries for 
science and technology as a proportion of GDP. Around 1990 in Japan, even with the world's 
second largest GDP, its government budget for science and technology as a proportion of GDP 
was substantially lower than that of other countries, and much of the funding was industry's 
R&D expenditure. The budget fi nally started to increase in 1996 when the First Science and 
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Technology Basic Plan was launched. For the Third Basic Plan (2006-2010), the Koizumi 
administration promised the appropriation of 25 trillion yen for 5 years (i.e., 1 percent of 
GDP). However, the actual amount was far below this, and, as seen from the fi gure, Japan 
lags behind major European countries and the US in terms of government investment even 
though the country has limited natural resources. The Hatoyama administration set a target 
of 4 percent (government plus private, relative to GDP) in December 2009, but more drastic 
moves toward the enhancement of science and technology fi elds are seen in the policies of 
other Asian countries, such as China and Korea, and emerging countries. Recent moves 
by Korea have been particularly dynamic: in November 2009, the Minister of Knowledge 
Economy stated that the country would increase both government and private investment in 
science and technology by 15 percent annually from 3.37 percent of GDP, then to 5 percent of 
GDP by 2013.

Figure2-1:  Total Government Budget for Science and Technology in Major Countries Figure2-1:  Total Government Budget for Science and Technology in Major Countries 
(comparison based on its proportion to GDP) (comparison based on its proportion to GDP) 

  (Source: Science and Technology Indicators 2009 (Research Material - 170), the   (Source: Science and Technology Indicators 2009 (Research Material - 170), the 
National Institute of Science and Technology Policy)National Institute of Science and Technology Policy)

In regard to investment for science and technology, another view needs to be noted. This year 
marks the 15th year since the start of the First Science and Technology Basic Plan. From 
the First through the Third Stages, Japan has already invested a total of approximately 
60 trillion yen of public funds under science and technology policies. Even though Japan 
is ranked second in the world in terms of GDP, its growth rate has continued to be below 2 
percent for more than 15 years, and China's GDP almost certainly surpasses that of Japan 
in 2010. Japan's public investment is next to that of the US in terms of the absolute amount, 
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and Japan is one of the world's top countries in R&D when private investment is also taken 
into account. Then, why does Japan's investment not lead to growth of its GDP, compared 
with other countries? This question should be carefully analyzed as future changes become 
apparent. Patricia Dehmer of the DOE selected themes of basic research with a problem-
setting approach through 10 workshops over nearly 10 years. Behind the scene, a similar 
question seems to have existed as motivation for the process (JST-CRDS G-TeC Report “Nano 
System” CRDS-FY2009-CR-01).

As for the composition of the budget for science and technology of each country, the 
proportion of basic research in the budget is 13.8 percent for Japan (2007) and 17.5 percent 
for the US (2007). The number is smaller for China and Taiwan at 4.7 percent (2007) and 
10.3 percent (2005), respectively. Korea's proportion is the largest in Asia at 15.2 percent 
(2006)—a level that is comparable to that of Japan or the US. China recently began a fl urry 
of investment in large-scale advanced research facilities necessary for basic research, and its 
proportion of investment in basic research is expected rise in the future.

With regard to the allocation of emphasis within a country's budget for science and 
technology, the characteristics of different countries can be easily observed when countries 
are compared in terms of Japan's four focus areas. Comparisons based on allocated funds 
measured in purchasing power parity reveal the following: in life sciences the US has an 
overwhelming level of investment, followed by the EU; in the environmental fi eld, the order 
(starting with the largest investment) is the EU, the US, and Japan; in the information 
and telecommunications field, China invests heavily, followed by the US and Korea. In 
nanotechnology, Japan not only lags behind the US and the EU, but also is surpassed by 
China and Korea as of 2006 (See attached Reference Material I). This occurs because the 
growth of Japan's government investment in nanotechnology is lowest among the countries 
despite the fact that Japan has advantages in the field. Details are discussed in the next 
subsection.

As to each country’s' government expenditure for educational institutions, which train young 
researchers and those who will engage in research in the future, in terms of the proportion 
of GDP, Japan is ranked 41st in the world in 2005 with 0.5 percent, while the average for 
the OECD countries is 1.1 percent. Especially, graduate students in Japan are much worse 
off than those in the US, which seems to be related to declining applications to engineering 
departments in universities (a long-term trend) and to engineering graduate schools (a 
phenomenon that began in 2005).

According to “Indicators of Science and Technology (Kagaku gijutsu yoran)” published by 
Japans’ Ministry of Education, Culture, Sports, Science and Technology (MEXT), the total 
number of researchers was 1.395 million in the US (2005, excluding military researchers), 
1.224 million in China (2006), 710,000 in Japan (2008), 466,000 in Russia (2007), 286,000 
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in Germany (2007), and 200,000 in Korea (2006, excluding humanities and social sciences). 
China has the highest growth rate; China and the US are two dominant counties (see Tables 
2-1 and 2-2 in Subsection 2.2.3).

Countries' Public Investment in Science and Technology in General and Aggressive Countries' Public Investment in Science and Technology in General and Aggressive 
Actions by China and KoreaActions by China and Korea

Japan's government investment relative to GDP (0.64 percent in 2007) is less than that 
of the European countries and the US, but Japan is aiming to increase government plus 
private investment to 4 percent by 2020. Korea has a target of 5 percent (government 
plus private) to be achieved by 2013 and has reached the levels of Japan, the European 
countries, and the US in terms of the funds allocated to basic research. China is making 
substantial investment in the information and telecommunications field and also in 
large-scale facilities for basic research. The US has the lead in government investment 
in nanotechnology, followed by the major European and Asian countries, but Japan has 
been sluggish in this area and has been surpassed by China and Korea according to a 
comparison based on purchasing power parity.

European countries and the US have increased their public investment over the past 4 or 5 
years, anticipating signs of commercialization in nanotechnology and materials science and 
their spillover into energy and environmental areas. This trend is particularly notable in the 
US. Both Asian and emerging countries are expected rapidly to follow suit and increase such 
investment. Japan's public investment seems to be hitting a ceiling.

< United States >
The US announced a new plan in December 2007 which improved the previous NNI strategic 
plan (2004) and, in April 2008, announced a triennial assessment report on NNI prepared by 
the President's Council of Advisers on Science and Technology (PCAST). NNI’s budget was 1.8 
billion dollars in 2009 and the cumulative investment by the federal government since 2001 
has reached 10 billion dollars (approximately 1 trillion yen). A large amount of funds are 
allocated to the energy-related budget for 2010 and 2011 (requested); however, NNI’s budget 
is being maintained around 1.75 billion dollars.

At the same time, 80 well-equipped research centers and common user facilities are 
effectively used for cooperation and integration among research activities and for educational 
purposes. The number of nanotechnology-related patents granted by the US Patent and 
Trademark Office (USPTO) has reached 4,800, many of which received support from 
NNI. The amount of investment in nanotechnology by venture capital firms, which has 
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been made mainly in the US, was estimated to be 1 billion dollars for 2008. The future of 
nanotechnology is headed for the systems (organization) stage (the third stage) as symbolized 
in the opening of the California NanoSystems Institute (CNSI) in 2007. The PCAST predicts 
that such systematization has the potential to bring a paradigm shift in the energy and 
health care fi elds.

A significant strategic change is seen in the separation of the environmental, health, and 
security areas in the Program Component Areas (PCAs), the strategic components of NNI, 
increasing the number of PCAs from seven to eight. This shows the government's intention 
to emphasize safety evaluation to ensure growth in the nanotechnology industry and 
accelerate social acceptance of the technology. Also, a notable topic in nanoelectronics is 
the Nanoelectronics Research Initiative (NRI), a joint project between the National Science 
Foundation (NSF) and the Semiconductor Research Corporation (SRC) that started with 
13 sites in the National Nanotechnology Infrastructure Network (NNIN) located in various 
parts of the country. Working toward the goals set for 2020, 35 universities and 21 states 
are participating in the project. This can be seen as a strategy to gather human resources 
internationally.

The memo by John Holdren, Assistant to the President for Science and Technology, sent 
to key staff of the National Science and Technology Council (NSTC) on August 4, 2009 
regarding the NSTC's priorities for nanotechnology, biotechnology, and information 
technology, contains strong suggestions on the future directions of nanotechnology. The 
memo suggests the strengthening of three areas—solar energy, regenerative medicine, and 
nanoelectronics—in the proposal of the Nanoscale Science, Engineering, and Technology 
(NSET), a subcommittee of NSTC, calling it the “Nanotechnology Signature Initiatives”. 
These areas are basically consistent with the technology domain focused on in our Grand 
Design (green nanotechnology, nanobiotechnology, and nanoelectronics) described in 
Chapters 1 and 3.

< Europe >
In Europe, the EU's Seventh Framework Program for R&D (FP7, 2007-2013) has started, 
and for the next 7 years an annual budget of 500 million euros, which is nearly twice the 
amount for FP6 (2001-2006), will be invested in areas from nanoscience to new production 
technologies. More specifi cally, the total budget for the 4 years from 2003 through 2006 was 
1.4 billion euros, the total budget for the 2 years from 2007 to 2008 (FP7) was 1.1 billion 
euros, and it is hoped that the budget will keep rising. The amount for the 2007-2008 period 
is combined with a 2.5 billion-euro public investment made by individual member countries. 
Converted to an annual basis, the combined amount surpassed government investment made 
by the US in 2007. However, one weakness for Europe is that investment in nanotechnology 
made by industry has been below public investment.
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As a matter of fact, 40 percent of funds are said to head for Germany. Each country has 
its own national plan, and Germany, France, the UK, the Netherlands, and Italy have 
committed to significant levels of national investment in nanotechnology (countries listed 
in descending order) although the amounts are small compared with Japan and the US. 
Germany is trying especially to strengthen the fi eld and build a greater relationship with 
China to secure the availability of specialists.

Europe has a total of 142 nanotechnology and nanoscience (N&N) networks as infrastructure 
for common user facilities, and 58 of them are used for international cooperation. As for 
nanoelectronics, two major research centers exist: the Interuniversity Microelectronics 
Center (IMEC) in Belgium and the Micro and Nanotechnology Innovation Center (MINATEC) 
in France. The IMEC in particular has rapidly expanded and made improvements, and is 
now an international-level organization for commissioned research. With its site for industry-
academia collaboration in nanoelectronics in Albany, New York, it is attracting companies’ 
R&D teams from around the world. Also, academia-industry collaboration in nanoelectronics 
is intensively going on in three clusters ; Dresden-Fraunhofer cluster, Eindhoven-Leuven 
(IMEC)-Aachen cluster and Grenoble (MINATEC) -Crolles cluster.

As the EU has been promoting the largest public investment in the environmental fi eld, it 
is clear that related investment in nanotechnology will be on the rise. In fact, the EU as a 
whole surpassed the US in terms of the size of investment in 2007, as mentioned earlier. 
Similarly to the US, the EU has a great interest in the social acceptance of nanotechnology 
and spent 50 million euros for research on risk assessment and management for the 
2-year period from 2007 to 2008. The amount accounts for 5 percent of total investment in 
nanotechnology. The EU's projects include NanoImmune. Also, the UK's Royal Commission 
of Environmental Pollution published a report on materials used in nanotechnology (2008).

< Asia >
In Asia, Korea, China, Taiwan, and Singapore have maintained their emphasis on 
nanotechnology from basic research to industrialization, with Taiwan and Korea renewing 
their national plans for nanotechnology. In addition, countries like India, Malaysia, and 
Thailand have started their national projects.

China is aiming to increase the amount of investment in science and technology relative 
to GDP to 2 percent in its Eleventh Five-Year Plan (2006-10). As is well known, China's 
GDP growth rate is close to 10 percent every year, and the country will almost certainly 
be ranked second in the world in terms of GDP in 2010, passing Japan. Therefore, China's 
annual budget for science and technology is continuing to rise rapidly. As discussed earlier, 
following its policy for science and technology, China has made larger targeted investment 
in the information and telecommunications fi eld than Europe and the US. But, China also 
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continues to invest in nanotechnology and, in terms of purchasing power parity, its budget 
already exceeded that of Japan as of 2006. In China, more than 50 research centers for 
micro/nano science and technology have been established, and special districts to attract 
global companies are being created such as SciNano and BioBay, sites for industry-academia 
collaboration in nanotechnology in Suzhou.

One characteristic of China's policy on science and technology is that emphasis is placed 
on science as the country lags behind Europe and the US in the fi eld, and that its national 
strategy for science and technology is being shifted from being the factory of the world to 
promoting its own innovations. Infrastructure for advanced science and technology has been 
built according to plans and has improved rapidly with, for example, a heavy ion accelerator 
(Lanzhou, the Chinese Academy of Sciences), a synchrotron radiation facility (Shanghai), the 
supercomputer Tianhe-I (Tianjin, October 2009, ranked fi fth in the world), next-generation 
DNA sequencers (Beijing, surpassed Japan), and nuclear fusion (participated in ITER). 
These will have a large positive effect on the improvement of the quality of nanoscience 
research.

Korea's second basic plan for science and technology (2008-2012) emphasizes 100 areas 
in science and technology and eight major fields such as life sciences, materials, and 
nanotechnology, and intends to place the country among five major countries in science 
and technology (the US, Japan, the EU, China, and Korea). As mentioned in the previous 
subsection, the country aims to make government and private investment in R&D 5 percent 
of GDP. With regard to nanotechnology, the fi rst 5-year period of the Korea Nanotechnology 
Initiative has been completed, and the second period (2006-2010) is being administered, in 
practice, as a 10-year plan with a 5-year extension. Its grand goal is to push Korea to be 
among top three countries in the world in nanotechnology by 2015. This means that it must 
surpass Japan and become ranked third in the world, behind the US and China. As of 2007, 
Korea had 4,000 nanotechnology researchers, 56 nanotechnology university programs, 274 
nanotechnology companies, and 5,155 patents, which are dramatic increases on the fi gures 
for 2001. Especially, the establishment of the College of Nanoscience and Nanotechnology at 
Pusan National University was a notable event. This was the second such case in the world, 
following the College of Nanoscale Science and Engineering (CNSE) of the University at 
Albany in the state of New York. Korea has also made clear its intention to start an initiative 
for the parts and materials industry, in which Japan currently has an advantage, and has 
announced a plan not only to invest in nanotechnology, but also to launch the World Premier 
Materials project in which 865 million dollars will be invested.

Taiwan's nanotechnology-related production reached 9.68 billion dollars under its first 
6-year plan (2003-2008, $630 million) and it has prepared 726 million dollars for the current 
6-year plan (2009-2014). The country operates with a well-balanced plan, which includes 
education and industrialization, and industrial collaboration with Australia has begun. 
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In particular, the plan to provide seamless K-12 education that aims to build a foundation 
in nanotechnology has constantly progressed. Textbooks are designed and teachers are 
trained to fulfi ll the plans of educational purpose. Also, the NanoMark system, a program 
offi cially certifying the use of nanotechnology to promote the nanotechnology industry, is well 
recognized by society. As of 2009, there were approximately 350 NanoMark products.

< BRICs >
Investment in nanotechnology has begun in emerging countries other than China, as well as 
in the United Arab Emirates and Iran, but, here, let us focus on Russia and India.

Russia announced its fi rst national plan for science and technology in 2007 and intends to 
invest 100 billion yen in 2010 and to reach 3.2 trillion yen in the sales of nanotechnology-
related products by 2015. In 2008, the Russian Nanotechnology Network (RNN) project 
started to improve infrastructure for nanotechnology research and industry. For equipment 
improvement and network expansion, 800 million euros are being spent for the 3-year period 
from 2008 through 2010. To establish the nanotechnology industry in Russia, the state-
owned corporation RusNano, which receives government investment, was created and the 
country invites collaboration from foreign nations including Taiwan.

India greatly emphasizes biotechnology as it relates to agriculture. The Nano Mission started in 
2007, which also targets materials, and the country has set priorities such as energy, drinking 
water, and health and has focused its policy on four applied fi elds (surface coating/nanopowder 
technology, nanophosphor, drug delivery, and nanoelectronics such as sensor devices). As for 
nanotechnology infrastructure, seven research centers have been opened. They cover MEMS/
NEMS, nanodevices, biosensors, nanoelectronics, biosystems, photovoltaic generation, and tissue 
engineering. A center for computational science is also planned to be build.

Countries' National Plans for Nanotechnology: Emergence of Asia and the BRICsCountries' National Plans for Nanotechnology: Emergence of Asia and the BRICs

The US completed its construction of full-fledged infrastructure and networks such 
as shared research facilities in 10 years and is implementing plans while keeping 
consistency with the Green New Deal. The EU has built research centers like the IMEC 
and MINATEC and has strengthened the union's capabilities in the environmental 
fi eld and nanotechnology. In Asia, China, Taiwan, and Singapore are actively investing 
public funds in nanotechnology and materials and are making a shift toward green 
nanotechnology centering on solar cells projects. As for the BRICs, in addition to China's 
strong interest in nanotechnology, Russia started being actively involved in the field 
in 2008 and created a long-term plan for setting up enterprises. India also entered the 
fi eld. The world recognizes that nanotechnology is the foundation of innovation based on 
advanced science and technology.
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< Overall Condition >
Nanotechnology and materials science are one of the four areas designated for concentrated 
promotion in the Second and Third Science and Technology Basic Plans, and, similarly 
to the US, Japan is in the 10th year of intensive investment. During the 10-year period, 
Japan's national investment constantly rose, and the country and the US were the two major 
countries investing in nanotechnology during the Second Basic Plan period (2001-2005). 
Japan's national investment increased every year under the Third Basic Plan. However, the 
growth of the investment became small relative to the growth of other major countries, led 
by the US. Japan's investment was 85.6 billion yen in 2008, far below the 1.35 billion dollars 
of the US. As mentioned in the previous subsection, Japan was surpassed by China and 
Korea in terms of the size of investment expressed as purchasing power parity (see attached 
Reference Material I). In passing, the drop from 97.2 billion yen in 2005 (the last year of the 
Second Basic Plan period) to 76.2 billion yen in 2006 (the fi rst year of the Third Basic Plan 
Period) seems to derive from a difference in the classifi cation of budgetary categories between 
them, although the details are not published. The ratio of investment in nanotechnology to 
GDP of Asian countries, except China, is larger than that of European countries and of the 
US, as shown in Table 2-1.

According to an analysis of the quality of published academic papers on nanotechnology 
and materials science that is measured by the number of times they were cited by other 
papers, Japan is the top country in Asia, but lags behind the US, Germany, and the UK 
worldwide. However, within Japan, research in nanotechnology and materials science has 
the greatest international academic potential, compared to research in information and 
telecommunications, the environmental fi eld, and life sciences (see Figure 2-2).
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Figure2-2: Japan’s International Potential in Science and Technology FieldsFigure2-2: Japan’s International Potential in Science and Technology Fields
  (Comparison of the number of times academic papers are cited by other papers (for   (Comparison of the number of times academic papers are cited by other papers (for 

10 years / 1996 – 2006 )).10 years / 1996 – 2006 )).

As mentioned earlier, new technologies based on nanotechnology have finally started to 
come to the market. In Japan, 386 nanotechnology-related products, which are mainly 
nanoelectronics or daily-life products, were already identified as of December 2007, and 
the number is rapidly increasing (JST-CRDS G-TeC Report “Nano System” CRDS-FY2009-
CR-01). Among renewable energies, solar cell technology attracts the greatest interest. Japan 
has the world's top level technology in the fi eld and has infl uences environmental industries 
internationally in relation to carbon fi bers, reverse osmosis membranes, and photocatalysts.

Realizing a medium- to long-term contribution to industry through nanotechnology and 
the materials science requires, as infrastructure, measures to train people and networks of 
common user facilities and international research centers which promote the integration 
of different fields or interactions between basic and applied research and encourage 
collaborative work among people from different businesses. In Japan, Nanotechnology 
support project (2002-2006) ,the first network plan, played a role in expanding the base 
of nanotechnology according to the objectives to provide (1) means to realize various 
ideas through technical support and effective use of equipment and (2) places for people 
from different backgrounds to conduct joint research or have face-to-face communication. 
Nanotechnology Network (Nanonet), the second plan, started in 2007. With the participation 
of 26 institutions, 13 research centers have been developed. However, there is a problem in 
that the budget for the program was 1.8 billion yen in 2007, which is 2 percent of the entire 
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budget for nanotechnology and material science, but the amount was substantially lower 
than the 3 billion yen allocated annually during the fi rst period (2002-2006). The budget is 
smaller than that of other major countries by one digit, and the effect of this is unimaginable. 
The next subsection expands on this subject.

One notable aspect of the Second Nanonet Program is the introduction of a fee system 
to sustain the operation of the research centers, and each center is taking creative 
administrative measures. Also, companies' demand for the use of common user facilities 
continues to increase, although concerns about the aging of equipment, such as measurement 
devices, have started to emerge.

Nanoparticle Characterization Methods (NEDO project), which aims to promote social 
acceptance of nanotechnology, started to produce top-level results internationally and, in 
April 2008, NEDO held an international symposium jointly with the OECD on this subject. 
Also, as to the ISO standardization of such methods, Japan chairs the working group on 
measurement and evaluation, one of four working groups under Technical Committee 229, 
and is actively engaging in work in the area.

< Notable Research Results and Applications >
Researchers in nanotechnology have continued to produce results since 2006, entered the 
3rd plan, and some of them are leading to business. The following lists notable examples (see 
attached Reference Material M).

  The discovery of a new iron-pnictide superconductor and the realization of a transition 
temperature above 50K (Tokyo Institute of Technology, JST). Selected as one of 10 most 
signifi cant discoveries in 2008 by the US publication Science.

  The establishment of a fabrication technique for cell sheets that is applied in regenerative 
medicine. Remarkable treatment results have been achieved for the cornea and heart 
failure (Tokyo Women's Medical University, JST).

  The development of inorganic and organic catalysts without platinum for fuel cells 
(nitrogen-carbon nanoshell) (Yokohama National University, Gunma University, NEDO).

  The creation of new two-dimensional substances (nanosheets) with a molecule-level 
thickness by an easy, convenient, and cheap wet process (National Institute for Materials 
Science, JST).

  The development of a (superhydrophilic, antifouling, antibacterial) photocatalytic 
material using TiO2, WO3, and other substances. Its practical applications include a self-
cleaning technology (for roofs, walls, everyday products) and the development of the 
market (University of Tokyo, JST).

  The development of a transparent amorphous-oxide semiconductor (TAOS) based on a 
new concept. Research on a practical application as a low-cost transparent conductive fi lm 
(Tokyo Institute of Technology, JST, NEO). Received the Special Recognition Award from 
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the Society for Information Display (SID, 2009)
  Rapid progress in spintronics. The achievement of epitaxial growth of thin-film tunnel 
magnetoresistive (TMR) elements on silicon crystal with magnesium oxide (MgO). Applied 
to HDDs and MRAMs (National Institute of Advanced Industrial Science and Technology 
(AIST, JST, NEDO). Received the 2007 Asahi Award, IBM Science Award, etc.

  The development of a method to selectively and rapidly grow ultrapure CNT (super 
growth) and a device fabrication technique based on it (AIST, JST, NEDO).

For reference, the following are notable results overseas.

  The fabrication of a low-k material for CMOS by a process using the self-assembly 
phenomenon of block copolymers (IBM, US).

  The epitaxial growth of graphene and the fabrication of graphene with a band gap and 
a prototype of a transistor based on it (US DARPA). With regard to graphene as a new 
material, Nobel Prize in Physics 2010 to A. Geim and K. Novoselov (Univ. Manchester, 
UK).

  Success in arranging metal microparticles (Au) via a self-organization process into a 
three-dimensional crystalline form, using DNA as a binder and spacer (Northwester 
Univ., BNL, US).

< Trends in Academic Papers and Patents >
The US leads the world in the number of academic papers on nanotechnology, followed by 
China and Japan. The rapid increase in the number of papers from Asian countries (China, 
Singapore, Korea, and Taiwan) is particularly remarkable. As for the number of times papers 
are cited, Japan ranks fourth after the US, EU, and China. Notably, the gap between the 
United States and EU is large, and China and Korea are rapidly advancing.

With regard to trends in patent applications related to nanotechnology, until 2006, Japan 
was ranked fi rst in terms of the number of applications, followed by the US (ranked second), 
EU (third), Korea (fourth), and China (fifth), but China surpassed Korea as of 2007, 
according to the World Patent Report 2008 by the WPO and EPO PATSTAT (April 2009). As 
for the applications for foreign patents, such as international patents (WO) and European 
patents (EP), the proportion of applications for domestic patents for the US and Germany is 
at almost the same level as that for foreign patents, whereas the proportion of applications 
for domestic patents is dominantly high for China (98%), Korea (77%), and Japan (75%). 
Also, from 2003 through 2006, Korea's number of applications for international patents 
jumped and exceeded that of Japan. The number of patent applications from China has been 
substantial since 2002 in the medicine and health care field and the nanotechnology and 
materials area. It is particularly notable that China attaches weight to the former, setting up 
centers for basic research and sites for venture companies
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For Japan, analyses of patents have revealed that the linkage (science linkage) between 
basic and applied research is weak (White Paper on Science and Technology), that patents 
are mainly for materials or processing methods, and that the number of patents for devices 
or systems is small (Ministry of Economy, Trade and Industry (METI), NEDO). These are 
considered important issues to be resolved alongside effective strategies on intellectual 
properties and promotional measures for collaboration and the integration of different fi elds.

Based on these observations, Japan and other nations' public investment, relevant policies 
for nanotechnology, networks of common user facilities, policies for education and human 
resources training, academic papers, and patents are summarized along with data on GDP, 
population, and the number of researchers (all fi elds including nanotechnology) in Tables 2-1 
and 2-2.

Table 2-1: Countries’ National Investment in Nanotechnology and Basic Statistics
Prepared by CRDS on Dec. 1, 2009

Annual investment
(US$, millions)
(before 2005) (2005 and after)

Investment 
growth rate

GDP
(2008)
(US$, 
trillions)

Investment
per GDP
（10-2%）

Population
(2007)
(millions)

Number of 
researchers
(tens of 
thousands)

US 862 (03) 1491 (08) 73% 14.26 1.05 301.6 139.5a

(0.5)

EU-27 1816 (04) 2700
(07/08) 49% 18.14 1.45 488.2 134.2

(06)

Germany 388 (03) 517 (07) 33% 3.67 1.41 82.3 28.6
(07)

China 50-100, Science-oriented 4.4 0.23 1328.6 122.4
(06)

S. Korea 92.5
(01/04) 209 (08) 126% 0.95 2.2 48.5 20.0b

Taiwan 88.7
(03/08)

109.7
(09/14) 24% 0.39 2.81 22.8 9.5

(06)

Russia 410
(08/10) 1.68 2.44 142.5 46.6

(07)

Japan 912 (03) 961 (08) 5% 4.92 1.95 127.8 71.0
(08)

a Excluding military researchers.
b Excluding humanities and social sciences.
(Source)
GDP: International Monetary Fund, The World Factbook.
Population: United Nations, Demographic Yearbook.
Number of researchers (including researchers in a fi eld different from nanotechnology): 

MEXT, Indicators of Science and Technology (Kagaku gijutsu yoran).
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Table 2-2: Countries’ Nanotechnology-Related Measures and Outcome
Prepared by CRDS on Dec. 1, 2009

Programs promoting 
collaboration and 
interdisciplinary integration

Papers 
Ranking 
‘08 
according 
to their 
number

Patents
Ranking 
‘07 
according 
to their 
number

Impact on 
industry

Standards
Social 
acceptance
International 
measures

Research 
centers and
Shared facility

Education & 
Training

US More than 
15% of 
nanotech 
budget 
invested
(Approx. 200 
bil. yen 
invested) (00-
09)
NSF/NNIN 
(16), NCN (7)
17 research 
centers incl. 
DOE/NSRC

Unifi ed 
education
K-12, K-16
Curriculums
Teacher 
training 
program

1 2 w-w intl 
center
Nanotech 
products 
(world)
More than 
1015

ISO 
(TC229WG)
Human resources 
from the world 
(esp. Asia)
Recovery and 
Reinvestment 
Act (09)

EU-27 IMEC 
(nanoelec. intl. 
center)
MINATEC 
(nanotech intl. 
center), 
networks in 
various 
countries

Nanotech 
training 
(Marie 
Curie/People 
Program)

3 ETP, ETI, 
JTI, CIP

WPN (nanotech) 
and WPN 
(nanomaterials), 
FP7
2nd 
implementation 
plan by EC for 
member 
countries (07-09)

Germany Competence 
centers
9 centers, 
inter-network 
cooperation

Reference 
books for 
teachers
(Principles 
and 
applications)
Nanotrack

5 Companies: 
600
Workers: 
50,000

International 
collaboration, 
human resources 
(China)
Nano Initiative 
Action Plan 
2010
Collaboration 
with 7 provinces, 
problem-oriented
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China More than 50 
micro/nano 
S&T centers 
(univ. CAS, 
etc.)

Positively 
evaluates 
papers in 
Nature, 
Science, etc.

2 4 ISO (TC229WG)
Intl research 
centers, efforts to 
invite companies
11th Five-Year 
Plan (06-10)

S. Korea Approx. 15% 
of nanotech 
budget 
invested
(Approx. 16 
bil. yen 
invested) (01-
10)
6 major 
nanofab. 
center
Clean room 
(11,650m2)

Approx. 7.3 
bil. yen 
invested
(01-10)
Nanotech 
program 
established
3 (01) to 59 
(08)

4 5 Nanotech-
related 
companies
78 (01) to
247 (07)

KIST, KoNTRS 
in charge
World Premier 
Materials
Japan as a target

Taiwan Approx. 20% 
of nanotech 
budget 
invested
(Approx. 12 
bil. yen) (03-
08)

Approx. 800 
mil. yen 
invested
(03-08)
Textbook for 
K-12 
education 
prepared

9 NanoMark 
certifi cation
Nanotech 
products
348 (as of 
09)

ISO (TC229)
Liaison Member 
(ANF)

Russia Construction 
of Russian 
Nanotech 
Network 
(RNN) began 
in 08
(Approx. 100 
bil. yen 
invested) (08-
10) 

10 RusNano 
(nanotech state 
enterprise)
Active contact 
with major 
countries 
(Germany, 
Japan, S. Korea, 
Taiwan)

Japan 2-3% of 
nanotech 
budget 
invested
(15 bil. yen 
invested) (02-
09)

Strategic 
investment?

3 1 Analyzes 
effects of 4 
focus areas 
+ 8 area on 
industry 
using patent 
data

ISO 
(TC299WG), 
NEDO projects

* Patent applications (JPO, USPTO, EPO, WIPO): France (5th), UK (6th), Canada (8th).
* Papers (SCD): India (6th), France (7th), UK (8th).
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Nanotechnology in Japan: Maintained International AdvantagesNanotechnology in Japan: Maintained International Advantages

Although Japan's public investment in nanotechnology is slowing down, the country 
is maintaining its international advantage in the number of papers (ranked third) 
and patents (ranked first) despite the rapid emergence of other Asian countries. With 
important research results such as the discovery of cell sheets and new superconducting 
materials, “nanotechnology”shows the highest global competitiveness among the four 
priority science and technology areas in Japan, both academically and technologically. 
However, the country needs to promptly strengthen important infrastructure—networks 
of common user facilities and educational and training programs.

2.3 Issues for Japan

Based on the aforementioned quantitative comparative analysis on international trends and 
Japan's current situation, let us summarize the issues associated with science and technology 
policy that Japan faces in the future in balancing between solving global challenges and 
creating new, internationally competitive industries. This section discusses issues associated 
with public investment strategies for nanotechnology and relevant policies including policies 
to promote training, education, collaboration, and interdisciplinary integration through 
common user facilities networks and research centers.

As a traditional science and technology policy, starting in 1996 when the First Basic Plan 
for Science and Technology began, Japan continued its efforts to raise the level of national 
investment in science and technology relative to GDP to 1 percent, a level comparable 
to those of major European countries and the US, and achieved a level that exceeded 0.7 
percent during the second half of the Second Basic Plan for Science and Technology (2001-
2005), as shown in Figure 2-1. Since then, however, it has been sluggish, and Japan is 
still lagging behind Europe and the US. As industries are struggling with falling domestic 
demand, it is diffi cult to rely on companies for much of the R&D as it has been done. Also, 
some of the electronics companies are moving their not only factories, but also their R&D 
centers overseas. Therefore, medium- to long-term strategies need to be promptly reviewed. 
Achieving government investment that is 1 percent of GDP is a pressing issue.

The situation for nanotechnology is not so bright either. As discussed in Subsection 1.4.2 
(Table 1-2), Japan traditionally had ambitious national projects administered by the 
Science and Technology Agency (STA) and Ministry of International Trade and Industry 
(MITI) starting in the first half of the 1980s in its role as a pioneer in nanoscience and 
nanotechnology. Japan was still among the top two countries in national investment along 
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with the US during the Second Basic Plan for Science and Technology (2001-2005) even 
though the worldwide boom in national investment in nanotechnology had started. In 
terms of the size of investment relative to GDP, Japan, along with Korea and Taiwan, still 
surpassed major European countries and the US (see Table 2-1). The continuous national 
investment over those 20 years can be regarded as refl ected in Japan's high international 
academic potential in the field, as seen in Figure 2-2. There is a problem, however, in 
that, compared to the US and major European and Asian countries, Japan's investment 
in nanotechnology and materials science slowed after the start of the Third Basic Plan 
for Science and Technology (2006-2010). This is mainly attributed to a budgetary stall for 
strategic national investment for the country as a whole. In fact, as shown in Table 2-1, the 
growth rate of investment in nanotechnology, compared between in the fi rst and second half 
of the decade 2000-2010 was a mere 5 percent for Japan as opposed to 73 percent for the US, 
49 percent for the EU, 33 percent for Germany, 126 percent for Korea, and 24 percent for 
Taiwan. As mentioned in the previous subsection, Japan was surpassed by China and Korea 
in terms of national investment expressed in purchasing power parity.

The decline in public investment in Japan must be regarded as a situation for concern, 
given that the future evolutionary process of nanotechnology is moving toward the systems 
(organization) stage. As discussed in Subsection 2.1.2 and shown in Figures 1-1 and 1-2, 
nanotechnology has evolved through the progress (advancement) and fusion (integration) 
stages and is heading for the systems (organization) stage in which the fruits of past 
efforts are harvested by industry. The development of advanced basic technology related 
to renewable energies to pursue a low-carbon society refl ects hopes for nanotechnology, as 
seen in the case of the Energy Frontier Research Centers (EFRCs) in the US, and further 
refi nement and interdisciplinary integration need to be promoted in a parallel manner in the 
future. Many have pointed out that Japan's policy for science and technology should shift 
from its emphasis on selected areas to a problem-solving approach. In any case however, if 
the evolution of nanotechnology is discouraged, Japan will signifi cantly lose benefi ts against 
Europe and the US, which have increased national investment, as well as against Korea, 
China, and Taiwan, which are rapidly advancing.
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A Decline in Public Investment Will Reduce Future Benefi ts for JapanA Decline in Public Investment Will Reduce Future Benefi ts for Japan

The US, EU, Germany, Korea, and Taiwan drastically increased their national investment 
in nanotechnology over a 5-year period in the fi rst decade of the 2000s. However, Japan's 
national investment seems to have decelerated. Fusion (integration) and systems 
(organization) in nanotechnology are necessary to solve challenges in such fields as 
the environment and energy that require the combination of different technologies. 
Therefore, Japan must increase its strategic national investment continually like Europe 
and the US. There is a concern that if Japan hesitates to make public investment in this 
area, future benefi ts for the country will be lost.

The invested funds for science and technology should lead effectively to positive impacts on 
and innovations of future academic and technological performance and future industries. 
The conditions to realize this are that a country sufficiently develops relevant measures, 
including education and training policy, social acceptance policy, and a system to promote 
interdisciplinary integration and collaboration between basic and applied research. In 
addition, a strong infrastructure which includes networks of common user facilities and 
research centers needs to be built based on such measures. As discussed thus far, these are 
particularly important conditions in nanotechnology. The following discusses issues faced by 
Japan.

< The Formation of Networks of Common user facilities and Research Centers >
Compared to the US, EU, Korea, and Taiwan, which allocate 10 to 15 percent of total 
national investment in nanotechnology to the formation of networks of common user 
facilities and research centers, Japan's investment is extremely small, and its facilities are 
not up to the levels demanded by industry, even though 13 research centers are operated 
under MEXT’s Nanonet project. Since 2007, the research centers have gradually introduced 
a fee system as encouraged by MEXT. However, with institutional problems being pointed 
out, they must solve a number of issues in order to expect continuous operation based 
on a fee system. In fact, in terms of the scale and services, there is an enormous gap 
between them and networks of several dozen full-fl edged research centers in the US (NSF-
NNIN: a nanotechnology infrastructure network consisting of 13 research centers; NSF-
NCN: a network for computational nanotechnology consisting of seven computer centers; 
DOE-NSRC: five nanoscale science research centers, etc.). Figure 2-3 shows the share of 
investment for networks of common user facilities (infrastructure) in the national budget for 
nanotechnology of the US, Korea, Taiwan, and Japan.
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Figure2-3: Share of Investment in Networks of Shared Facilities (Infrastructure) Figure2-3: Share of Investment in Networks of Shared Facilities (Infrastructure) 
 and Operational Costs for Major Countries and Operational Costs for Major Countries

Korea has substantially invested in infrastructure such as nanofabrication centers. The 
Ministry of Education, Science and Technology (MEST) newly established two research 
centers, and the Ministry of Knowledge Economy (MKE) also newly set up four centers. 
These research centers are administered under one roof. The three countries other than 
Japan secure funds for infrastructure investment with a preset amount ranging from 10 
to 15 percent of the total budget. Japan does not have such a preset amount, resulting in a 
share of infrastructure investment that is smaller by one digit. Networks of common user 
facilities are essential infrastructure for supporting various national projects and promoting 
effi cient collaboration and interdisciplinary integration in the future. This is not limited to 
nanotechnology, and efforts should be made to build such infrastructure across various fi elds.

Furthermore, Japans has not established a core research center that has internationally 
open projects or promotes them academically and industrially as seen in the case of 
nanoelectronics. The Tsukuba Innovation Arena (TIA) opened in April 2010, but it is 
uncertain how much it will develop as a nanoelectronics research center. Nanoelectronics is 
a highly competitive area, and some companies are preparing for competition in developing 
advanced technologies by moving their research resources to international research centers 
such as Albany Nano Tech (ANT, New York), the California NanoSystems Institute (CNSI), 
or IMEC (Belgium). Without any policy actions, Japan may, in the medium or long run, 
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fall into a critical situation in which companies' R&D divisions will have fl ed the country. 
Although the policy for training human resources should be discussed in conjunction with 
such situations, there has been no measure that would ensure improvements for the future.

< Education and Training >
Nanotechnology is a field that is expected to create new fields or industrial technologies 
through the promotion of interdisciplinary integration and collaboration among 
organizations. The US and Taiwan have taken various measures to build a system unifying 
elementary, middle, and high school education (K-12) to prepare students for the field. 
However, there is no such program in Japan.

As for education in graduate schools, although the Global COE program is contributing to the 
training of students in doctoral programs, it does not necessarily focus on nanotechnology. 
Also, programs centering on education, such as programs supporting reforms in graduate-
level education, are limited and last for only short periods. At the same time, some 
Independent Administrative Institutions have voluntarily started designing new career 
paths to train promising technicians and implementing corporate internship programs for 
young researchers.

A problem with Japan is that the government does not have long-term measures to tackle 
the problems on the education and the training of human resources, and this could become 
a serious obstacle to the advancement of nanotechnology and materials science. For 
example, young people might avoid science, there could be a rapid decline in the number 
of applications to engineering departments and thus in the number of domestic-oriented 
young researchers. Programs related to human resource training are mostly short one-time 
programs and are nowhere near being considered as part of a strategy. This would be the 
most serious long-term challenge for the fi eld of nanotechnology in Japan which needs people 
with a wide perspective covering different fi elds.

< Collaboration among Industry, Academia, and Government >
The NEDO program Research and Development of Nanodevices for Practical Utilization 
of Nanotechnology (Nanotech Challenge Program) has attracted attention. This program 
requires the participation of a corporate team, in addition to a university or Independent 
Administrative Institution engaging in R&D, from the stages of basic and applied research. 
Each project is reviewed after 3 years to determine if it will advance to the practical 
application stage. That is, the program is designed to set sights on a project's application 
from the basic research stage and assist its effi cient development toward the goal of practical 
use by holding an interim review. The number of applications for the program is large. The 
selection process narrows them to one fourth, and after that only one sixth will move on 
to the next stage. There are concerns that the 2 or 3 years given for research on practical 
applications is too short, but the program is in its experimental stage as a new funding 
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system that encourages cooperative interactions between basic and applied research and 
guides projects toward their goal. The Project for Strategic Promotion of Innovative Research 
and Development launched by JST under MEXT shares a similar philosophy and guarantees 
a maximum of 10 years for R&D.

As for cooperation between industry and academia at universities (Research Centers for 
Creating Advanced Integrated Innovations, Special Coordination Funds for Promoting 
Science and Technology) and interdisciplinary integration (Nanotechnology Innovation 
Center, the Special Coordination Funds for Promoting Science and Technology), there are 
several cases in which national university corporations actively support research centers as 
a management entity. However, since Independent Administrative Institutions or national 
university corporations do not have any funding capacity, it is institutionally impossible for 
them to invest in venture business spun off from universities or operate a science park. The 
number of venture businesses spun off from universities in Japan reached 1,347 in 2006 
(White Paper on Science and Technology). However, due to the institutional constraints, 
weak venture capital activities, and little interest in the accomplishment of venture 
businesses among large corporations, such venture businesses rarely succeed independently. 
The proportion of funds for nanotechnology to the entire venture investment in development-
stage technologies is approximately 10 percent in the US, but only around half in Japan. 
Also, another troubling phenomenon is the rapid decline in the number of people pursuing 
study in a university engineering department (currently, less than a half of the peak level). 
A big challenge for the future is how national research institutions and universities, which 
are now incorporated, and industry create a new win-win relationship and attract young 
researchers.

< Collaboration among Government Agencies >
During the Second Basic Plan for Science and Technology, an inter-agency collaborative 
project in nanotechnology and materials science evolved, involving other fields, into a 
national-level policy called the Coordination Program of Science and Technology Projects 
(2004). Currently, a project related to social acceptance to nanotechnology is underway as a 
coordinated project in nanotechnology and materials science. An energy-related (hydrogen, 
fuel cells) project and a project on a medical nanodevices were completed in March 2008 
and March 2009, respectively. Information on the Program is shared at least through an 
annual symposium in which relevant government agencies participate. Also, aside from the 
Program, another inter-agency collaborative project called Buildings with New Structural 
Systems Based on Innovative Structured Materials, which had been running since the early 
days, has produced various results in collaboration with the Ministry of Land, Infrastructure, 
Transport and Tourism (MLIT), MEXT, Ministry of Internal Affairs and Communications 
(MIC), METI, and the Cabinet Offi ce and completed its R&D activities in 2008.

To operate the Program organically in the future, issues to be discussed would include not 
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only the strengthening of coordinators' authority over different government agencies, but 
also the assignment of coordination functions that are continuously operated, that apply to 
all fi elds, and that are not infl uenced by the duration of individual projects to the Council for 
Science and Technology Policy (or the National Policy Unit).

Other forms of inter-agency cooperative activities have started to be established in the 
fi elds of nanotechnology and materials over the past few years. For example, joint strategic 
meetings on nanoelectronics between MEXT and METI as well as joint strategic symposiums 
for the Elements Strategy (MEXT) and the Development of Substitutes for Rare Metals 
(METI) have been underway. Collaborative activities, which implicitly incorporate a de 
facto "all-Japan" strategy, have been held, such as an information session on a joint open 
application process. The challenge is how such cooperative activities are guaranteed to 
continue without being temporary events. 

< Funding System >
Projects to set up research centers for interdisciplinary integration began with a top-down 
approach in the past several years, and they contrast with the bottom-up funding system 
supported by Grants-in-Aid for Scientific Research. Gradually, collaboration between 
industry and academia and inter-program/inter-departmental communication within 
universities have increased, and dynamic horizontal interactions are becoming more 
intensive in universities or research institutions which used to be vertically structured. A 
balance between top-down and bottom-up approaches is required for a strategy and, from 
a medium- to long-term perspective, not only large short-term projects, but also long-term, 
continuous research programs would be needed even with small budgets. The scope of a 
scientifi c fi eld must continue to be broad at its basic level, and information exchange between 
researchers at this basic level and researchers in applied fi elds, as well as the incentives for 
such exchange, are essentially required.

Japan has great academic potential in condensed matter physics and materials science. In 
the future, for top-down strategic funding, projects for solving global-scale challenges, which 
would mobilize prominent leaders in these fi elds, should be fully considered.

In funding the formation of research centers or the building of common user facilities, 
asking the recipient research institutes for active support (including matching funds) is one 
approach that should be considered. Such an approach is often used as a cost-sharing policy 
in the US. It also can be implemented at the discretion of high-level managers at national 
research institutes, including universities that were incorporated. A funding mechanism 
that includes the condition that teams or project proposals consisting of researchers from 
different fields are given priority is worth considering in order to provide incentives for 
interdisciplinary integration.
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< Responsible Promotion of Research and Development >
The project "New Steps for Nanotechnology R&D and its Social Acceptance" under the Inter-
ministry Coordination Program of Science and Technology Projects started in 2007. Also, 
results from the NEDO project "Research and Development of Evaluation Methods for 
Attributes of Nanoparticles" (2006-2010, 2 billion yen) led by coordinator Junko Nakanishi 
have begun to come out, the NEDO-AIST-OECD joint international symposium "The Risk 
Assessment of Manufactured Nanomaterials" was held in April 2008, and standard values 
of the permissible exposure limit for TiO2, C60 (fullerene), and carbon nanotubes in a work 
environment were announced as part of an interim report in November 2009 for the first 
time in the world. The approach as well as sound experimental methods are highly regarded 
by the OECD Working Party on Manufactured Nanomaterials. Research on the safety 
evaluation and risk assessment of nanomaterials have started, supported by funds from 
multiple government agencies.

With regard to evaluation methods as well as their standardization, actions of relevant 
international organizations evolve rapidly, but Japan’s responses to those are often sluggish. 
Therefore, personnel that are more capable and greater in number than at present are 
urgently needed. The setting up of a "window" to international communities may be needed 
for discussions among relevant government agencies. Also, it is desirable that social 
scientists participate in risk governance of broadly defined nanotechnology. Moreover, 
companies manufacturing nanomaterials need to become capable of assessing risks based on 
their own knowledge and efforts, convey necessary information to the public, and develop a 
culture that makes it possible.

< Academia and International Exchange >
In Japan, numerous one-time international exchange forums and symposiums are held, but  
it is rare to see international joint research or international exchange of researchers that 
pursues continuous and substantial effects. In general, no other advanced industrial country 
than Japan lacks international exchange activities. Let us examine some statistical data.

Table 2-3 lists simple data from the "2009 White Paper on Science and Technology" that 
show Japan's inward orientation and lack of international exchange activities. Compared to 
the major European countries, the US, and China, the number of foreign students in Japan 
is small.
As to the number of non-American recipients of a US doctoral degree in natural science and 
engineering, for Asian countries, China has by far the greatest number, followed by Korea, 
India, and Taiwan, but the number for Japan, which has a larger population than Korea or 
Taiwan, is small. In other words, Japanese students are in the minority of Asian students at 
natural science and engineering graduate schools in the US.
Japan also lags behind the major European countries and the US in the proportion of papers 
written with international coauthors to all papers. As globalization progresses, such inward 
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orientation becomes a serious problem. How will Japan increase its international exchange 
activities? Serious analysis and responses at the national level are urgently needed.

Table 2-3: Researcher’s Inward Orientation and a Lack of International Exchange Activities
(Source: 2009 White Paper on Science and Technology)

Foreign students (tens of thousands)    Japan: 2008    Other countries: 2006
US UK France Australia Germany China Japan
58.3 37.6 26.3 25.1 24.6 16.3 12.4

Recipients of a US doctoral degree in engineering from Asia, 2005
China S. Korea India Taiwan Japan
3,448 1,170 1,103 442 211

Proportion of papers written with international coauthors (%), 2007
France Germany UK Canada Italy Russia US Japan China

52.6 50.6 49.2 45.3 44.0 38.9 30.1 24.5 24.3

As for international cooperation, not only the government, but also academia (e.g., universities 
as well as learned societies and academic communities) is significantly responsible. The 
following is an example of data.

Table 2-4: Learned Societies in the Field of Nanotechnology and Materials Science in Japan 
and the US (2008)

JSAP JPS CSJ IEICE APS MRS IEEE
Members 23,209 17,169 28,636 32,964 46,269 16,000 382,400
Foreign 
members 186a 169b 180 2,415 9,689 6,240 172,462

Proportion 
of foreign 
members 
(%)

0.8 1.0 0.6 7.3 20.9 39.0 45.1

Change in 
membership 
in the past 
10 years

Slight 
increase Decrease Decrease Decrease Increase Increase Increase

a: January 2010
b: February 2010
JSAP: Japan Society of Applied Physics
JPS: Physical Society of Japan
CSJ: Chemical Society of Japan
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IEICE: Institute of Electronics, Information, and Communication (Japan)
APS: American Physical Society
MRS: Materials Research Society
IEEE: Institute of Electrical and Electronics Engineering

Table 2-4 shows the proportion of foreign members and the change in overall membership in 
the past 10 years for major learned societies related to nanotechnology and materials science 
in Japan and the US. With regard to the proportion of foreign members, the situation in Japan 
is incomparable with that of the US: the proportion is around 1 percent for Japanese learned 
societies, while it is around 40 percent for US societies. How would Japanese academia 
explain the situation, given that globalization in the world of science had already progressed 
well before the globalization of the economy? Although not shown in the table, the proportion 
of women members in the US is two to three times Japan's. As a possible reflection of the 
situation, in Japan, among the societies listed in the table, only the Japan Society of Applied 
Physics (JSAP) has slightly increased its membership, but both the Chemical Society of Japan 
(CSJ) and Physical Society of Japan (JPS) have experienced a huge decline in membership 
(approximately 6000 for CSJ and 2000 for JPS in 10 years), whereas learned societies in the 
US have increased their membership. The Japan Society of Applied Physics is characterized by 
its attitude of accepting members from various fi elds without strictly demarcating areas to be 
included and by the publication of an English journal, which is considered to be contributing to 
the difference with other Japanese learned societies. A fundamental change based on detailed 
analysis is desired for the future.

Let us now touch on few successful cases of international exchange activities during the past 
several years. The International Center for Young Scientists (ICYS) of the National Institute 
of Materials Science (NIMS), which has English as its official language, operates programs 
that are tied to future tenure tracks, considering the long-term stay of foreign researchers. 
This successfully led to the start of the International Center of Materials Nanoarchitectonics 
(MANA) which will run for the next 10 years. These programs are operated under the MEXT.

The Asia Nano Forum (ANF), which was set up mainly by the National Institute of Advanced 
Industrial Science and Technology (AIST) in 2004, had operated nonpolitically with 15 
economic zones in Asia and Oceania as its members and became an independent NPO 
headquartered in Singapore. The Asia Nanotech Camp, which started under ANF in 2008, is 
an excellent program that builds a network of young researchers. Although Taiwan cannot be 
an offi cial member of the International Organization for Standardization (ISO), the country 
participates in ISO standardization meetings as a representative of ANF, a liaison member.

MANA is one of the World Premier International Research Center Initiative (WPI), a MEXT 
program. The University of Tokyo, Kyoto University, Osaka University, and Tohoku University 
participate in the program. Future advances from the program are highly anticipated.
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< Standardization >
With regard to standardization, following the rise of global competition in R&D in 
nanotechnology, the technical committee on nanotechnologies (TC229) was established in the 
ISO in 2005. The committee has innumerable tasks ranging from uniforming terminology 
to evaluating risks, and holds meetings as often as twice a year unlike other technical 
committees. Three working groups (WG) have been organized. WG1 works on terminology and 
nomenclature, led by Canada, WG2 works on measurement and characterization, led by Japan 
(convener: Shingo Ichimura, AIST), and W3 works on the health, safety and environmental 
aspects of nanotechnologies, led by the US. Japan intensively engaged in various activities 
from the beginning of the formation period of these working groups, which seems to have 
resulted in Japan leading WS2, the most important working group. Japan actively continues 
to make proposals and engage in tasks as the leader of WG2 up to now. Also, quite recently 
WG4 for material specifi cations was created, and led by China.

The announced permissible exposure limits associated with manufactured nanomaterials from 
the Nakanishi project are obtained based on a scientific method for the first time and thus 
were received positively by the OECD as data that will signifi cantly infl uence the process of 
standardization.

As for the specifi cations of standards and certifi cation on industrial products, countries take 
different strategic positions which are prone to changes. Therefore, they cannot be discussed 
generally. In the case of the EU's directive on the restriction of hazardous substances (RoHS), 
there was an incident in which a major Japanese manufacturer attempting to export an 
electronic device temporarily could not do so because it was pointed out that the device 
contained cadmium prohibited by the directive. However, cadmium-telluride cells are now 
openly imported and used in Europe as cheap solar cells. Measures taken by the Japanese 
industry and government regarding industrial specifi cations cannot be considered suffi cient.

In any case, it is important that public institutes, learned societies, and industry gather 
information from across the world, analyze it continually, and respond to issues involving 
standardization or industrial specifications. Japan has relied on the voluntary activities of 
certain organizations, companies, and individuals on such matters, but a strategic framework 
needs to be constructed for the future.
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Insuffi ciency in Networks of Common user facilities/Research Hubs and Inward-Oriented Insuffi ciency in Networks of Common user facilities/Research Hubs and Inward-Oriented 
AcademiaAcademia

Network of common user facilities are still weaker in Japan than in the US and Korea. 
Japan lags behind other countries in the formation of world-class research hubs. More 
serious problems are a lack of incentives in the government for inter-agency cooperation, 
the closed nature of academia, and inward orientation of researchers. Programs to 
improve the situation have started gradually, but a fundamental measure to accelerate 
efforts to make improvements is needed. Japan is internationally well positioned in 
terms of ISO standardization activities and the development of nanomaterials and risk 
assessment technology, but not so for industrial specifi cation. While social acceptance to 
nanotechnology is identifi ed as one of important issues in the 3rd Basic Plan for Science 
and Technology, less progress has been observed since the stance of the government has 
not been made clear regarding inter-agency activities or responses to international issues.
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3. Nanotechnology Grand Challenge
Based on the discussions in the previous chapters, this chapter proposes a concrete future 
strategy for science and technology centering on nanotechnology, that aims to solve the 
global issues in order to realize a sustainable and eco-friendly society.

3.1 The Identification of Issues and Focus Areas in Science and 
Technology Policy

After the Council for Science and Technology Policy (CSTP) was set up within the Cabinet 
Office, “four priority fields to be promoted” and “four fields to be promoted” were selected 
for the Second Science and Technology Basic Plan (2001-05) and the Third Science and 
Technology Basic Plan (2006-2010). A strategy for each of these eight fields was created, 
and resources were allocated accordingly. Nanotechnology and materials science are an fi eld 
for the priority fi elds to be promoted which receives preferential resource allocation for 10 
years along with three other fi elds—life sciences, information and telecommunications, and 
environmental sciences. The reason for the continued selection of the four priority fields 
over two plan periods includes the followings. (1) They have made a considerable overall 
contribution to three visions selected as policy objectives (i.e. contribution to the wisdom of 
all humans, the creation of sources of the country's strength, and the protection of health and 
safety) and to six major goals (pioneering discovery and invention, breakthrough in science 
and technology, compatibility between the environment and economy, "Japan the innovator", 
active life for every generations, and the construction of the safety country which people 
feel proud of). (2) They are attracting nation-wide expectations and interests, judging from 
surveys. (3) They match trends in the strategies for science and technology of other countries. 
(4) They are appropriate from a practical standpoint due to their strategic continuity and 
acceptance by researchers. (This information is taken from the CSTP website.)

Although the four priority fields were selected because their R&D could be expected to 
respond to various policy challenges (according to the CSTP website), the promotion strategy 
of each fi eld has been too much emphasized and, eventually, sience and technology policy was 
proposed for each fi eld independently without any coordination among four different fi elds. 
(Interim Report of the Special Committee on Basic Plans, Council for Science and Technology, 
December 25, 2009). This is considered to result from the failure of a general coordination 
function, as a government system, that was intended to eliminate such vertical inter-fi elds 
barriers. Because of this, the strategies that were promoted individually in each area did not 
form an integral part of the general strategy, which probably hindered achieving the policy 
objectives—the three visions and six major goals. Also, difficulties arose in advancing the 
strategy for nanotechnology and materials science, one of the four priority fields, because 
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this focus area was also expected to promote integration between the other priority fi elds (life 
sciences, information and telecommunications, and environmental sciences).

It cannot be denied that the selection of nanotechnology as a priority fi eld was infl uenced by 
the establishment of NNI in the US in 2001. However, as discussed in Chapter 2, Japan was 
nationally investing in nanotechnology on a continual basis for 20 years before the US began 
its national investment, so the inclusion of the fi eld as priority fi eld was natural for Japan's 
strategy. However, the priority fi eld, nanotechnology and materials science, plays a peculiar 
role among the eight areas including those areas for promotion (energy, manufacturing 
technology, social infrastructure, and frontier technology). Combined with materials science, 
new functions created by nanotechnology glue together different fi elds such as information 
and telecommunications, life sciences, environmental technology, and energy technology, as 
discussed in Chapter 1.
This role for nanotechnology is significant as it needs not only to integrate and interlink 
technologies in different fi elds and promote progress in each fi eld, but also to make a broad 
understanding of such technologies feasible. In advanced science and technology fields, 
which are segmented and specialized both academically and technologically, there are 
specialists in each fi eld, but it is not guaranteed that they understand the overall scientifi c 
and technological fi eld. In this sense, nanotechnology is expected not only to be important 
academically and technologically, but also to combine technological domains of different 
fi elds, create new fi elds, and train people to view technology broadly as a system. In other 
words, the following is clear: strategic administration that always incorporates other 
technological fields is needed and, from the perspective of achieving the policy goals, the 
separation of strategies promoting the specifi c fi elds and the sectionalism of policy making 
reduce the effect of focused investment in nanotechnology and materials science.

It should be noted, however, that the aforementioned problem is not attributed to the 
strategic approach which set up the four priority fi elds to be promoted, but rather has arisen 
from a failure to design coordination functions for the strategies promoting the  specific 
fi elds. However, despite the disadvantage associated with the vertically segmented strategies 
promoting the specifi c fi elds, Japan fi nally started to see in various areas the positive effects 
of the investment in nanotechnology  incessantly maintained, as discussed in Chapter 1. 
Also, alongside quick increase in nanotechnology products on the market, further progress 
is expected in the development of the nanotechnology industry as well as in the Fusion 
(integration) stage and the Systems (organization) stage, as mentioned in Subsection 2.1.2.

A notable example that reflects the development of the nanotechnology industry is the 
issuance of key patents. A comparative analysis was conducted for the “four areas for focused 
promotion” plus the “four areas for promotion” by categorizing Japan's top 100 inventions 
and top 100 inventors according to the classifi cation of the Patent Offi ce. The result shows 
that, among the eight areas, the field of nanotechnology and materials science is the 
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dominant field (see attached Reference Material K). In general, since nanotechnology is 
used in widely diverse ways (e.g., in certain processes or in device components), it is diffi cult 
to judge from the fi nal products how it was utilized to make their production possible and 
see its contribution. Without a label saying, for example, "Nanotech inside", an accurate 
investigation of the components used in products is difficult to conduct, but patent data 
would provide important clues about the impact of nanotechnology on industry. Aside from 
the analysis on the top 100 inventions, the Center for Research and Development Strategy 
conducted a patent analysis, that eliminated arbitrariness as much as possible, and obtained 
the following results: (1) among the eight promoted areas, the field of nanotechnology 
and materials is most technologically influential along with the field of information and 
telecommunications, (2) it has a wide technological influence affecting almost all types of 
businesses, (3) it forms the basis of the manufacturing industries, and (4) it contributes to 
increases in sales and added values (investigation by the JST-CRDS, September 2009. See 
attached Reference Material K and L). In addition, the ratio of the number of patents and the 
number of papers that rank in the top 1 percent in terms of citation number to the amount 
of national investment shows that, among the four focused areas, the fi eld of nanotechnology 
and materials science has obtained the highest return. This is a common trend worldwide (see 
attached Reference Material M).

These facts constitute the evidence that the selection of nanotechnology as one of the priority 
fi elds itself was not a wrong decision, and that nanotechnology actually produces the highest 
returns from investment.

As discussed in the previous subsection, the report prepared by MEXT, "Toward Japan's 
Comprehensive, Medium- to Long-Term Strategy for Science and Technology: The Interim 
Report on Important Policies in the Third Basic Plan for Science and Technology" (Special 
Committee on Basic Plans, Council for Science and Technology, December 25, 2009), points 
out, regarding the four areas for focused promotion and four areas for promotion in the 
Second and Third Basic Plans, problems such as delays in R&D in newly emerging or 
integrated fi elds due to the vertical segmentation of the priority fi elds to be promoted. The 
report, however, does not provide reasons or detailed explanations for this statement. A 
multifaceted and quantitative evaluation should be conducted on the policies during the 15 
years under the First, Second, and Third Basic Plans for Science and Technology and the 
effect of 60 trillion yen public investment made over the period. This is because clear and 
quantitative evidence showing the necessity of a policy change is needed if, as the report 
argues, the basic direction of science and technology policies shall be shifted to problem-
solving-oriented policies centering on important policy challenges.

Regarding the field of nanotechnology and materials science, it should be noted that, 
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compared with the US, Japan's strategies promoting specifi c areas still face an important 
problem to be solved. The problem is to build the concept that is necessary in discussing the 
quantitative framework for the overall national strategy for nanotechnology. NNI in the US 
has set seven Program Component Areas (PCAs), and strategies are discussed based on the 
PCAs. Table 3-1 shows the seven PCAs. For the past 10 years, the US has paid particular 
attention to improving its common user facilities and equipment (including research centers) 
as the infrastructure for nanotechnology, allocating 10 to 20 percent of the total budget to 
it. With a quantitative goal for budget allocation, Korea focused on the improvement in (1) 
R&D, (2) human resource training and education, and (3) infrastructure (nanofabrication 
centers), and Taiwan focused on (1) basic research, (2) industrialization, (3) education, and (4) 
core facilities. As to infrastructure and core facilities, 10 to 20 percent of the total budget was 
allocated, as in the US, and networks were built.

Japan started “Nanonet”, the networking and sharing of existing facilities, in 2002. 
However, since no quantitative goal for the size of investment was set, only 2 or 3 percent 
of the total budget was allocated. As a result of such a situation continuing for nearly 10 
years, as of 2010, Japan lags behind other major countries in terms of the level of networks 
of common user facilities and international openness. As seen in Table 3-1, in the Third 
Basic Plan for Science and Technology, Japan specifi es its strategically focused science and 
technology areas: 10 prioritized areas for investment including clean energy, centers for 
innovations, advanced electronics, and responsible R&D (social acceptance). However, it was 
not quite successful as a medium- to long-term strategy because there was no indication of 
quantitative priority such as investment allocation ratios. In this sense, Japan's focused 
categories look similar to but are different from those of Korea and Taiwan and the NNI’s 
PCAs. Japan also does not set a quantitative goal for its investment for the social acceptance 
to nanotechnology, which is now considered to be important internationally, while the US has 
a goal that exceeds 10 percent of the total investment. For Japan, this is a serious problem 
in constructing a strategy for the future. As for the X-ray free electron laser (XFEL), Japan 
guaranteed to assign a considerable budget to it as a core technology. However, the budget 
was enormous and eventually pushed down the budget for basic research on nanotechnology 
(from MEXT). It should be noted that the US and EU set a separate budget for XFEL.
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Table 3-1: Ways in Which Countries Promote Their Strategy for Nanotechnology (2007)
Component areas in a strategy 
implementing a national plan 
for nanotech
US: Program Component Areas 
(PCAs)
Japan: Strategically focused 
science and technology areas

Note

US

(1) Fundamental nanoscale phenomena, 
(2) Nanoscale techniques, 
(3) Nanoscale devices and systems, 
(4) Measurement and standards, 
(5) Nanomanufacturing, 
(6) Common user facilities, 
(7) Social impact

Set the budget allocation ratios for 
the seven PCAs.Discussed the ratio 
for (7) in Congress, and later the 
8th PCA “EHS” was added.

Korea

(1) R&D, 
(2) Human resource training and  education, 
(3) Infrastructure (shared nanofabrication 
centers) 

Announced the goal for the budget 
allocation ratios for the three 
categories under the country’s 
national plan.

Taiwan
(1) Basic research, (2) Industrialization, 
(3) Education, 
(4) Core facilities (for shared use)

Announced the goal for the budget 
al location ratios  for  the four 
categories under the country’s 
national plan.

Japan

(1) Clean energy, 
(2) Substitutes for rare natural resources, 
(3) Safety, (4) Core innovations, 
(5) Advanced electronics, 
(6) Nanobiotechnological medicine, 
(7) Social receptivity for nanotechnology, 
(8) Centers for innovations, 
(9) Advanced measurement and processing, 
(10) X-ray free electron lasers

Specified strategically focused 
science and technology areas, but 
did not set a goal for the budget 
allocation ratios. Costs for the 
X-ray free electron laser area (tens 
of billions yen) push down the 
other budgets. (Europe and the US 
implement a separate budget.)

Based on the discussions thus far, let us summarize our comments for post-2011 science 
and technology policies. These are comments that assume a shift from priority fi elds-based 
policies to problem-solving-oriented policies. The former emphasizes technological areas to 
be focused, while the latter fi rst determines policy issues to be solved.
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(1)  The report (Interim Report of the Special Committee on Basic Plans, Council for Science 
and Technology, MEXT) states that, under the priority fields-based policies, negative 
effects of vertically segmented strategies promoting specifi c fi elds hindered the integration 
of the strategies and caused delays in R&D in newly emerging or integrated fields. 
However, no reason or evidence was presented. The government should immediately 
review the effect of the public funds invested, which amount to approximately 40 
trillion yen for the 10 years under the Second and Third Basic Plans (60 trillion yen if 
the investment under the First Basic Plan is taken into consideration), and evaluate 
and analyze it scientifically and quantitatively. In particular, an impartial and careful 
analysis is needed regarding the negative effects of vertically segmented strategies to see 
whether problems existed in the basic approach (i.e., the setting of the priority fi elds to 
be promoted) or in the promotion or administration methods and whether a fundamental 
cause is found in decision-making mechanisms or inter-agency collaboration.

(2)  The government must clarify the tangible and intangible assets that are obtained during 
the process of the evaluation and analysis and should be inherited for the future, such 
as academic and technological outputs (outcomes which are expected to contribute to 
industry in the future), and various implications that have been learned from experiences 
and are related to preparing strategies. These must be refl ected in  discussions on science 
and technology policies for the Fourth Basic Plan and beyond. Such analysis and the 
maintenance and extension of such assets are essential for a shift to problem-solving-
oriented policies.

(3)  There is the possibility that networks, which have been formed in academic and 
technological fields over the past 10 years, will be destroyed as different technology 
fields are collected piece by piece for each policy issue under problem-solving-oriented 
policies. This is most likely to occur in the fi eld of nanotechnology and materials, which is 
fundamentally a fusion area. It is not an easy task to match, in a balanced manner, policy 
issues with academic and technology fi elds, which are tools to solve issues, and manage 
the whole. It is necessary to study strategies based on collaboration and integration fully 
and shape them into concrete policies.

(4)  Over more than 5 years, the US Department of Energy (DOE) selected the areas of 
basic research essential to solving future energy issues, and more than 80 percent of 
them were nanotechnologies. This clearly suggests that energy and environmental fi elds 
require collaboration and integration between all technology fields, which naturally 
led to the selection of nanotechnologies as topics for basic research starting from atoms 
and molecules, and that it takes substantial effort and time to propose problem-solving-
oriented policies. In shifting to problem-solving-oriented policies, Japan needs to take 
the experiences of the US into consideration, conducting additional policy analysis, and 
complete the construction of strategies.
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(5)  Japan has maintained its advantage internationally in academic fi elds such as physics, 
materials science, and chemistry and in technology fi elds like nanotechnology, which were 
developed based on them. Japan’s advantage is threatened as other countries such as 
China and Korea are rapidly catching up, and Japan's public investment is decelerating 
relative to that of other countries. Although policies will change, it is essential to continue 
investing in nanotechnology, which is regarded as one of the most important technologies 
in pursuing solutions to future issues.

3.2 Contribution to a Sustainable Society: Scenarios

Chapter 1 considered energy and environmental issues as representative examples of global 
challenges to be solved, if a sustainable society is pursued, discussed the role of science and 
technology in society today and conclude with the following points.

The realization of a low-carbon society will require the interdiffusion of various knowledge 
and technologies through academic and technological integration and collaboration between 
technology fi elds.

Nanotechnology is an overarching academic and technology field that evolves from the 
progress (advancement) of individual technologies to the fusion (integration) of different 
technologies, then to the systems (organization) of integrated technologies in a hierarchical 
and multilayered manner.

A comprehensive insight into various academic and technological fields gives rise to the 
potential of functions design (i.e., the restoration of "engineering"), which realizes and 
utilizes the optimal fusion of knowledge and combination of technologies in achieving desired 
functions. In this context, nanotechnology becomes a key to solving various issues.

In order to balance the promotion of industry with the solution of challenges toward a 
sustainable society, it is important to create new, more evolved industrial technology fi elds 
by promoting the current technology fields, such as electronics, biotechnology, and energy 
and environment technology, and proceed from the progress stage to the fusion stage, then 
to the systems stage, from a common standpoint of  nanotechnology. The resulting fi elds are 
nanoelectronics, nanobiotechnology, and green nanotechnology.

These basic scenarios are illustrated in Figures 1-2 and 1-3 in Chapter 1 and are linked with 
Figures 3-1 and 3-2 in this chapter.



66 Nanotechnology - Grand Design in Japan:  Key Technology for Solving Global Issues

CRDS-FY2010-SP-02 Center for Research and Development Strategy, Japan Science and Technology Agency

Based on the aforementioned basic scenarios, CRDS held a 2-day workshop for 
comprehensive examination of nanotechnology fields in 2009 (August 7-8), where the 
participants intensively discussed how future R&D in nanotechnology and materials 
science should be approached. Approximately 40 domestic and foreign experts summarized 
the overall directions of future R&D, previous research results, and the effects and issues 
of integrating different fields in an overarching and concrete manner. They then selected 
research areas and topics to be focused on in the medium to long run, which would be 
consistent with the future needs of a global society.

According to the basic scenarios, the experts focused on three fi elds—green nanotechnology, 
nanobiotechnology, and nanoelectronics—as major subfields of nanotechnology which will 
be the sources of new industries. They held a separate meeting for each of the three fi elds, 
and, in each meeting, the participants shared their current understanding of the fi eld and 
discussed future directions for R&D and relevant important issues. The content of the 
discussions was again examined in a plenary session.

The experts agreed that the main characteristics and the role of nanotechnology are found 
in its potential to expand academic and technical frontiers by repeatedly integrating with 
other science and technology fi elds and to offer concrete solutions to various social issues. 
They also agreed that it is important for strategies to create a supporting environment 
for  researchers to exercise this potential. This observation is considered to represent the 
common understanding shared by almost all experts who have knowledge and experiences 
from their R&D activities in and around nanotechnology regardless of their stage (i.e., 
basic or applied research or product development). In other words, the essence of the basic 
scenarios is more or less supported as being appropriate (Figure 3-1). Specific discussions 
related to the construction of strategies are as follows.

Let us consider future strategies for R&D from the standpoint of science and technology as a 
tool to solve the global challenges, as demanded by society. The simplest approach would be 
to specify nanotechnologies that are related to each issue and apply them to that particular 
issue separately from other nanotechnologies. However, this method does not work for the 
following reasons.

(1)  Nanotechnology is the field that expands academic and technological frontiers by 
repeatedly integrating with other science and technology fi elds. If its components are used 
separately for different issues, the aforementioned technological evolution to the fusion 
(integration) stage or to the systems (organization) stage will be hindered.
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(2)  Even if nanotechnology contributes to the solution of different issues, such fragmentation 
of the fi eld results in the halt of technological advancement, and it stops functioning as 
a key tool because opportunities to sufficiently improve its performance for the future 
solution of challenges are lost.

In other words, fragmentarily using various technologies that are related to nanotechnology 
would mean the destruction of its fundamental evolution process and the deprivation of its 
useful attributes.

Nanotechnology and materials science have their unique technological domains, but through 
fusion they grow into a richer technology fi eld. Also, at the base of these domains, there are 
other academic fi elds. Nanoscience integrates them and develops unique broad technology for 
nanotechnology and materials science ("Integration of academic fi elds"). Nanotechnology that 
is further evolved is incorporated into existing fi elds (energy and environment, electronics, 
and biotechnology), stimulates the growth of and fusion between these fi elds, and gives rise 
to new technological fi elds (green nanotechnology, nanoelectronics, and nanobiotechnology) 
in the pursuit of new industries that will support a future sustainable society ("Integration 
and evolution of technology fi elds"). The most important key words in nanotechnology are 
"Integration of academic fields" and "Integration and evolution of technology fields", as 
seen Figure 3-1. These two types of Integration (i.e.,fusion) have a mutually dependent 
relationship, and it must be assured that feedback going back and forth between them is not 
interrupted. In such an environment, new technologies emerge without coercion.

Needless to say, ways to solve issues involving energy global warming or global 
environmental challenges cannot be found unless all knowledge and technologies are 
synthesized because of their complexity and enormity. Therefore, a technology advancement 
that contains non-coerced growth processes in nanotechnology is essential and is most 
strong as a weapon to solve various challenges, as seen in Figure 3-1. As discussed in 
Subsection 2.1.3, the fact that most of the topics for basic research at the 46 Energy 
Frontier Research Centers (EFRC) of the US DOE are nanotechnology-related, and that 
collaborative administration, which is requested, is a natural result from the perspective of 
this subsection, suggests the fundamental characterization of nanotechnology in a problem-
solving-oriented society of the future.
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Figure3-1: Role of Nanotechnology for Contributing to Sustainable Eco-friendly society

Such interdisciplinary integration and evolution are made possible by the networks of 
stakeholders including researchers, technical experts, and corporations. Collaboration between 
researchers from different fields and networks linking academia, industry, and government 
are particularly important, and strategic funding systems are needed to support infrastructure 
like common user facilities, which promote and accelerate interdisciplinary integration and 
collaboration, and provide incentives. Therefore, to prevent the field of nanotechnology from 
being fragmented for different individual issues, it is important that tools for each technology 
field are ready and open to promote interdisciplinary integration , and that such tools are 
implemented in a centralized and/or networked manner with consideration given to the 
overall relationship between them and policy issues, as seen in the aforementioned matrix. 
Continually enhancing the administration of Nanonet program, which has started during the 
Second Basic Plan is one of the crucial policies that should be strategically kept in the matrix 
because of its positive effects.

As commented on in Subsection 3.1.3, it is vital to evaluate and analyze from various angles 
and as quantitatively as possible the effect of the concentrated investment in nanotechnology 
and materials science that was made for 10 years under the Second and Third Basic Plans 
for Science and Technology. Based on this evaluation and analysis, we must to (1) determine 
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the results and accumulated assets, (2) summarize what has been learned in terms of policy, 
and (3) preserve these results and assets (including intangible ones) without any omission 
as a legacy when a shift to problem-solving-oriented policy occurs. Otherwise, effect of the 60 
trillion yen investment made for 15 years since the enactment of the Basic Law on Science 
and Technology would be severely questioned.

3.3 Concrete Challenges in Research and Development in Green 
Nanotechnology, Nanobiotechnology, and Nanoelectronics

This section discusses concrete details of challenges in green nanotechnology, 
nanobiotechnology, and nanoelectronics which are the three main fi elds in nanotechnology of 
the future. In addition, proposals are made on necessary measures for project promotion and 
acceleration.

Figure 3-2 shows an overview of nanotechnology and materials science and the main 
challenges faced. These challenges are listed for green nanotechnology, nanobiotechnology, 
and nanoelectronics as well as for "new substances and materials" and "fundamentals in 
nanotechnology, substance/material control technology, nanoscience" which support the three 
main fi elds. CRDS created this diagram based on discussions at the aforementioned CRDS 
workshop and a survey of 40 experts (both domestic and foreign) from industry, academia, 
and government. In addition, the diagram is consistent with an overview of technologies 
in the substances and materials field prepared also by CRDS in 2008 (document number: 
CRDS-FY2008-WR-05, publication date: December 2008; see attached Reference Material D 
for details on  the relationship between nanotechnology and the substances and materials 
fi eld). In Figure 3-2, the upper part contains challenges arising from the people's needs and 
corresponds to green innovation, life-related innovation, and the economy based on science 
and technology (IT-based economy) which are considered in the government's New Strategy 
for Growth (December 30, 2009).
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Figure3-2:  Bird’s Eye View of Nanotechnology and Materials and the main challenges for 
contributing to Sustainable, eco-friendly society 

In particular, there are high hopes for green nanotechnology in regard to the solution 
to global-scale problems, because innovations in the substances and materials field are 
deemed necessary. As discussed in Subsection 2.1.3, the target countries' various energy 
and environmental policies, such as the Green New Deal policy launched by the Obama 
administration in the US, contain many development projects for technologies based on 
nanotechnology. A wide variety of material technologies are included, from solar cells, 
artificial photosynthesis, and biorefineries, to insulation materials, light-weight materials for 
transportation, and membranes for environmental cleanup. Also, nanobiotechnology deals 
with innovative medical technology like materials for regenerative medicine, new materials 
that are applicable to biological systems, and the application of biological systems to eco-
friendly systems, and is expected to contribute to life-related innovations that are linked 
with health issues.

Nanoelectronics is essential in maintaining international competitiveness in the core 
industry of electronics. The field will evolve from the pursuit of limits in miniaturization (the 
progress stage) to the creation of objects with multiple functions through combinations with 
photonics, spin, bio, and MEMS (the fusion stage), then to the systematization into high-
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resolution displays and wearable information PDAs (the systems stage). The competitiveness 
of countries in this field is currently changing, and they are at an important but difficult 
phase in terms of discerning future directions. For instance, with regard to R&D centers 
for nanoelectronics, cutting-edge semiconductor R&D activities began to be concentrated at 
a limited number of research centers such as Albany Nano Tech (ANT) in the US, IMEC in 
Belgium, and MINATEC in France, and in Asia the fi rst phase of the construction plan for 
Fusionopolis in Singapore was completed. At the least, Singapore is rising as a hub in this 
fi eld covering the South and South-East Asian region, and the presence of Japan is relatively 
declining. In terms of technology, post-CMOS or micronization approaches will reach their 
limits in the near future. Japan is in a phase in which serious discussions should be held 
on how future strategies can be constructed. The level of competitiveness that the Tsukuba 
Innovation Arena (TIA), which starts in April 2010, can attain will largely depend on the 
position of nanoelectronics in the Fourth Basic Plan for Science and Technology as well as 
the Arena’s future performance. 

As for future R&D, there will be increased needs for new fi elds resulting from fusion between 
academic fi elds and technology fi elds, which will overcome the existing walls between fi elds. 
The results greatly expected from promoting fusion and collaboration include approaches to 
environmental issues from the standpoint of life sciences, the application of biotechnology 
to electronic devices, information and telecommunication technology that contributes to 
the creation of new types of energy, and the fusion of medical technology and information 
and communication technology. Whether Japan's domestic industry can secure its future 
advantage internationally hinges on how the country can produce a significant number of 
innovative results through interdisciplinary interactions and collaboration.

The most important characteristic of nanotechnology is that it can be a driving force of 
interdisciplinary integration and act as the "glue" that connects frontiers of different 
technology fi elds. In general, there is a wall between researchers and technical specialists 
from different fi elds because the jargon specifi c to each fi eld hinders conversation between 
them. However, as the wide variety of subjects for R&D approaches the nano level, 
communication becomes possible through a field-independent common vocabulary such as 
"atoms", "molecules", "chemical reaction", "biomolecules", "electron transfer", and "quantum 
effect". That is, nanotechnology can contribute to easy knowledge transfer between fields 
because of the elimination of a vertical structure. This is an effect of nanotechnology and 
supports the development of interdisciplinary integration. However, both government 
and academia in Japan have not been active in setting up places for such communication 
compared to the US. The situation is being improved, but the benefi t from nanotechnology 
has not been fully utilized. Measures to respond to this situation are proposed in Subsection 
3.3.3 in relation to funding, research centers and networks, human resources and education, 
international cooperation, standards, and risk management (social receptivity), all of which 
are listed in the fi gure.
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Figure 3-3 shows important challenges in green nanotechnology, nanobiotechnology, and 
nanoelectronics against a time axis that extends 20 years into the future, and indicates the 
approximate time of their realization. This diagram is also prepared by CRDS based on 
the aforementioned survey of experts and workshop discussions. Detailed explanations are 
provided for each fi eld in the next subsection.

Figure3-3:  Major Challenges of Green nanotechnology, Nanobiotechnology, and Figure3-3:  Major Challenges of Green nanotechnology, Nanobiotechnology, and 
Nanoelectronics for the coming 20 years and beyondNanoelectronics for the coming 20 years and beyond

< Concrete Research Challenges in Green Nanotechnology >

Green nanotechnology is nanotechnology that contributes to environmental fields dealing 
with, for example, energy-saving, energy generation, the creation of fuel that substitutes 
for petroleum, environmental cleanup/ protection/ monitoring, and substitution for natural 
resources. The big challenge is lowering costs in the technological development associated 
with the generation and storage of electric energy with thermoelectric transducers, solar 
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cells, fuel cells, and rechargeable batteries. Materials and technologies for efficiency 
improvement are currently being developed. Research is also conducted on ways to realize 
stable supply of electric power with little loss by systematically incorporating electric 
transmission technology utilizing high-temperature superconductors or several types of 
electricity generation systems. The energy-saving challenges actively being pursued include 
the development of superlubricants that can decrease frictional resistance to extreme 
levels, the application of functional molecular materials, and research on light-weight 
insulation materials in which weight is reduced through structural control. There are cost 
problems associated with fuels that substitute for petroleum, but hydrogen production from 
photocatalytic water splitting based on an artificial photosynthetic reaction is attracting 
attention. The following discusses individual challenges.

Figure3-4:  Concrete challenges in the fi eld of Green nanotechnology for the coming 20 years Figure3-4:  Concrete challenges in the fi eld of Green nanotechnology for the coming 20 years 
and beyond.and beyond.

Timeline for green nanotechnology
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High-efficiency thin-film solar cells: These have been studied as a measure to lower the cost of 
crystalline silicon solar cells. Effi ciency of nearly 20 percent was achieved in the laboratory 
setting, which accelerated development for practical use. The big challenges ahead are to 
develop the use of thin-films that take advantage of nanotechnology as well as to further 
increase effi ciency, durability, and productivity.
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Organic thin-film solar cells: These attract attention as low-cost solar cells that can be produced 
through printing technology like roll-to-roll processing. The current conversion effi ciency is 
around 8 percent, and a drastic effi ciency improvement as well as a long liftime is needed for 
practical use. Challenges include the design of new nanomaterials or the optimization of cell 
structures. (Target conversion effi ciency, 20 percent)

Low-cost, high-efficiency solar cells: Efforts are being ramped up to commercialize polycrystalline 
solar cells as low-cost crystalline silicon solar cells. The challenges are how the amount 
of silicon used can be reduced using nanotechnology and how conversion efficiency can be 
improved. The goal is to achieve by 2030 a cost level of 7 yen/kwh, a level comparable to that 
of nuclear power generation (with a conversion effi ciency target of 30 percent or greater).

Ultra-high-efficiency solar cells: Research on solar cells with quantum dots (nanoparticles) 
as ultra-high-efficiency solar cells that could attain conversion efficiency of 60 percent or 
more is being conducted at research centers such as the National Institute of Advanced 
Industrial Science and Technology (AIST), University of Tokyo, and Tokyo Institute of 
Technology. Conversion effi ciency of 40 percent or more has been achieved with a multiple-
junction approach. With the use of quantum dots, the use of the whole spectrum of sunlight 
is possible, and it is said that ultra-high efficiency of 40 percent or more is attainable. At 
this time, the confi rmation of the principles has just been completed. As a matter of urgency, 
manufacturing techniques aiming at commercialization as well as continuing basic research 
should be established.

Fuel cells: The challenge is to lower costs with the target, for the moment, of less than 1 
million yen per unit. This requires the development of a nanomaterial that would substitute 
for expensive platinum catalysts. Therefore, this is also considered an important part of the 
"Elements" Strategy. The development of infrastructure for fuels, such as hydrogen, is also a 
signifi cant challenge toward practical use.

High-efficiency thermoelectric devices: The development of highly effi cient thermoelectric devices 
is important to use exhaust heat effectively. The multiplication of the figure of merit 
(Z) and operating temperature (T) must be at least 2 for practical use. It should be 3 or 
higher at room temperature to secure a cost advantage, and the development of a new 
nanothermoelectric material for this is a signifi cant challenge.

Search and design for new materials for secondary cells: The immediate concern is the prevalence 
of lithium-ion cells. For further performance improvement, the challenge is to seek new 
materials such as positive/negative electrodes and electrolytic solutions. Atypical new 
materials like silicone-based negative electrodes have been developed. In situ property 
analysis using nanotechnology plays an important role in the exploration for materials.
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Search for new superconducting materials: In response to the discovery of a new metallic 
superconducting material, the search for new superconducting materials has been rekindled. 
The search for new materials is desirably based on nanostructural analysis and theoretical 
analysis. At the same time, the development of devices taking advantage of the properties of 
such materials is important.

Superconducting power transmission: It is expected that the adoption of electricity generation 
systems based on renewable energies such as solar cells will result in ever increasing 
distance between the site of generation and the place of use and hence a greater 
transmission loss. As a measure to solve the problem, the construction of a transmission 
system using superconductive wire is attracting attention. It is necessary to pursue not only 
the development of materials to which nanotechnology is applied, but also the optimization 
of transmission systems.

Hybrid smart energy system: Electricity generation based on renewable energy is subject to 
fl uctuations in the electricity generated. Therefore, it is necessary to use a battery system 
to realize a stable supply. The challenge is to develop software for controlling individual 
generator systems and use an appropriate battery system according to the scale of 
generation.

Design of functional molecular materials: Molecular technology, in which optimal molecular 
materials are designed in response to desired molecular functions, will emerge in the near 
future. A significant challenge at present is the construction of a database of functions 
and molecules and the development of software that assists design processes. Molecular 
Technology is considered to be one of the fundamental technologies in nanotechnology.

New thermal insulating structural materials: The adoption of buildings with advanced thermal 
insulating systems is a key aspect in energy conservation in a low-carbon society. Therefore, 
the development of new thermal insulating structural materials is strongly sought. 
Polyester-based thermal insulators taking advantage of nanostructures have been attracting 
attention in recent years as structural materials with low environmental load.

Light-weight materials for transportation: A reduction in the weight of cars has been examined to 
increase their fuel effi ciency. Not only the use of magnesium (a light-weight element), but 
also weight reductions by controlling the nanospace/nanoaperture structure of materials or 
by creating a hybrid structure are being examined.

Ultra-low-friction materials: Materials with little friction are demanded to reduce the loss 
caused by frictional energy. The development is based on nanotribology.

Biorefineries: The creation of biomass fuel and raw materials for chemical products based 
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on cellulose is under investigation. A significant challenge is the development of a new 
nanocatalyst that can decompose the cellulose down to glucose under mild conditions.

Artificial photosynthesis: The goal is to achieve highly effi cient hydrogen production from water 
with a photocatalyst, and the challenge is to develop the nanocatalyst. Methods to separate 
oxygen that is simultaneously generated must also be examined.

Low-pressure, high-strength membrane separation for environmental cleanup: In the development of 
membrane separation for cleaning air or wastewater, not only separation at low pressure 
levels, but also an increase in the strength of membranes is being pursued through 
innovative design based on nanotechnology for materials and pore structures for membranes. 
The mimicking functions of biological membranes are also being considered.

High-sensitivity, high-selectivity environmental monitoring: The goal is to realize a safer and securer 
life by monitoring various substances in the environment. For this goal, it is necessary to 
develop sensors for the environment that utilize nanotechnology and have a high sensitivity/
selectivity performance. Also, it is desirable to develop sensors capable of assessing toxicity. 
In the future, the number of high-performance sensors will dramatically increase due to their 
reduced size and cost, leading to the development of environmental management systems 
that can track more detailed conditions.

Green processes: The goal is to realize energy-saving manufacturing processes with low 
environmental load. The development of processes that take into account low-temperature 
reactions, reductions in waste materials, and the abandonment of harmful substances. 
Nanotechnology plays an important role in, for example, the development of catalysts.

Substitution for rare natural resources: The goal is to realize various catalytic functions without 
the use of rare resources such as platinum and palladium, which is part of the "Elements" 
Strategy. Both the development of nanocatalysts based on organic materials and methods 
that use relatively abundant resources such as iron and copper can be considered.

< Concrete Research Challenges in Nanobiotechnology >

The new field of nanobiotechnology emerged from the fusion of nanotechnology and 
substances/materials science into traditional life sciences and biotechnology. This is a 
typical example of interdisciplinary integration, which is the most signifi cant characteristic 
of nanotechnology. The fusion of an artificial object into a biological system is necessary 
in regenerative medicine, which is highly anticipated by society. This is possible only at 
nanoscale levels where atoms and molecules of both an artificial object and a biological 
system can be directly observed and controlled. DNA, which is the basis of the central 
dogma in biology, belongs to the nanoscale domain in terms of its size and is a key player 
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in nanobiotechnology. Nanobiotechnology contributes to the solution of various challenges 
in the medical, health care and environmental fields (which form the basis of a safe 
and secure society) through regenerative medicine, drug delivery systems, intracellular 
treatment, environmental monitoring by biomaterials, environmental cleanup by mimicking 
photosynthesis, and technological application to the areas of agriculture and food, and 
water and oceanological technology. Moreover, along with green nanotechnology and 
nanoelectronics, nanobiotechnology can be a source of new industries, creating new types 
of energy, contributing to energy conservation, and integrating biological functions and 
information and communication technology. Individual challenges are briefly explained in 
the following.

Figure3-5:  Concrete challenges in the fi eld of Nanobiotechnology for the coming 20 years and Figure3-5:  Concrete challenges in the fi eld of Nanobiotechnology for the coming 20 years and 
beyondbeyond

Advanced drug delivery: This refers to the development of advanced drug delivery systems 
(DDS) which selectively recognize the target to be treated and release medication only 
at and around the target. This requires the design and creation of molecular assemblies 
equipped with a sensor function and a function for sustained substance release. A decline in 
the number of cases of side effects is expected. This technology would also lead to reduced 
medication costs.
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Intracellular treatment: Considered as an extension of the aforementioned advanced DDS, it 
attempts to inject medication into certain cells and specifically treat them. This requires 
assistance from micro-imaging.

Materials for regenerative medicine: This refers to the development of medical materials necessary 
for the regeneration of tissues and internal organs. These are a type of biocompatible 
material. The goal is to reduce, as much as possible, rejection by the body’s immune system. 
It is desirable that such materials are biodegradable once tissues have regenerated.

Implanted diagnostic/treatment devices: This refers to the construction of micro devices equipped 
with DDS functions or measurement functions. For example, the goal could be to create 
a device inserted near the pancreas through which the necessary amount of insulin can 
be injected into the bloodstream while the blood insulin level is constantly monitored. 
In addition to the development of individual devices, the development of biocompatible 
materials and technologies for systematization are needed.

Environmental monitoring with biomaterials: This refers to the development of high-sensitivity, 
high-selectivity sensors using biomaterials such as enzymes, lipids, and glycoproteins to 
selectively take measurements of pollutants and toxic substances in the environment. The 
simultaneous development of systematization technologies is also needed.

Environmental cleanup mimicking photosynthesis: Certain heterotrophic photosynthetic bacteria 
can produce hydrogen by taking in organic substances in the environment and photolyzing 
water. The goal is to develop a new method for environmental cleanup that mimics such a 
mechanism. It centers on the development of innovative biomimetic catalysts.

Information devices utilizing self-organization mechanisms: Some biomolecules are arranged in a 
self-organizing manner through interactions. Utilizing such a molecular phenomenon, the 
research attempts to arrange functional molecules on electronic devices. It is considered as 
one of the methods to create "Beyond CMOS" devices. It is expected to realize new functions 
that conventional semiconductor manufacturing technology can not achieve.

Biomimetic ultra-low-voltage IT: It is said that the energy required for information processing in 
the human brain is very small. The goal is to realize the development of IT devices capable 
of advanced information processing with equally low energy consumption by mimicking 
reactions observed in biological organs such as the brain. Such devices are regarded as a type 
of brain-like computer.

< Concrete Research Challenges in Nanoelectronics >
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Nanoelectronics devices that form the foundation of an information and communications-
based society now have better capabilities and can perform more functions. This trend 
will surely continue in the future, but the current CMOS devices are facing physical 
limitations in microfabrication and problems such as increased characteristics variability 
and increased energy consumption of the transistors. There are two directions in overcoming 
such limitations. One is to develop materials and devices with new functions that cannot be 
achieved solely using conventional CMOS devices, that is, by utilizing nanotechnologies that 
are rapidly evolving. The other is to create devices that exceed the capability of the current 
CMOS devices based on new operational principles. The former is called "More than Moore", 
and active R&D activities are mainly seen in the EU. The latter is called "Beyond CMOS", 
and universities in the US are leading the research. Nanoelectronics is a fi eld that involves 
technologies from both of directions. Japan needs to accelerate its R&D efforts in this fi eld. A 
brief explanation of each challenge follows.

Figure3-6:  Concrete challenges in the fi eld of Nanoelectronics for the coming 20 years and Figure3-6:  Concrete challenges in the fi eld of Nanoelectronics for the coming 20 years and 
beyond.beyond.

Flexible electronics: Flexible electronics technology uses, for example, polyimide for a substrate 
instead of conventional hard materials and makes it fl exible. By being able to make devices 
flexible (e.g., FPD, next-generation lighting devices, two-dimensional sensors, solar cells, 
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and rechageable batteries), the technology potentially allows for applications that could not 
previously be imagined.

Carbon-based nanoelectronics: Nanocarbon materials, such as CNT and graphene, are greatly 
anticipated as a breakthrough technology because of their unique physical advantage (e.g., 
high mobility, high current density, high thermal conductivity, and low spin relaxation) 
that is not present in silicon. Examples of practical applications include ultimate channel 
materials that are superior to silicon, interconnect materials superior to Cu, materials for 
heat dissipation, innovative spin-electronic devices, and fl exible devices.

Novel nonvolatile memory: The current fl ash memories used in various products are approaching 
their limits in terms of materials, structure, performance, and microfabrication. Nonvolatile 
memories with variable resistance are regarded as a breakthrough technology, and R&D of a 
variety of such materials is actively being conducted. The desirable new nonvolatile memory 
has not been identified. It is expected that future R&D will become increasingly active, 
involving new materials and structures.

Fusion of nano-CMOS and MEMS: The fusion of nano-CMOS and MEMS/NEMS is necessary 
for raising the added value of the nano-CMOS technology or achieving diversity which 
the "More than Moore" technology pursues. Applications that are expected to create a 
large market in the future include a filter for a wireless circuits, clocks, inertial sensors, 
microphones, and integrated wireless chips for cognitive radios which will be placed in 
portable wireless information and communication devices like cellular phones.

Fusion of nano-CMOS and photonics: In LSI that is most advanced, interconnect has become 
more complex and more layered, and so its cost has increased to more than half of the chip’s 
total cost and its power consumption has also increased. In response to this, nano-CMOS 
and optical interconnect can be integrated to reduce interconnect layers by wavelength 
multiplexing, decrease the effect of cross talk, and increase speed by controlling the length 
of interconnects. However, a photonic device is larger than the electronic device. The key to 
the microfabrication of the former is silicon nanophotonics. For example, taking advantage of 
silicon becoming a highly refractive optical waveguide material, it is possible to contain light 
within a microscopic domain with certainty.

Smart sensors: The goal is to develop advanced sensing technology by combining Japan’s 
advanced nanotechnology and electronics technology. Examples include high-precision 
remote sensing technology capturing environmental variations, long-life implanted sensing 
technology that is useful for an aging society, and a highly sensitive medical sensor.

Fusion of nano-CMOS and spin: Spin has a nonvolatile memory function. That is, no data is lost 
when the power is off. This makes it possible to reduce power consumption signifi cantly. Also, 
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spin devices can be stacked three-dimensionally on a CMOS and therefore can effectively 
reduce the chip size. It is expected that a nonvolatile logic integrated circuit utilizing spin 
will be realized in the future.

Fusion of nano-CMOS and bio: The fusion of nanoelectronics and bio can be divided into three 
phases: (1) biomaterials are used in the manufacturing process of semiconductor devices; (2) 
biodevices are developed with the use of "super" functions of biomaterials; and (3) systems 
are developed for effective bio and medical fi elds. This could lead to the realization of, for 
example, CMOS image sensors, neural electrodes, brain probes, implant devices, wearable 
biosensors, and drug delivery systems.

Quantum computers: Quantum information processing is capable of solving problems that take 
too much time and are virtually incalculable for current computers. It realizes quantum 
simulations and ultra-high-speed prime factorization. The use of silicon quantum dots, 
superconductors, and ion trapping is considered for a quantum computer system. The 
challenge in realizing a quantum computer is to overcome the vulnerability of quantum 
information to noise.

< Concrete Research Challenges in Fundamental Academic Fields (Base Nanotechnology, 
Materials Control Technology, and Nanoscience) >

As Figure 3-2 shows, Base nanotechnology, Control technology of materials, and 
nanoscience are a fundamental reservoir of knowledge that supports green nanotechnology, 
nanobiotechnology and nanoelectronics, and drives cutting-edge research in each fi eld.These 
three fundamental areas in the reservoir should be brushed up without cessation although 
the Fourth Basic Plan is now discussed with an emphasis on problem-solving approach.

Base nanotechnology includes ultimate measurement and characterization as well as 
nanofabrication processes. Let us fi rst focus on nanoscale measurement/characterization and 
relevant challenges. As for nanoscale measurement/characterization/analysis technology, 
three-dimensional and dynamic/real-time measurements as well as interfacial and intra-
cellular measurements are needed for the future progress of science in the length of n-m 
scale (i.e., nanoscience). Also, microscopic understanding of processes requires technology for 
in-situ measurements under their operational environment. In fact, there is high and urgent 
demand for technology that allows for in-situ measurements in a complex environment or for 
in-vivo biological systems. Examples include a technology to conduct in-situ 3D observation 
of the surface of biological cells or, ultimately, intra-cellular observation. Such an observation 
technology is also needed to understand the internal reactions of catalysts and fuel cells. 
There are problems associated with environmental conditions such as high temperature, 
gas exposure, electric, magnetic, and stress fields. Almost nothing about research on the 
nano-measurement of stress and mechanical properties. For in-situ measurements under 
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such severe real environments like factories, it is necessary to improve image resolution up 
to maximum levels and to develop a nano-measurement technology capable of completing 
ultra-short-time measurements. The X-ray free electron laser (XFEL) is an example of such 
extreme technologies. Regarded as a national core technology, Japan continues to invest in a 
facility for XFEL which is planned to be completed within the next few years.

As for nanofabrication processes, top-down processes and bottom-up processes can be 
represented by the microfabrication technology for very-large-scale integration (VLSI) and 
self-organization, respectively. Given that materials or devices are built step by step starting 
from atoms and molecules, self-organization is an indispensable concept from the standpoint 
of throughput (or entire processing time). A biological system achieves hierarchical self-
organization: its structural formation progresses autonomously and hierarchically from DNA 
(molecules) to protein to cell to tissue to organ. Understanding and applying this process 
is the ultimate objective of the bottom-up approach in nanotechnology. Not only academic 
understanding of hierarchical self-organization in biological systems, but also new materials 
have been presented by JST-CREST and others. These include dendrimers, supramolecular 
materials used for new nanoscopic/macroscopic spatial design such as organic nanotubes, 
carbon nanotubes, functional gels such as slide-ring gels and photonic gels, and (as fusion of 
biotechnology and nanotechnology) the application of self-organization to a semiconductor 
microfabrication process using ferritin (protein). Outside Japan, folding DNA as well as 
the aforementioned low-k materials for a next-generation semiconductor integrated circuit 
using block copolymers have attracted attention.4 However, when reviewing these results 
broadly as a part of nanotechnology, we find that their applications are not mature. Also, 
basic scientific issues such as the theory of hierarchical development of self-assembly, 
understanding a spatiotemporal, dissipative structure in a nonequilibrium open system, 
balancing between equilibrium and kinetics, and effects of fl uctuations should be considered 
from the perspective of applied use.

With regard to base nanotechnology including nanoscale measurements and nanofabrication 
processes, it is critical for efficient R&D in nanotechnology and for any science and 
technology strategy to promote collaboration and interdisciplinary integration in order to 
construct nationwide networks by gathering relevant equipments at common user facilities. 
Interdisciplinary integration is definitely promoted through shared use of cutting-edge 
equipments under MEXT’s Comprehensive Support Project for Nanotechnology (2002-2006) 
and shared use of advanced research facilities and equipments at the 13 centers including 
universities and Independent Administrative Institutions nationwide (26 organizations) 
under its successor project (in operation) called the Project for Innovation through Shared 
Use of Advanced Research Facilities (Nanotechnology Network, 2007-2011). Such projects 
are expanding the base of fundamental academic fields. At the same time, however, the 
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proportion to total investment in nanotechnology of national investment in such networks 
of research centers offering shared use of advanced equipment is low in Japan compared 
to the US, Korea, and Taiwan, as pointed out in Subsection 2.3.2. Japan also suffers the 
problem that the fee systems and international operations at such common user facilities are 
immature. Therefore, it is necessary for Japan not only strategically to expand and update 
its advanced facilities and equipments, but also to maintain and administer new networks 
with strengthened functions, such as human resource training, in the Fourth Basic Plan 
and beyond. In this sense, the network of research centers, which started in 2008, under 
the project "Development of Base Technology toward the Formation of Research Centers for 
Optical and Quantum Science" should not be operated independently, but should collaborate 
with the Nanotechnology Network. A similar consideration should be given to XFEL.

Control technology of materials is an ultimate technology from the standpoint of engineering. 
In the control technology of materials, material functions that can tackle global challenges 
are explored and designed using comprehensively explicit knowledge, which is structured 
based on various academic fields (e.g., quantum mechanics, solid state physics, and 
quantum chemistry), implicit knowledge (which is idiosyncratically based on accumulated 
experiences and a keen view on substances), and cutting-edge simulation technology based 
on databases, theoretical modeling, and computers. Japan's advantage in the international 
community is greatest in this academic and technological field. In response, JST-CRDS 
set up an independent program component area (cf. 3.1.2), "Design and Exploration for 
New Materials" (see attached Reference Material E). Based on this project, the Elements 
Strategy is implemented as a MEXT project. In this technology fi eld, materials are designed 
or explored to meet specific functions demanded by society, which is different from a 
straightforward approach where properties of substances are calculated based on a given 
elemental composition or structure. This is a challenge to the so-called "inverse problems", 
for which such a comprehensive approach is essential. The targets of control and design 
range widely: the control of the orientation of crystalline lattices or molecules (design or 
solid solution for lattices, localization with the introduction of defects, the realization of 
periodicity, defect control for piezoelectric devices, entropic control for supramolecular charge 
transporting substances, control of amorphous structure of magnetic materials), the control 
of surface structures (surface fabrication, ion beam irradiation, the realization of a functional 
surface through surface alchemy), and the control of space/gap structure (the realization of 
high-specific strength, high toughness, permselectivity, and reactivity with multiple-scale 
(nano, micro, milli) porous structures). Moreover, these morphological and structural control 
technologies are combined with advanced measurement technology, theoretical modeling of 
physical properties, and computational simulation to realize new functions or innovative 
materials with substitutive functions for rare elements (cf. the Elements Strategy). This is 
the ultimate engineering called "functions design" discussed in detail in Subsections 1.3.1 
and 1.3.2. As supportive a tool, it is important to construct and maintain databases on 
substances and materials with wide coverage and operability.
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Computational science will play a fundamental, important role in the future as base 
nanotechnology, along with nanoscience which integrates various academic fields dealing 
with nanoscale phenomena. Especially, dynamic-process simulation technology, which is 
needed in creating new materials with desired functions, is an essential weapon, as touched 
on in the above discussion on the search and design for new materials. One of the important 
calculation methods is the first-principle calculation, which takes into account quantum 
physics. It can currently deal with systems composed of several hundred to around 1000 
atoms, and its presence is rapidly increasing due to the performance of computers which 
keep improving along with advancements in VLSI technology. With the ongoing plans for 
peta-flops computers, very large calculations are becoming possible. Important challenges 
for the future include tackling real-world complex systems with a hybrid approach 
combining theoretical models and calculation and, particularly, solving the question of how 
phenomena surrounding nonequilibrium open systems can be expressed. This corresponds 
to the systems (organization) stage in the evolution of nanotechnology, and an example of 
ultimate nanosystems is the system of cells in living organisms. Although it will take a long 
time to reach this stage, the essence of computational science is its potential to expand its 
capability toward more complex systems. Cells are nanoscale complex systems, but complex 
systems also include phenomena in human society as well as global phenomena—large-scale 
phenomena with increased complexity. There are increasingly high hopes for computational 
science due to its contributions to simulation. Given that the framework of science and 
technology that responds to global challenges is structured based on collaboration between 
nanoscience/nanotechnology and systems science, as shown in Figure 1-3 in Subsection 1.3.1, 
computational science can be regarded as an extremely important tool for both of them.

As discussed thus far, nanotechnology and materials science in Japan continue to rank at 
the highest levels internationally in terms of both academic achievement and industrial 
technology, and contribute to almost all industries. For the future especially, the main 
expectations for nanotechnology and materials science are that they play significant roles 
in the energy and environmental fi elds which are closely associated with the challenges of 
the 21st century. In this context, it is fundamentally important to develop comprehensive 
measures for supporting rational development in the fi eld of nanotechnology in the medium 
to long term. Therefore, conducting strategic investment, optimizing funding methods, and 
constructing research systems are matters requiring urgent attention.

The following are proposals for measures to solve the challenges facing Japan which were 
discussed in Subsection 2.3.2 ("The Construction of Relevant Facilities and Infrastructure").

Formation of R&D Centers
(1)  The budget for constructing networks of research centers or core centers should be 
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strategically secured (with an explicit statement in the Basic Plan).
(2)  A fee system or corporate matching funds should be implemented for continued, 

independent operation of research centers. Regular positions with established career 
paths should be created. Other institutional obstacles should be eliminated to promote 
fl exibility in budgeting and personnel management.

(3)  In addition to Nanonet, the Research Centers for Optical and Quantum Science and the 
X-ray free electron laser (XFEL) should be linked to networks. Research centers should 
be internationally open organizations, should be linked with networks of other countries, 
and should attract researchers from Asian countries as well as the rest of the world.

Education and Human Resource Training
(1)  The strategy should focus on learning from and integrating different fi elds, understanding 

social needs from a global perspective, and reforming higher education fundamentally to 
promote, for example, the training of skills in judging situations which would be useful 
in properly responding to a rapidly changing environment. There should be continuing 
measures that provide incentives to national university corporations to pursue these. 
One-time measures that would decrease motivation in the workplace should be abolished 
in principle. Consistency between desired human resources and performance evaluation 
standards should be improved.

(2)  A system should be constructed that will dramatically increase opportunities to interact 
with foreign researchers.

(3)  To accomplish these, a permanent team should be created which will prepare medium- 
to long-term (20 to 30 years) strategic scenarios (five-year appointment period for the 
leader).

Cooperation between Industry, Academia, and Government
(1)  The current system that promotes cooperation among industry, academia, and the 

government (e.g., METI’s Stage-Gate Program for Research and Development in 
Nanotechnology and MEXT’s Research Centers for Creating Advanced Integrated 
Innovations) should be assessed by experts and further developed.

(2)  A new international system for cooperation between industry, academia, and government 
that is connected with the formation of research centers and the training of human 
resources should be constructed based on inter-government-agency collaboration.

(3)  A system should be constructed which supports venture capital firms, venture capital 
firms for which the government provides incentives, universities, and Independent 
Administrative Institutions.

(4)  The role of the National Institute of Advanced Industrial Science and Technology 
should be further shifted to supporting industries and should be separated from the role 
universities.

Inter-Government-Agency Cooperation
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(1)  A permanent coordination office, which would govern the entire cooperative measures, 
should be created within the Council for Science and Technology Policy. A general 
coordinator should be appointed.

(2)  Stronger authority of the coordinator overarching various government agencies and 
a function of continued coordination for each field as a whole, which is not affected by 
individual projects' implementation period, should be guaranteed.

Funding Systems
(1)  Scenarios for multi-angle investment strategies, such as long-term, continued investment 

in basic research, which guarantees a wide scope of research, and accelerated, intensive 
investment in focused research areas should be prepared.

(2)  A funding system should be created which would provide host research institutes 
(universities and Independent Administrative Institutions) with an incentive for joint 
investment.

Promotion of Responsible R&D (Social Receptivity to Technology)
(1)  A funding mechanism, with which continuous research focusing on risk evaluation (instead 

of sporadic, hazard assessment research) is possible, and a system that enables inter-
agency joint research under policy promotion should be constructed.

(2)  A permanent organization, which performs the function of a "window" for international 
cooperation as well as international competition, should be set up, and the necessary 
human resources secured.

International Coordination, Standardization, and Strategy for Intellectual Properties
(1)  Shared research facilities for nanotechnology and core research centers should be open 

internationally. At these places English should be used (especially in administrative 
offices) as the international common language. International schools should be 
established.

(2)  University instructors (including professors) should take a sabbatical leave at least once 
every 10 years (to gain a broad international view) with encouragement from university 
top management.



87Nanotechnology - Grand Design in Japan:  Key Technology for Solving Global Issues

CRDS-FY2010-SP-02 Center for Research and Development Strategy, Japan Science and Technology Agency

87

R
eference M

aterials
3. N
anotechnology G

rand 
C
hallenge

2. International Trends and 
C
hallenges for Japan

1. N
anotechnology in Society: 
Basic C

oncepts

Reference Materials

(Main text p.18, Figure 1-3)
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B. Bird’s Eye View of Nanotechnology and Materials and the main challenges 

for contributing to Sustainable, eco-friendly society (Main text p.70, Figure 3-2)
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(Main text p.72, Figure 3-3)
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D. Overview of Matters and Materials: Relationship with Nanotechnology (2008)
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R&D Areas in Nanotechnology and Materials Science: A Chart for Analyzing Strategies (2007) 
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Type, Year Title
CRDS-FY2006-SP-04 Strategic program, Nanosynthesis: Creative Manufacturing

CRDS-FY2006-SP-09 Strategic program, Research and Development for Control of 
Nanostructured Materials to Promote Energy Security

CRDS-FY2006-SP-10 Strategic project, Foundation of Common-Use Nano-Tech 
Integration Center Directing to Financial Independence

CRDS-FY2007-SP-04 Strategic initiative, The Elements Strategy

CRDS-FY2008-SP-03 Strategic program, Fundamental Technologies for Extended Solar 
Energy Utilization – Solar cells and Solar Hydrogen Production –

CRDS-FY2008-SP-04

Strategic program, Quantitative Analysis Research for Multiple 
Food Functions - Advanced Food Science toward Health and 
Safety through the Fusion of Agriculture, Engineering and 
Medicine –

CRDS-FY2009-SP-01

Strategic program, Construction of Fundamental Technologies 
for Nanoelectronics – Towards a Technological Breakthrough 
Overcoming Limitations in Scaling, Integration and Power 
Consumption Reduction –

CRDS-FY2009-SP-02 Strategic program, Research and Development for Materials: a 
Strategy for Strengthening Industrial Competitiveness 

CRDS-FY2009-SP-05
Strategic program, Design and Utilization Technology for 
Controlling Space and Gaps in Advanced Materials – To Assure a 
Sustainable Society by Fusing Multi-disciplinary Fields –

CRDS-FY2009-SP-06
Strategic initiative, Molecular Technology “The Creation of Novel 
Functions from Molecular Levels” – To Assure a Sustainable 
Society by Fusing Multi-disciplinary Fields –

CRDS-FY2006-GR-06
Investigation on Major Countries’ Strategies for Investing 
in Nanotechnology Infrastructure that Contribute to the 
Construction of Japan’s Research and Development Centers

CRDS-FY2007-IC-03
Nanotechnology and Materials  Science:  International 
Comparisons of Science and Technology and Research and 
Development 2008

CRDS-FY2009-IC-03
Nanotechnology and Materials  Science:  International 
Comparisons of Science and Technology and Research and 
Development 2009

CRDS-FY2005-WR-09 “Bird’s-eye view workshop” (Nanotechnology and materials 
science), Report on Top Experts Meetings

CRDS-FY2007-WR-07 Nanotechnology and Materials Science, “Bird’s-eye view 
workshop” report
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CRDS-FY2008-WR-05
“Bird’s-eye view workshop”, Substances/materials science, 
Positive Results from Nanotechnology, Effects of Interdisciplinary 
Integration, and Future Challenges

CRDS-FY2009-WR-06 Nanotechnology, “Bird’s-eye view workshop” report
CRDS-FY2005-WR-03 Materials Science: Toward the Realization of Dream Materials

CRDS-FY2005-WR-13 JOINT JST-NST WORKSHOP ON SUSTAINABILITY FOR 
SYNTHESIS

Symposium report 2006 Society in 2030 and Materials Science
CRDS-FY2005-WR-14 Nanomanufacturing, Nanodevices, Nanosystems
CRDS-FY2005-WR-15 Bottom-Up-Type Technology: a Report
CRDS-FY2006-WR-01 Design and Exploration for New Materials: a Report
CRDS-FY2006-WR-05 Investigative Committee on the Elements Strategy: a Report

CRDS-FY2006-WR-06 Investigative Committee on the Strategy for Material Science for 
Energy and the Environment: a Report

CRDS-FY2006-WR-13 Investigative Committee on Nanoscale Measurement: a Report

CRDS-FY2006-WR-14 Investigative Committee on the Strategy for Nanomaterials for 
Electronic Information: a Report

CRDS-FY2007-WR-06 Investigative Committee on the Integration of Nanotechnology (N), 
Biotechnology (B), and IT (I): a Report

CRDS-FY2007-WR-08 Hierarchical Self-Organization in Nanotechnology

CRDS-FY2007-WR-16 Generation of Solar-Based Clean Energy: Exceeding Technological 
Limits with Nanotechnology

CRDS-FY2007-WR-17 Investigative Committee on Nanotechnology for Food, Application 
of Nanotechnology and Materials Technology in the Food Industry

CRDS-FY2008-WR-03
Effective Use of Renewable Energy from the Standpoint of 
Materials: Base Technologies for the Production of Biofuel with 
Microorganism

CRDS-FY2008-WR-06
Quantifi cation of Information on Food Ingredients and Functions 
to Secure Safety and Quality: Toward the Consumer Economy 10 
Years from Now

CRDS-FY2009-WR-02 Next-Generation Nanoelectronics: Beyond 2030
CRDS-FY2009-WR-05 Technology for Space/Aperture Control and Use
CRDS-FY2009-WR-07 Molecular Technology
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Countries’ Government Investment in Research and Development in Focus Areas (by area, 
purchasing power parity)

Countries’ Government Investment in Research and Development in Focus Areas (by area, 
purchasing power parity)

Emphasis is placed on Life Sciences in the US, Information & telecommunications in China, and the Environment in the EU
Data are converted to purchasing power parity

Prepared by JST-CRDS

Data sources:
Japan: Published documents from 
the Cabinet Office

US: Published documents from 
OSTP (2002-2008)

EU: Estimated using Eurostat data 
and FP6 data

China Investigation on the 
Current State and Trends in 
Science and Technology in China: 
Activities in Each Area (JST, 
2009)

Korea: Estimated using OECD 
data on government investment in 
research and development 
(downloaded in August 2009) and 
Newest Trends in Science and 
Technology and Innovation in 
South Korea (JST, 2008)

Comparison of 
countries

Time series 
data

Center for Research and Development StrategyCenter for Research and Development Strategy
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I. Countries’ Government Investment in Research and Development in Four Areas for Focused Promotion
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Large investment is made in Life sciences in Japan, the US, and EU and in Information & telecommunications in China and Korea
Data are converted to purchasing power parity

Prepared by JST-CRDS

Data sources:

Japan: Published documents from the Cabinet 
Office

US: Published documents from OSTP (2002-
2008)

EU: Estimated using Eurostat data and FP6 
data

China Investigation on the Current State and 
Trends in Science and Technology in China: 
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Korea: Estimated using OECD data on 
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development (downloaded in August 2009) 
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and Innovation in South Korea (JST, 2008)

Comparison of 
countries

Time series 
data

Copyright(C)2009 Center for Research and Development Strategy, All Rights Reserved 

Center for Research and Development StrategyCenter for Research and Development Strategy

0

1,000

2,000

3,000

4,000

2001 2002 2003 2004 2005 2006 2007
Year

M
il$

(P
PP

)

Life sciences Information & telecommunications Environment Nanotechnology & materials science

Japan

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

2001 2002 2003 2004 2005 2006 2007
Year

M
il$

(P
PP

)

Life sciences Information & telecommunications Environment Nanotechnology & materials science

EU

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

2001 2002 2003 2004 2005 2006 2007
Year

M
il$

(P
PP

)

Life sciences Information & telecommunications Environment Nanotechnology & materials science

US

0

1,000

2,000

3,000

4,000

5,000

2001 2002 2003 2004 2005 2006 2007
Year

M
il$

(P
PP

)

Life sciences Information & telecommunications Environment Nanotechnology & materials science

China

0

500

1,000

1,500

2,000

2,500

2001 2002 2003 2004 2005 2006 2007
Year

M
il

(P
PP

)

Life sciences Information & telecommunications Environment Nanotechnology & materials science

Korea



97Nanotechnology - Grand Design in Japan:  Key Technology for Solving Global Issues

CRDS-FY2010-SP-02 Center for Research and Development Strategy, Japan Science and Technology Agency

97

R
eference M

aterials
3. N
anotechnology G

rand 
C
hallenge

2. International Trends and 
C
hallenges for Japan

1. N
anotechnology in Society: 
Basic C

oncepts

Nanotechnology and materials science

Share of Japan, the US, EU, China, and Korea in Patent Applications for Focus AreasShare of Japan, the US, EU, China, and Korea in Patent Applications for Focus Areas

Share of Japan, the US, EU, China, and Korea in patent applications during the 1995-2007 period

China’s share expanded in each area, pushing down the share of Japan and the EU.
Among the four focus areas, Japan has the largest share in Nanotechnology & materials science 
and the smallest share in Life sciences.

Life sciences

Copyright(C)2009 Center for Research and Development Strategy, All Rights Reserved 
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Source: World Patent Report 2008 (WIPO) and PATSTAT April 2009 (EPO)

J. Share of Japan, the US, EU, China, and Korea in Patent Applications for Four Focus Areas
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China’s share expanded in each area, pushing down the share of the other countries combined. 
In Information & telecommunications, increases in the US’ share and decreases in Japan’s share are notable.

Source: World Patent Report 2008 (WIPO) and PATSTAT April 2009 (EPO)
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Categorization based on the Patent Office’s search algorithm

0

2

4

6

8

10

12

14

16

Life
 sc

ien
ces

Inf
orm

ati
on

 

& te
lec

om
mun

ica
tio

ns

Env
iro

nm
en

t

Nan
ote

ch
no

log
y 

& m
ate

ria
ls s

cie
nc

e

Ene
rgy

Man
ufa

ctu
rin

g 

Soc
ial

 in
fra

str
uc

tur
e 

Fron
tie

r 

N
um

be
r

The top 100 inventions and top 100 inventors in Japan were obtained based on the YK value 
(patent value) developed by Kudo and Associates, which is one of international patent offi ces 
in Japan, headed by Ichiro Kudo. Among them, those in the areas for focused promotion were 
selected. To eliminate any arbitrariness the categories adopted by the Japan Patent Offi ce 
are used.
Source: Investigation on the position of nanotechnology in Society and the Economy (JST-
CRDS, September 2009)
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Economic impact of public investment to 8 promotion areas 
( 4 focused promotion areas : Life, IT, Environmental, Nanotech & Mat., 
and 4 promotion areas : Energy, Manufacturing, Social Infra, Frontier)  was estimated 
by correlation analysis using newly–prepared conversion table between patents of the 8 
promotion areas and the sales of 22 different manufacturing industries.
Relative number of Patents of the vertical axis of the bottom fi gure presents a measure of 
economic impact of each promotion area.
Source: Investigation on the position of nanotechnology in Society and the Economy (JST-
CRDS, September 2009)
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M. Productivity per Unit of Government Investment for Research and 

Development for Four Areas for Focused Promotion
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1. Nanotechnology in Society: 
Basic Concepts

N. Major research results of Japan (JST, NEDO)

Research overviewResearch overview
It has long been accepted that chemical processes use organic solvents. However, in this project, a technique by which aqueous synthesis is 
performed without the use of organic solvents has been developed. Additionally, a technique to immobilize metallic catalysts that are 
highly active, easily collected and reused has been developed. These techniques have high potential as chemical processes with a lower 
environmental burden and superior economic efficiency.

Impact of research achievementsImpact of research achievements
○ Efficient synthesis of drugs, fertilizers and aromatics, and cost reduction of organic chemical material
○ Effective use of resources such as rare metals
○ Reduction of environmental burdens through reduced emissions of organic solvents and metals.
○ Proposition and demonstration of environmentally friendly chemical industry
○ Collaborative project with companies is ongoing.

Schematic diagram of polymer-supported gold nanocluster catalyst
(Photo shows transmission electron microscope image of gold nanocluster)

Aqueous synthesis: reduction in 
environmental burdenDevelopment of a chemical process without organic solvent

Organic synthesis method without use of organic solvents
● Kobayashi highly functionalized reaction environment project (2003-2008)

Osamu Kobayashi (Professor, University of Tokyo)
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Research oResearch overviewverview
The world s first transplantable cell sheets have been successfully produced on surfaces of polymer whose structure changes with temperature and 
a thickness is approximately 20nm, representing an advance in tissue regeneration technology (cell sheet engineering). Thus, three-dimensional tissue 
construction has been achieved by actively controlling nanostructures (cellular nanodomains) such as cell adhesion structures observed in cells and 
reconstructed tissue. 

Impact of research Impact of research achievementachievementss
Making the cell sheet from the person himself for regenerative medicine has succeeded without using serum of animal origin.
The process of detaching cell sheets without damage to the structure of the cell membrane by temperature changes (from 37ºC to 20ºC) has been 
successfully analyzed. The sheets can be applied in regeneration medicine because they are rapidly detached without damaging the structure and 
functions of the cell membrane.

Platform technology for regeneration medicine targeting tissues such as skin, cardiac muscle, corneas, bladder, esophagus, lungs, blood vessels and 
liver has been successfully developed. Clinical application with the cornea and myocardium has commenced in Japan. Clinical testing with the 
cornea commenced in France for marketing authorization in 2011.

Research area, Creation of bio-devices and 
bio-systems with chemical and biological 
molecules for medical use (FY2001-2006)

Cell sheets noninvasively harvested 
from the surfaces by temperature reduction

Notable results from treatment of the 
cornea and heart failure

Maintenance of 
Structure and functions

Nanotechnology based 
temperature responsive 
culture surfaces

Temperature reduction
(37oC 20oC)

Enzymatic treatment
Before surgery 2 months after surgery

Establishment of technology for cell sheets engineering 
for regenerative medicine

Autologous transplant of skeletal myoblast cell 
sheet for dilated cardiomyopathy

Destruction of structure 
and functions

Fundamental Regenerative Medicine Technology : Generating Cell Sheets
Development of novel tissue reconstruction technique and the next generation biosensor
Teruo Okano (Director, Institute of Advanced Biomedical Engineering and Science, 
Tokyo Women’s Medical University)

Transplantation of an own-oral-mucosa cell 
sheet for ocular pemphigoid

Research and Development of a New Medical Material Based on Nanocomposite Hydrogel for 
Practical Use

Project period: 2006-2008 Organizations: (Stage I) Kawamura Institute of Chemical Research, National Cerebral and cardiovascular Center, DIC Corp., NIPRO Corp.

Summary and results
Organic/inorganic nanocomposite hydrogel (NC gel) prepared using clay nanoparticles as an ultra-multifunctional cross-linker has 
innovative physical properties that have overcome the disadvantages of traditional chemically-crosslinked hydrogel all at once.
This research developed a high-performance moist wound dressing material utilizing NC gel (90% water) with surprising mechanical, 
optical and swelling properties and a number of new functions.
The NC gel was used in animal experiments as a wound dressing material for injury with a loss of all epidermal layers and pressure 
ulcer, which produced favorable treatment effects. This research firmly progresses toward commercialization, confirming safety with 
biological safety testing and implant experiments.

Making inorganic clay nanoparticles function 
as an ultra-multifunctional cross-linker of 
organic macromolecules, NC gel possesses a 
unique organic/inorganic network structure 
with many flexible macromolecular chains 
being linked.

With the organic/inorganic network being 
maintained, the properties and characteristics 
of NC gel were successfully improved by 
denaturing of the network.

Inorganic clay nanoparticles

Flexible macromolecules

HOOC-CH2 CH

CH CH2

C
O O

HH

N
C

OCH
CH3

CH3

CH2 CH

CH CH2

C
O O

HH

N
C

OCH
CH3

CH3

-C
O

O
H

-COOH

HOOC-

HOOC-

-COOH

HO
OC-

HO
OC-

HOOC-CH2 CH

CH CH2

C
O O

HH

N
C

OCH
CH3

CH3

CH2 CH

CH CH2

C
O O

HH

N
C

OCH
CH3

CH3

-C
O

O
H

-COOH

HOOC-

HOOC-

-COOH

HO
OC-

HO
OC-

CH2 CH

CH CH2

C
O O

HH

N
C

OCH
CH3

CH3

CH2 CH

CH CH2

C
O O

HH

N
C

OCH
CH3

CH3

-C
O

O
H

-COOH

HOOC-

HOOC-

-COOH

HO
OC-

HO
OC-

Dry, flexibility High absorbency High mechanical toughness

Favorable treatment results are confirmed for injuries 
and pressure ulcer.
Safety confirmed with implant testing

Treatment of pressure ulcer with a NC gel wound 
dressing material (animal experiment)

Passed sensitization, irritation, and cellular toxicity testing
Progressing toward commercialization

Commercialization process
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Application

Ministry of Health, Labor and Welfare
Medicine, food

Wound dressing and protection material 
approval standards

Biological 
safety 
confirmed

Clinical 
testing

•Cellular toxicity 
testing

•Sensitization 
testing

•Irritation testing



103Nanotechnology - Grand Design in Japan:  Key Technology for Solving Global Issues

CRDS-FY2010-SP-02 Center for Research and Development Strategy, Japan Science and Technology Agency

103

R
eference M

aterials
3. N
anotechnology G

rand 
C
hallenge

2. International Trends and 
C
hallenges for Japan

1. N
anotechnology in Society: 
Basic C

oncepts

Research outlineResearch outline
New insulator 
Developed a precise electron structure design based on the theory of metal 
transition. Realized a transparent amorphous-oxide semiconductor and 
transparent electric conductor made from typical insulating substances such 
as Ca-Al oxide.
Attracts attention as a substitutive material for indium whose price 
continues to rise.
Developing into an R&D project guiding results from basic research 
seamlessly to practical use.

Impact of the research resultsImpact of the research results
Succeeded in changing a typical insulator C12A7, which is composed of 
calcium oxide and aluminum oxide, into a transparent electric conductor. 
Reported by domestic and foreign media as a discovery defying 
common sense.
Raised the feasibility of electronic devices, such as the electron gun, using 
a type of raw material for cement, C12A7.
Realized a high-mobility, transparent, flexible transistor, using 
transparent oxide semiconducting crystal and amorphous membrane. Amorphous-oxide semiconductor flexible transistor 

InGaO3(ZnO)5

Transparent oxide substituting for 
indium tin oxide

Realized a transparent conductive material from calcium 
oxide and aluminum oxide which are cement materials.

Development of functional materials from ordinary 
substances

SORST
(FY2004-2009)

Hosono Transparent Electroactive Materials Project (1999-2004)
Hideo Hosono (Professor, Tokyo Institute of Technology)

Development of Transparent Semiconductor from Ordinary Substances

Research outlineResearch outline
Explores new functional materials that defy traditional concepts and physical properties by 

changing the combination of constituent elements of oxide and associated compounds.
Discovered that substances including magnetic elements exhibit superconductivity at a high
temperature.
Exploration for a new superconductive family attracts international attention.

Impact of the research resultsImpact of the research results
Discovered that an oxypnictide compound with part of its oxygen replaced with fluorine was 
a high-temperature superconductor with the maximum transition temperature of 32K. (Paper 
published in a journal of the American Chemical Society)
Discovered a third high-temperature superconductor (a compound including iron) that was 
different from traditional metallic substances or cuprate substances.
There is no other compound with ion that exhibited such high transition temperature. It is 
considered a new type of high-temperature superconductor.
After the discovery, substances with higher transition temperature and substances with 

different crystalline structures were discovered one after another, leading to a worldwide 
research fever.

One of the Breakthroughs of the Year 2008 selected by Science.
Most cited paper in 2008 (249, according to Thomson Reuter).

LaFeAsO

Transition temperature =

32K (F conversion rate 11%)

Lanthanum
Oxygen O

Iron Fe

ArsenicAs

LaO
Layer

FeAs
Layer

New type of high-temperature 
superconductive material

Discovered new functions hidden in unexplored substance 
systems

Project on developing functions and applications utilizing the nanostructure of transparent oxide
Hideo Hosono (Professor, Tokyo Institute of Technology)

New Source of High-Temperature Superconductive Materials Uncovered

SORST
(FY2004-2009)
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Research overviewResearch overview
A post-Bluray, 4th generation optical disc has been expected to provide a terabyte level storage capacity. Although holographic memory has been 
examined and studied for a long time, the storage level has not met the requirement. The group led by Professor Inoue succeeded in the practical use of 
the Holographic Versatile Disc (HVD) based on the idea behind collinear holography.
The memory size is expected to exceed 1.3 terabytes on a single CD-sized disc in the future.

Impact of research Impact of research achievementachievementss
Aiming at standardization of this approach, an alliance of 20 companies including major electronics companies was formed. In 2007, the European
standardization organization ECMA International adopted the approach as an international standard specification. It is highly anticipated 
that the adoption will lead to the dominance of this technology in the world market. 
Inside Toyohashi University of Technology, the Nanophotonics Information Technology Research Center was established as a cooperative center of 
Electronics-Inspired Interdisciplinary Research Institute. Currently, joint development is conducted with a company through an industry-academia 
collaboration consortium centering on the research center.

Development of 1.3 terabyte 4th generation optical disc

Research area, New high-performance 
information processing technology supporting 
information-oriented society (FY2001-2006)
Adopted in international standards

Traditional dual 
beam 
holography

Post-Bluray 4th Generation Optical Disc
High-speed petabyte information storage
Mitsuteru Inoue (Professor, Toyohashi University of Technology)

Field lens 1

Field lens 2

Relay lens

Media

Signal light
Reference light
Reproduction light

Collinear 
holography

Field lens 

Disk 

Reflective layer with servos and address information
Compatible with CD/DVD

1st generation

Field lens 

C
apacity

Field lens 

Field lens 

2nd generation

3rd generation

4th generation

Disk 

Disk 

Disk 

(Year)

Bluray
HD/DVD

Holography approach
Multiple layers
Near field

Optical disc milestones
Optical disc recording that started with CD evolved through the 2nd generation (DVD) to the 
3rd generation (Bluray, HD DVD). In the 4th generation, the storage capacity is 100 times 
larger than that of DVD.

Since the hologram can be recorded and reproduced with 
one optical system, this approach is advantageous for 
practical use compared to the conventional system.

Research overviewResearch overview
The transparency of plastic optical fiber, which is lower than that of quartz optical fiber, has been successfully increased. Compared with 
its quartz counterpart, plastic optical fiber is light, strong against bending and can perform high-volume signal transmission. It has already 
been used in high-capacity intra-building networks at hospitals and office buildings.

Impact of research achievementsImpact of research achievements
The molecular design of high-speed plastic optical fiber and a gigabit network system using the fiber have been developed, enabling 
high-speed transmission at 12 Gbps. Using this network, a demonstration experiment of real-time remote teaching at Keio University 
was conducted, and an intra-hospital network has been established (Sakakibara Memorial Hospital). 
A technique to eliminate the birefringence of polymers by adding inorganic nano-size needle crystals to optical polymers has been 
developed. Its application to high-definition displays is anticipated. 
Size of the domestic optical fiber market is approximately 90 billion yen; out of this, 9.5 billion yen comes from the plastic optical fiber 
market (estimated, 2006).

High-speed plastic optical fiber

Gigabit network with plastic optical 
fiber

Success in the development of new optical functional 
polymer

Zero-birefringence optical polymer using nanoparticles

Drawing

Needle
inorganic 

crystal

Polymer 
molecule

(a) Amorphous state

(b) Oriented state

Optical polymer
Birefringence 
becomes zero.

Koike Photonics Polymer Project (FY2000-2005)
Yasuhiro Koike (Professor Keiko University)

Plastic Optical Fiber Enabling High-Speed, High-Capacity Communication
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Research overviewResearch overview
Realized tunnel magnetoresistance device with the world's highest performance.
Further accelerated the recent trend of ultr-high-density hard disk drives (HDDs) by utilizing it 
as a magnetic read head.
Commercialization of HDD read head in 2007. It is now the mainstream HDD technology.
Also anticipated as a core technology in MRAM, a candidate of high-performance nonvolatile 
memory of the future.
Under development, aiming at practical use in several years.
Results further strengthened Japan's competitiveness by realizing a device with the world's best 
performance when the development of MRAM has become an increasingly competitive area 
where domestic and foreign major companies including Samsung and IBM are competing with 
one another.

Impact of research achievementsImpact of research achievements
Expansion of the market due to ultra compact, high-capacity, low-power consumption 
electronic devices

Creation of electronic devices with new usage and functions due to the high performance that 
bring changes to the basic design of computers.

Improved convenience through the use of compact and/or mobile devices.
Changes in life style and behavior through the realization of a society with ubiquitous 
technology.

Market size of HDD is 3 trillion yen (2007); MRAM, 2 trillion yen (predicted, 2015). TMR

Research area, 
Nanostructure and 

material 
property(FY2002-2005)

Magnetoresistice Randon Access Memory (MRAM) 
and magnetic heads for ultra-high-density HDD

Development of high-performance TMR devices 
based on crystalline MgO tunnel barrier

SORST(FY2006)

Development of Gigabit-Class MRAM
(Tunnel magnetoresistance (TMR) device)

Development of single-crystal TMR devices for ultra-Gbit-class non-volatile memory
Shinji Yuasa (Director of Spintronics Research Center, National Institute of Advanced 
Industrial  Science and Technology (AIST) )

Development of an LED Print Head with Semiconductor Single-Crystal Thin Film Bonding 
on DLC by Intermolecular Force

Project period: 2007-2009  Organizations: (Stage II) Oki Digital Imaging, Youtec, Crystal Optics

Summary and results

The market for high-resolution, high-speed color printers is growing year after year. So color printer is one of the most important industries.
The LED printers, which use LED print head with constructing by many LEDs arrayed in a line, have the advantage of printing resolution 
and speed, because of the simple optical system and electrically scanning independent luminescence parts. This research develops a high-
resolution, high-speed, small, next-generation LED print head with drastically improved heat dissipation using an innovative structure with 
an LED bonded on a nano-level flat surface, which is composed of a DLC layer placed on a highly thermal conductive substrate (e.g., Cu) 
flattened at the nano-level, by intermolecular force that only occurs in a nanodomain. This research has been successful in fabricating a 
1200 dpi LED array with a double density and twice output power by suppressing LED heat generation to one fifth compared to an LED 
array with a traditional structure. The results not only contribute to the printer industry, but also are expected to have a spillover effect in the 
future in major advanced fields such as semiconductor devices, MEMS, and lighting systems.

LED Print 
head

Photoconductiv
e drum

LED Printer

IC

LED

LED/IC

IC

LED

LED/IC
LED print head 
(traditional type)

Thin-film LED bonding on DLC by intermolecular force
(1200dpi array pitch) DLC thin film

Highly thermal conductive substrate (Cu, etc.)

< High-heat-dissipation LED array structure by bonding based on 
intermolecular force between single-crystal thin film and DLC thin 
film on a highly thermal conductive substrate>

<DLC thin film/
Ultra-high density single-crystal thin film array>

Single-crystal thin film 10μ /2μ

FabricatedFabricated a higha high density density LED arrayLED array bonding onbonding on DLC  with DLC  with 
highly thermal conductive substrate by highly thermal conductive substrate by intermolecular force intermolecular force !!

Rod lens array
Driver IC chip 

Printed Circuit board

Connection wire 
between LED and IC

LED array chip

DLC thin film

The 16th STS Award Winning (3.2009)
Invited presentation for representation from Japan 

in INC4 (4.2008)
Presented in Major International Meeting like ETCT2008 

(5.2008), IEDM (12.2008)

NEDONEDO
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Systems/
services

Quantum communication, Quantum computers, Sensor networks, Wearable 
PDAs, 3D-TV, Wall TVs, “Five sense” displays, Electronic paper, Wall 
lighting, Photovoltaic generation, Fuel cells, Hybrid cars…

Parts/
modules

Single-electron Tr, Organic molecular devices, Organic LEDs, Optical 
integrated circuits, Flexible displays, NEMS/MEMS sensors, Solar cells, 
Electric dual-layered capacitors, DNA…

Materials
Nanoparticles (Ag, TiO2, CNT, Fullerene, etc.), Nanoporous media,
Separation membranes (organic, inorganic), Organic semiconductors, Organic 
EL materials, Antireflective films, Multilayered polarizing plates…

Manufacturing 
technology

NEMS/MEMS technology, Nanoprinting, Nanoimprint, Lithograph (EUV, 
EB, Ion beams, etc.) NEMS/MEMS…

Measurement & analytical 
technology supporting 
nanotechnology

Near-field spectroscopy, Raman spectroscopy, X-ray/ photoelectron/ 
scattering, SEM, TEM…

*Realized or expected to be realized in the near future in red

Source: “Investigation on Nanotechnology Products”, Nanotechnology Business Creation Initiative.

Continually Realized Nanotechnology Products Nanotechnology Application Products
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Nanotechnology in Daily Life: Nanotech at Our Fingertips

Solar cell panel 
(quantum dots, nanocrystals)

Insulator 
(organic/inorganic 
hybrid nanostructures)

Multi-layered 
polarizing film/plate 
(nanostructure 
materials)

Reinforced glass 
(organic/inorganic hybrid 
nanofilms)

-- Example: residential house (exterior) Example: residential house (exterior) --

Fire-resistant wood 
(fire-resistant 
molecular materials)

Light-weight resin 
fence (carbon 
nanofibers)

Antifouling treatment 
(nanocoating, 
nanoparticle catalyst 
materials)

Source: “Investigation on Nanotechnology Products”, Nanotechnology 
Business Creation Initiative*Including both actual and expected

Home security system 
(sensor network, NEMS 
sensors)

Electrical and boiler 
system (fuel cell system)

3D-TV, wall TV (multilayered nanofilm backlight component)
“Five sense” display (NEMS sensors)

Lighting, wall lighting 
(organic/inorganic 
LED/EL)

Total ventilation system, 
total lighting system 
(sensor network: NEMS 
sensors)

Source: “Investigation on Nanotechnology 
Products”, Nanotechnology Business Creation 
Initiative.

-- Example: residential house (interior) Example: residential house (interior) --

Nanotechnology in Daily Life: Nanotech at Our Fingertips

*Including both actual and expected
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