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New Year's Greetings

When | was a graduate student in the United States more than
30 years ago, my thesis advisor said to me, "Is it common that
Japanese people don't like discussions? Discussion and interac-
tion are very important not only for research, but also for any-
thing that involves creativity. When Einstein was alone, he used
to have discussions by mumbling to himself." | realized how
true this is, looking back at my own career as a researcher; |
always had good discussion partners.

Asthe President of NIMS, my goal isto
create an ideal environment for people-
interaction, which | believe is important
for innovation. How can we make this
happen? There are two essential factors:
people and shared space.

People are the first and most obvious
reguirement. Not everyone is capable of
holding a lively discussion with him or
herself, as Einstein is said to have done.
It isimportant to be surrounded by good
partners and fellow researchers with
whom one can hold open-minded discus-
sions.

Researchers in cutting-edge fields gath-
er a NIMS, and we are committed to
leading the world in materials research. This environment also
contributes significantly to developing human resources. Al-
though the number of female researchersis still small in Japan,
NIMS s making a positive effort to hire more of them. We are
also looking for talented engineers.

The other factor is shared space. Construction of the Struc-
tural Materials Research Building has started at NIMS, which
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will assemble structural-materials researchers specialized in
focused research. Similar to the Nano-GREEN/WPI-MANA
Building, which was completed two years ago, we have chosen
a design that would encourage people to communicate infor-
mally with each other. Theoretical Research Building at the
Namiki site, which wasrebuilt to assemble the expertsin theory
and computational research, is also expected to provide a com-
fortable space for daily discussions. In this manner, NIMS is
attempting to advance innovation by
bringing together diverse minds of peo-
ple from a wide range of disciplines and
cultural backgrounds. We strongly en-
courage interaction and discussion
among them.

Furthermore, NIMS promotes research
collaboration and actively seeks outside
partnerships. In our effort to promote
collaboration with the private sector in
2013, we added three collaborative re-
search centersin Japan, and athird inter-
national joint research center at National
Taiwan University. We also signed sev-
eral collaboration agreements with aca-
demic and public research ingtitutions
within and outside Japan, including the
University of Rennes 1 in France and the
Public Works Research Institute in Japan.

We are going to enter the fourth year of the Third Five-year
Program (FY2011 — FY2015). It is therefore time to work
towards completing the projects for the current Five-year
Program. | would greatly appreciate your continued support
and cooperation in making NIMS a success in 2014.

Prof. Sukekatsu Ushioda

President, National Institute for Materials Science
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There is a somewhat interesting substance that existsin the form of an "assembly."
It is an "assembly of fine particles," whose coupling méchanism and nature differ from those of
metal that melts into a mass or polymer materials that'are flexible.

Some materials made of an assembly of fine particles show greater resistance to ultra-high temperature,
allow light transmission over a farther distance and show greater corrosion resistance, as compared to metal.
A typical, well-known example is ceramics.

Earlier research on these materials mostly focused on "whatto assemble."

Now, let us take one step forward.

When we control the arrangement or structure of an assembly of fine particles, how will their nature change?
Each one particle contains several elements.

Then, what will we see if we shed light on "how" these elements are contained,

rather than "what kind of elements" are contained and "how much" they are contained?

Particle processing, featured in this issue, is an attempt to discover new functions and properties of materials
that are made of an assembly of fine particles, by designing the arrangement or structure of fine particles as

well as the combination and configuration of elements in each one particle.

Designing of fine particles will make currently somewhat interesting materials more interesting.

Photo : Nacésa & Partners Inc.
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Development and Application of Fine Particle Processing
That Enables the Fabrication of New Materials

Unit Director, Materials Processing Unit,
Advanced Key Technologies Division

Yoshio Sakka

Five subthemes for promoting research
on particle processing

We are working on the precise structure con-
trol at all levels from the nanometer order to the
micrometer order through more advanced par-
ticle processing, with the aim of creating envi-
ronmentally-friendly multifunctional inorganic
materials (especially optical devices, fuel cells,
secondary battery materials) that will contribute
to solving issues related to the global environ-
ment and energy, using ubiquitous elements.

Particle processing involves such processes as
synthesis, surface modification, shaping, and
sintering of fine particles. By putting these es-
sential technologies together, we are engaged
in (1) development of advanced processing with
the use of nanoparticles, nanotubes and meso-
pores, and creation and functionalization of
nanostructures, (2) development of advanced
processing for fabricating highly structure-con-
trolled inorganic materials by applying external
fields such as a high magnetic field or electro-
magnetic field and ultra-high pressure, and (3)
elucidation of the relationship between micro-
structures and various functional properties, as
well as elucidation of the relationship between
crystalline structures and functional expressions

using techniques in computer science. We also
promote mutual feedback of the results ob-
tained in the respective research areas.

In order to promote these research activities
comprehensively, we set the following five sub-
themes. Figure 1 is a schematic diagram indicat-
ing the connections between the research ele-
ments and the research goals. The titles of the
respective subthemes and researchers assigned
thereto are as follows.

1. Synthesis of nanoparticles and mesopores,
and their functionalization (Yoshihiko Takeda:
lon Beam Group, Quantum Beam Unit)

2. Development of novel nanocarbon materi-
als and their functionalization (Kun'ichi Mi-
yazawa: Fullerene Engineering Group, Materials
Processing Unit)

3. Development of advanced ultra-high pres-
sure techniques and their application to mate-
rials science (Takashi Taniguchi: Ultra-High Pres-
sure Processes Group, Materials Processing Unit)

4. Fabrication of highly structure-controlled
ceramics (Yoshio Sakka: Advanced Ceramics
Group, Materials Processing Unit)

5. Search for functions and creation of multi-
functional materials (Naoto Hirosaki: Sialon
Group, Sialon Unit)

Creation of Multifunctional Inorganic Materials by Advanced Application of
= Nanoparticle Processing

t of

advanced processing
by using external fields /
Electric field, magnetic field,
slectromagnetic wave, stress field,

ultra-high pressure,
particie beam

Development of processing technologies and materials that will contribute
to environmental protection and energy conservation

Fig. 1 Schematic diagram indicating the relationship between the research elements and the research goals.
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Subtheme 1:
Synthesis of nanoparticles and
mesopores and their functionalization

On this subtheme, we work on the synthesis of
nanoparticles by various techniques and the ar-
rangement and integration thereof, as well as the
fabrication of regularly arranged pores of uniform
size and the use thereof. Si or Ge-based lumines-
cent nanoparticles described in the special fea-
ture are an example of the use of such nanoparti-
cles. We also engage in presenting the guidelines
for optimal designs of thermotherapy of cancer
cells with the use of magnetic nanoparticle mate-
rials, and studying the formation of metal
nanoparticles in silica by fast heavy ion irradiation
and the characterization of optical properties.

Subtheme 2:
Development of novel nanocarbon
materials and their functionalization

On this subtheme, we focus on the develop-
ment and functionalization of environmentally-
friendly novel nanocarbon materials. With re-
gard to shape-controlled fullerene compounds
developed by NIMS such as fullerene nanofi-
bers, in particular, we carry out research on their

20pm

Fig. 2 Minute schematic diagram of oriented alumina laminates pro-
duced by depositing alumina particles in an electric field and a high
magnetic field, imposed at different angles by turns, and the analyzed
organization structure thereof.

(a) Oriented laminates produced in an electric field and a high magnetic

field imposed at an angle of 0° and 90°. (b) Oriented laminates produced
in an electric field and a high magnetic field imposed at an angle of 0°

and 45°.



use as superconducting materials or materials
for photovoltaic devices. NIMS NOW previously
featured research on super capacitors using
carbon-based materials such as carbon nano-
tubes and carbon fullerene.

Subtheme 3:

Development of advanced ultra-high
pressure techniques and their
application to materials science

On this subtheme, we promote the improving
of the ultra-high pressure technology that NIMS
has developed over many years, and its applica-
tion to materials processing. The special feature
describes the research on achieving the single-
phase synthesis of new transition metal nitrides
such as tungsten nitride crystal (5-WN, h-W;N,)
by applying metathetical reactions to high-
pressure synthesis, and developing high-purity
hexagonal boron nitride (hBN) monocrystal as a
substrate material for graphene devices.

Subtheme 4:
Fabrication of highly structure-
controlled ceramics

On this subtheme, we promote the develop-

ment of advanced processing for fabricating
highly structure controlled ceramics using vari-
ous external fields. The special feature focuses
on oxyapatites as a new oxygen ion conductor,
and discusses the development of a new meth-
od for fabricating easily-sintered particles, orien-
tation for high conductivity, and elucidation of
the composition phase diagram.

Production of translucent ceramics is an ex-
ample of a process from synthesis of fine parti-
cles to fabrication of densely sintered ceramics.
Pores remain in ordinary sintered ceramics and
cause the reflection of light, so it is necessary to
fabricate densely sintered ceramics with as few
pores as possible. To achieve this, adjusting fine
particles to ensure that they are not aggregated
is extremely important.

Another effective method is pressure sintering
performed by applying a high pulsed current.
For example, translucent alumina is usually pro-
duced at 1800°C or higher. Through the new
sintering method, we were able to produce the
same material at 1150°C under pressure of
80MPa, and at 950°C under pressure of 500MPa.
Thus, we succeeded in fabricating ceramics
with a smaller grain size and higher strength at a
lower temperature and in a shorter time.

New sintering methods have various advan-

Development of Multifunctional Inorganic Materials through Collaborative Research

<Development and upgrading of basic technologies>

Ultra-high pressure, high magnetic field,
electromagnetic wave, supercritical fluid, ion beam,

advanced development and superimposition of stress

fields

- Creation of particles,

- High-order structural control
- Advanced sintering technique and theory

- Nanostructure designing and assessment
World-leading achievements

p , novel carbon materials

Creation of multifunctional Ripple effects
inorganic materials

Advanced industry
that will lead the

future society

IT or semiconductor

industry

C, 5i, Ge, Zn0, 5n0,, SIC,

nanoparticle-dispersed,

mesopore

Nuclear power or
=P precision industry

tages, but many things about the sintering
mechanisms of these methods are still unclear,
and the elucidation thereof is imperative for the
future development of new sintering methods.
Furthermore, imposing an electric field or high
magnetic field from outside enables advanced
microstructure control. For example, textured
materials can be produced by using the rotation
and alignment of particles that take place when
a high magnetic field is imposed to form and
consolidate a suspension in which fine particles
are dispersed. Oriented laminates can also be
produced by superimposing an electric field
and high magnetic field (Figure 2).

Subtheme 5:
Search for functions and creation of
multifunctional materials

On this subtheme, we particularly target non-
oxide ceramics which still have unexploited areas,
and explore the relationship between the devel-
opment of advanced processing and the struc-
ture and functional expressions, with the aim of
fabricating new multifunctional ceramics. The
special feature describes a new efficient approach
for searching functions by establishing methods
for crystalline structure analysis and optical char-
acterization using fine-particle monocrystal.

Figure 3 shows the development of multifunc-
tional inorganic materials achieved through the
collaboration of the research activities based on
these five subthemes and the ripple effects
thereof. We hope that the publication of these
special features will further enhance collabora-
tion in research.

The details of the research activities under this project
are featured in the following publications.

[1] NIMS Project, Advanced Particle Processing: Realizing
Higher Functionality in Fine Ceramics, Material Inte-

- Theoretical analysis: Elucidation of the mechanism of high- Zr0,, SiC, Si;N,, AlLO ration, 25, No.10 &11 (2012

temperature properties based on diffusion models and 4 o ; !d [2]% I, |’A o t'(l ) ina technol Sci-

e abit e sl by of Sps nteie Environment-relate pecial issue on particle processing technology, Sci
W & industry ence and Technology of Advanced Materials, No.5, 6

- Nanostructures; P thesis a | I TiO,, Hap, SIiO.

non-oxide, production of laminated materials by external field- & KRy o, 80, (2013) and No.1 (2014).

lled colloidal p ing, jals synthesis by Nuclear power of precision Battleries. SOFC, sensors,

colloidal processing or high-energy mixing, formation of e

nanosized pores by anodic oxidation, C60 nanofiber sheets, Reduced

oriented mesopores environmental

- New material creation: Translucent or high-strength ceramics, burden

high-strength or high-toughness non-oxide, oriented silicon Light and small

nitride with high thermal conductivity, C60 superconducting Functional advancement and Ene savin

nanofiber, high-strain-rate superplastic oxide, itrid, mouBfunctionubistion ot 0 rsl::e L

phosphor Ao i e

Fig. 3 Development of multifunctional inorganic materials through collaborative research, and the ripple effects

thereof.

Profile

Yoshio Sakka PhD (Engineering). Joined the National Research Institute for Metals (NRIM; currently NIMS) in 1983. After serving as the Managing Director of the Nano Ceramics Center in 2006, as-
sumed the current position in 2011. Concurrently holds the position of professor at the University of Tsukuba.

NIMS NOW International 2014 January-February

| 05



Designing Fine Particles

Development and Application of Particle Processing That Enables the Fabrication of New Materials

06 |

Luminescent Nanoparticles in Harmony with the Environment and
Recycling-Oriented Society

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

Naoto Shirahata

Substances that become luminescent
when reduced to nanometer size

Electromagnetic waves have the nature of
both electricity and magnetism. As shown in
the Figure, there are various types of electro-
magnetic waves which can be classified by
wavelength. An electromagnetic wave with a
wavelength of 1 nm to 1 mm is called “light,”
and an object that emits light is called a “light
source.” Electromagnetic waves perceivable by
the human eye are called “visible light,” which
has a limited range of wavelength, 380-780 nm.
In order to enjoy an affluent life and society, we
make use of the interactions between various
substances and visible light, which makes up
most of the electromagnetic waves that are
emitted by the sun and reach the surface of the
earth.

One such interaction is “emission of light." For
example, fireworks get their beautiful colors
from flame color reactions, and most light
sources used in LED lamps, which are increasing
their share as room lamps by replacing filament
bulbs, take advantage of a phenomenon called
“luminescence” caused by photoexcitation or
by applying an electric field. Furthermore, in ba-
sic research in the medical field, bioimaging us-
ing luminescent materials plays an important
role in making specific bio-intermolecular inter-
actions visible.

NIMS postdoctoral researcher,
International Center for Materials Nanoarchitectonics
(MANA)

Batu Ghosh

In general, each substance has its own fixed
emission wavelength, so we use different light
sources according to the purpose and situation.
However, we have found that by processing sili-
con and germanium, which belong to Group 14
of the periodic table, into particles, and reduc-
ing their size to nanometer scale, we can obtain
a desired emission of light from a wide range of
wavelength covering near-ultraviolet, visible
and near-infrared light.

Make effective use of recyclable materials

Figure shows a typical photoluminescence
image. The emission wavelength of silicon and
germanium can be controlled within the follow-
ing range by transforming the structure of their
nanoparticles.

Silicon (Si): 300-1000 nm'2
Germanium (Ge): 350-1280 nm?3)

No substances other than Si and Ge allow con-
tinuous control of their emission wavelength,
which is as long as 1 um, solely by way of struc-
tural transformation of their particles. Further-
more, as Si and Ge are composed of a single ele-
ment, they do not require precise composition
control. These substances are unique in terms of
the characteristics derived from their elements,
in addition to their emission function. For exam-

Type of electromagnetic wave

Long Medium

Short  Ultrashort Microwave CentimeteiMiimeterwave Infrared Visible
wave

Ultraviolet ~ X-ray

wave wave wave wave s"“::'\i,':“"’ light light light 4
03 3 30 300 _3_.7—""‘30 3000 384 789 100'(}
MHz MHz MHz MHz.--~"GHz  GHz GHz THz  THz THz\
1 100 101 10 1 01 78 38 3X167
km m..~~~"m m cm cn  mm X107 x107 m %
m m

] Luminescent colors continuously controllable .
,,' by nanoparticles i
i Silicon: 300-1000 nm bt

Germanium:

Profile

350-1280 nm :

Unit Director, Materials Processing Unit,
Advanced Key Technologies Division

Yoshio Sakka

ple, Si and Ge can be combined by covalent
binding with the major components of organic
matter, namely, carbon, nitrogen and oxygen,
and become various types of derivatives.?
Therefore, it is possible to make them colloidally
dispersed, that is, water or oil-soluble. It is also
possible to design molecules using these sub-
stances so that they are joined with conducting
polymers or show high affinity with specific
cells.2 Although only a few successful cases of
application to laser devices have been reported
thus far, these substances are extremely inter-
esting in view of the recent research progress
involving them, such as the improved luminous
efficiency and other functions.

There are some substances which are not toxic
to organic matter when they exist as bulk crys-
tals but become toxic to organic matter when
they are reduced in size to nanoscale. Si and Ge
are a rare type of substance in a sense that their
nanostructures do not show toxicity to organic
matter.” In addition, Si, with a large Clarke num-
ber,* is applicable to industry without the fear of
its depletion. We believe that we can contribute
to building an environmentally-friendly society
by bringing out latent functions of substances
which exist in abundance such as Si by way of
artificial manipulation, and linking these func-
tions to application of materials.

1) B.Ghosh, N. Shirahata, Sci. Technol. Adv. Mater. (Review)
15 (2014) 014207.

2) N. Shirahata, Phys. Chem. Chem. Phys. (Perspective) 13
(2011) 7284.

3) B. Ghosh, Y. Sakka, N. Shirahata, J. Mater. Chem. A 1
(2013) 3747.

4)N. Shirahata, D. Hirakawa, Y. Masuda, Y. Sakka, Langmuir
29 (2013) 7401.

5) B. Ghosh, M. Ogawara, Y. Sakka, N. Shirahata, J. Nanosci.
Nanotech. 14 (2014) 2204.

* Clarke number: the percentage by weight of an element
that exists near the surface of the earth, estimated based
on the results of chemical analysis of igneous rocks.

Figure Correlation between electromagnetic
waves and light, and luminescent colors that
have become continuously controllable by
manipulating nanoparticles.

(Photoluminescence image obtained from silicon)

Naoto Shirahata PhD (Engineering). Joined the National Institute for Materials Science in 2006 after working under the fellowship program of the Japan Society for the Promotion of Science (JSPS),
etc., and assumed the current position in 2011. Concurrently holds a position as JST PRESTO researcher since 2009. / Batu Ghosh PhD (Science). Completed the doctoral course (experimental physics)
at the graduate school of the University of Calcutta, India, and assumed the current position in November 2011./ Yoshio Sakka See p.5 for his profile.
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Superconducting Fullerene Nanowhiskers

Group Leader, Fullerene Engineering Group,
Materials Processing Unit,
Advanced Key Technologies Division

Kun'ichi Miyazawa

Superconductivity in C4, Fullerene

Carbon 60 (C) is a soccer ball-shaped mole-
cule composed of 60 carbon atoms, and it is a
type of a cage-like hollow molecule called
fullerene (Figure 1). C4, molecules become ag-
gregated and crystalized by weak van der Waals
forces and form a face-centered cubic lattice,
but between Cy, molecules exist large interstic-
es such as octahedral interstices and tetrahedral
interstices. In 1991, Hebard and others demon-
strated that by heating potassium (kalium, K) at
200 °C for 36 hours and making it diffusively in-
trude into these interstices, they obtained K;Cg
powder which exhibits superconductivity at a
transition temperature (Tc) of 18K.” However, in
their research, only one percent by volume of
the powder displayed superconductivity.

Superconductivity of C, Fullerene
Nanowhiskers

Fullerene nanowhiskers (FNW) are fine wire-like
crystals made of an aggregate of fullerene mole-
cules, and many types such as Cgo FNW (Figure 1)
and C,, FNW have been synthesized thus far?
Hollow FNW are called fullerene nanotubes. FNW
can be synthesized by diffusively mixing a satu-
rated liquid that is a good solvent of fullerene
with a poor solvent that can be mixed well with
the former. For example, Cy, nanowhiskers (Cgo

Fig. 1 CeoNW observed with a scanning electron microscope
(SEM). The drawing in the upper left represents a model of a
face-centered cubic crystal in which Ceo molecules (of about
0.71 nm in diameter) are arranged on lattice points.
M: octahedral interstices; A: tetrahedral interstices

Profile

Fullerene Engineering Group,
Materials Processing Unit,
Advanced Key Technologies Division

Takatsugu Wakahara

Nano Frontier Materials Group,
Superconducting Wire Unit,

Hiroyuki Takeya

NW) can be synthesized by mixing a Cq, saturat-
ed toluene solution with isopropyl alcohol, re-
moving the solvent inside of it, to obtain CeoNW
in the form of face-centered cubic crystal.

We thought that it must be possible to realize
superconductivity in C,oNW by adding potassi-
um to it, and we actually found that by vacuum-
encapsulating CoNW powder (4.4 um in aver-
age length, 540 nm in average diameter) into a
silica tube together with potassium and heating
the mixture at 200 °C for only 24 hours, we can
make more than 80 percent of the mixture into
a superconductor with Tc of 17K.2 We also found
that the high critical current density in this su-
perconducting material is more than 300,000 A/
cm? and it can be maintained in a high mag-
netic field of up to 50 kOe (Figure 2).

Superconducting CgNW, which we have suc-
cessfully developed, is a porous material con-
taining a number of nanosized fine pores (Fig-
ure 3). We presume that this porous structure
helps the diffusion of potassium to make CgoNW
in whole doped with potassium, which thereby
enabled us to obtain a superconducting CsoNW
at a high percentage by volume.

Future vision for application of
superconducting C;o,NW

Superconducting CgoNW is the world’s first
achievement in realizing superconductivity in
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Fig. 2 Critical current density in superconducting
CeoNW (5K).

Environment and Energy Materials Division

Group Leader, Nano Frontier Materials Group,
Superconducting Wire Unit,
Environment and Energy Materials Division

Yoshihiko Takano

linear fullerene. Unlike copper oxide supercon-
ductors such as Bi-Sr-Ca-Cu-O which are made
by using liquid nitrogen (boiling point: 77K) as a
freezing medium, superconducting CgNW
needs to be cooled using liquid helium (boiling
point: 4.2K). However, the density of C,,NW is as
small as about 2g/cm?, which is about one-third
of that in niobium-titanium superconductors
which also need liquid helium and are most fre-
quently put to practical use. Furthermore, su-
perconducting Ce,NW is favorable in terms of
availability of resources because it is made of
common elements, carbon and alkali metal, and
Ceo is a recyclable material.

As CeoNW is soft, it may be used to create super-
conducting materials which are flexible and
light. We believe that superconducting CsoNW
will be applied in various fields related to ener-
gy, transportation and medical equipment, to
make light and superconducting motors, gen-
erators and magnetic shielding materials.

1) A. F. Hebard, M. J. Rosseinsky, R. C. Haddon, D. W. Mur-
phy, S. H. Glarum, T.T. M. Palstra, A. P. Ramirez, A. R. Kor-
tan, Nature 350 (1991) 600.

2) Kun'ichi Miyazawa, ed., Fullerene Nanowhiskers (Pan
Stanford Publishing Pte. Ltd., Singapore, 2011)

3) H. Takeya, K. Miyazawa, R. Kato, T. Wakahara, T. Ozaki, H.
Okazaki, T. Yamaguchi, Y. Takano, Molecules 17
(2012)4851.

Fig. 3 Porous CsoNW showing excellent superconduct-
ing properties, observed with transmission electron
microscope (TEM).

Kun'ichi Miyazawa PhD (Engineering). Became an engineering official of the Ministry of Education after leaving the doctoral course at the School of Engineering of the University of Tokyo in 1985.
After serving as an assistant and lecturer at the Faculty of Engineering of the University of Tokyo, joined NIMS in 2002. / Takatsugu Wakahara PhD (Science). Became an assistant at the Graduate
School of Science and Technology of Niigata University in 1998 and a lecturer at the Center for the Tsukuba Advanced Research Alliance of the University of Tsukuba in 2002, and joined NIMS in 2007.
/ Hiroyuki Takeya PhD (Science). Became an assistant at the Institute for Solid State Physics of the University of Tokyo in 1987 (and after serving as a doctoral research fellow at lowa State University),
joined the National Research Institute for Metals (NRIM; currently NIMS) in 1993. / Yoshihiko Takano PhD (Science). Became a research fellow at the Institute for Solid State Physics of the University
of Tokyo in 1995, and after working under the JST fellowship program, joined the National Research Institute for Metals (NRIM; currently NIMS) in 1999.
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Hexagonal Boron Nitride for Graphene Devices

Group Leader, Ultra-High Pressure Processes Group,
Materials Processing Unit,
Advanced Key Technologies Division

Takashi Taniguchi

Graphene electron devices

An atomic layer of graphite is called graphene
and it has very interesting properties such as
unique electrical conduction. It is well-known
that the Nobel Prize in Physics in 2010 was
awarded to researchers who succeeded in ob-
taining graphene exfoliated from graphite with
the use of adhesive tape. However, in reality, it is
significantly difficult even by applying the exfo-
liation method to obtain a carbon atomic layer
which has perfectly flat planes on the atomic
layer level and which is electronically isolated.

SiO, substrate, which is ordinarily used, has such
features as an uneven atomic order and a polar
bond or unbonded state of atoms on the surface,
which prevent graphene from exhibiting its origi-
nal properties. To overcome this problem, a sus-
pended structure over a substrate was developed.
However, it was not easy to produce this structure,
and there was a limit to the length of the device to
be made because the suspended structure tends
to hang down at its center. These restricted gra-
phene from exhibiting its true properties.

Hexagonal boron nitride (hBN) is an insulator
which has a 2D-plane crystalline structure com-
prised of nitrogen and boron atoms in sp” bond-
ing and which does not have an unbonded state
of atoms on the flat surface of the atomic layer.
With these features, hBN was thought to be suita-
ble for use in graphene substrates, but conven-
tional hBN crystals did not provide the desired re-
sults due to constraints in terms of purity and size.
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Optoelectronic Materials Group,
Optical and Electronic Materials Unit,
Environment and Energy Materials Division

Kenji Watanabe

High-purity hBN crystals

The authors have been engaged for many years
in studying high-pressure synthesis of cubic boron
nitride (cBN) and diamond as superhard materials
and wide-gap semiconductor materials. In par-
ticular, with regard to the former target materials,
earlier studies have not been sufficiently accumu-
lated and synthesis of high-quality and high-purity
single crystal is itself a key subject of study.

Through trial and error in technological devel-
opment focusing on high-purity single crystal
growth, in 2004, we succeeded in synthesizing
cBN single crystal with relatively high purity that
exhibits band edge emission, which is a criteria
of the purity of a crystal. At the same time, we
obtained hBN single crystal and found that it
also has interesting optical properties as a high-
purity crystal (high-intensity far-ultraviolet (far-
UV) emission)? (Figure 1).

Although hBN has been applied in industry from
a long time before as a heat-resistant material and
lubricant agent, its optical properties have scarcely
been studied. Through a series of studies, various
properties of hBN such as evaluation of its band
gap, the origin of its high-intensity emission (Jahn-
Teller distortion), its stacking fault, and the effect of
impurities such as oxygen and carbon have been
elucidated. Based on these findings, we devel-
oped a method for achieving liquid-phase growth
of high-purity crystal at normal pressure,? and pro-
duced a prototype of a compact, electron beam-
excited far-UV emitting device, and then inspect-
ed a bactericidal effect using this device.

Development of hBN monocrystals for
use in substrates of graphene devices

Meanwhile, in 2009, we were approached by a
research group led by Professor P. Kim of Columbia

100x100 nm

Conventional SiO, substrate

University in the US.A, who expressed the hope
to use hBN crystal as a substrate material in gra-
phene devices. In the next spring, the utility of hBN
crystal (e.g. graphene mobility of 140,000cm?2/Vs?)
was made pubilic at the American Physics Society
meeting, and following this, more than 50 research
institutes at home and abroad, including MIT and
the University of Manchester, have been working
together on this subject.

Figure 2 shows AFM images of graphene on the
conventional SiO, substrate and on the hBN crystal
substrate. They are clearly different in terms of flat-
ness on the surface. The process of controlling the
atomic layer by exfoliation and transfer requires
precision and patience in work. Nevertheless, ef-
forts are currently being made in the develop-
ment of multi-layer materials composed of hBN
and graphene and the application to MoS, device
substrates, toward the optimization of the tech-
nology to construct these laminated structures.?

In order to achieve practical application, it is nec-
essary to make graphene larger without using the
exfoliation and transfer method. In this respect as
well, we consider the combination of graphene
and hBN a key concept. In parallel with the study
on vapor-phase synthesis of graphene that is
being vigorously carried out at present, we expect
that the synthesis study aimed at creating high-
quality and large hBN substrates and thin films by
the vapor-phase synthesis and liquid-phase
growth methods will be accelerated in the future.

1) K. Watanabe, T. Taniguchi and H. Kanda, Nature
Materials, 3,404 (2004).

2) Y. Kubota, K. Watanabe, O. Tsuda, T. Taniguchi, Science,
317,932 (2007).

3) K. Watanabe, T. Taniguchi, A. Niiyama, K. Miya, M.
Taniguchi, Nature Photonics 3,591 (2009).

4) CR. Dean, K. Watanabe, T. Taniguchi, P. Kim, et.al,
Nature. Nanotech., 5,722-726 (2010).

5) L. Wang, T. Taniguchi, K. Watanabe, O. Kim, C. Dean,
et.al, Science, 342,614(2013).

Fig. 2 Example of
improved flatness of
graphene: Evenness is
extremely improved
on the hBN crystal
substrate (right) (AFM
images).

hBN crystal substrate
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Technology in 1987. Joined the National Institute for Research in Inorganic Materials (NIRIM) established under the auspices of the former Science and Technology Agency (reorganized into NIMS in
2001) in 1989. Specializes in materials synthesis at high pressure. / Kenji Watanabe PhD (Science). Graduated from the Faculty of Science of Shizuoka University in 1985. Earned credit and left the
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NIMS NOW International 2014 January-February



Creating New High-Density Nitride Material:
Toward Development of New Ultra-hard Materials

Ultra-High Pressure Processes Group,
Materials Processing Unit,
Advanced Key Technologies Division

Fumio Kawamura Hitoshi Yusa

Expectations for new hard materials

In recent years, there have been growing ex-
pectations for the development of hard materi-
als that exhibit excellent characteristics. “Ce-
mented carbide” which is representative of the
current hard materials, refers to sintered com-
pact mainly composed of tungsten carbide
(WQ). It is a material suitable for cutting metal,
since it is not only very hard, but is also chemi-
cally and thermally stable. Recently, however,
materials such as carbon fiber reinforced plastic
(CFRP), which are difficult to cut even by using
cemented carbide, have been developed,
prompting calls for improvement in the charac-
teristics of cutting materials.

In developing new hard materials, a search for
hard nitride materials has become active since
theoretical calculations have predicted the ex-
istence of extremely hard materials among tran-
sition metal nitrides.

Our group is creating “nitrides with a high-den-
sity crystal structure” which are essential for de-
veloping hard materials, by using high pressure.

Creation of new materials by using
metathesis reactions

“Metathesis reaction” is a generic term for syn-
thesis methods using an exchange reaction be-
tween elements or functional groups, as exem-
plified by AB + CD — AC + BD. It has been
known that, when using this method in synthe-
sizing nitrides, various nitrides can be synthe-

Fig. 1 Optical micrographs of the ReN: crystal synthesized for the first

Ultra-High Pressure Processes Group,
Materials Processing Unit,
Advanced Key Technologies Division

Materials Processing Unit,
Advanced Key Technologies Division

Takashi Taniguchi

sized easily by reacting chloride with alkali metal
nitride.” As early as 1902, the synthesis of cop-
per nitride was reported as shown in Formula

(M.

3CuCl, + 2LiN = CusN + 6LICl + 1/2N, ++-For-
mula (1)

Therefore, we attempted to apply a metathesis
reaction to the synthesis of rhenium nitride
(ReN,). ReN, is a material that has been predict-
ed by theoretical calculations as being an ultra-
hard material comparable to diamonds.
ReCl; + 2Li;N — ReN, + 5LiCl + Li *++ Formula
@

As a result, by gradually advancing the Formula
(2) reaction at a pressure of 7.7 GPa, we succeed-
ed in confirming the synthesis of a new material,
rhenium nitride (ReN,) (Fig. 1). The elastic prop-
erty of the synthesized crystal can be measured
by a synchrotron X-ray diffraction experiment
under high pressure by using a diamond-anvil
cell.

When we derived the bulk modulus, which is
correlated with hardness, from this measure-
ment, we were unable to obtain a high value as
had been theoretically predicted. However,
structural analysis by X-ray diffraction revealed
that the material has a layered structure as
shown in Fig. 2, and we found that it is a new
layered nitride material 2

c-axis:10.747A )

a-axis: 2.806A

Fig. 2 Crystal structure of new material ReN2.

time (a. reflected light microscope, b. transmitted light microscope).

Profile

Group Leader, Ultra-High Pressure Processes Group,

Synthesis of tungsten nitride

In the same manner as the synthesis of ReN,,
we attempted to synthesize tungsten nitride
(WN) crystal under high pressure. WN has the
same crystal structure as WC, which is the main
component of cemented carbide, and is expect-
ed to exhibit extremely high hardness for only
replacing its carbon with nitrogen. The exist-
ence of WN crystals had been known in the past,
but since it could only be synthesized in trace
amount, its physical property had not been clar-
ified. If WN crystals can be synthesized with a
metathesis reaction, it will be possible to eluci-
date its detailed physical property and to create
its sintered compact.

We reacted tungsten chloride (WCl,) with so-
dium azide (NaNs) at a pressure of 7.7 GPa, and
confirmed that almost single-phase WN crystals
can be synthesized at 1,700°C or above. As a re-
sult of measuring the bulk modulus of the ob-
tained WN crystal, we confirmed a high bulk
modulus (342 GPa), which is comparable to WC
(Fig. 3).

In the future, we plan to investigate the possi-
bilities of this material as a new ultrahard mate-
rial by creating its sintered compact.

1) Gunts. A, Compt. Rend. Acad. Sci. 135(ser.3) 738 (1902)
2) F.Kawamura, H. Yusa, T. Taniguchi, Appl. Phys. Lett. 100,
25,251910(2012)

1.00 T T T T
099 [ \\WC\ Il
e
-
< WN N
-
098 |- 4
K,=342 + 1 GPa
K,=4
0907 L \ . .
° 2 5 8 10

4
Pressure / GPa

Fig. 3 Compression curve of WN (compared with WC) and
bulk modulus measured by using a diamond-anvil cell.
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at the Graduate School of Science, the University of Tokyo in 1994. After becoming a Senior Researcher at the National Institute for Research in Inorganic Materials, assumed the current position.
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Designing Fine Particles

Development and Application of Particle Processing That Enables the Fabrication of New Materials

Oxide-lon Conductive Apatite:
From the Development of Synthesis Process toward Application

Advanced Ceramics Group,
Materials Processing Unit,
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Advanced Key Technologies Division

Tohru S. Suzuki

Fine Particles Engineering Group,
Materials Processing Unit,
Advanced Key Technologies Division

Tetsuo Uchikoshi

Unit Director,
Materials Processing Unit,
Advanced Key Technologies Division

Yoshio Sakka
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Kiyoshi Kobayashi

Elucidating the functions of
synthesized apatite—oxyapatite

Apatite is known as a material composing
bones and teeth. The material we specifically
focused on in our research was called “synthetic
apatite” by artificially changing the elements
constituting natural apatite to another elemen-
tal-combination that does not generate in natu-
ral mineral, without changing the original crys-
tal structure.

Apatite comprised of rare-earth oxide and sili-
con oxide is called “oxyapatite.” Oxyapatite itself
has been known since the 1960s; however its
high oxide-ion conductivity around intermedi-
ate temperature was not discovered until 1995.
The high oxide-ion conductivity is the key prop-
erty of solid electrolyte for solid oxide fuel cell
(SOFC) applications. Even though the excellent
oxide-ion conductivity was revealed, the practi-
cal use of the oxyapatite as a solid electrolyte
has been limited due to the difficulty in fabricat-
ing the dense bulk ceramics.

Focusing on the difficult-to-sinter property of
the oxyapatite, we started our research from de-
veloping a novel synthesis process to obtain
easy-to-sinter powder. As the result, we suc-
ceeded in synthesis of oxyapatite-type lantha-
num silicate fine powder and synthesis of ce-
ramics (Fig. 1). In addition, we have evaluated
the solid-state electrochemical properties using
our ceramics, and clarified that they have com-
parable oxide-ion conductivity as typical solid
electrolytes.

Furthermore, we have revealed that the
oxyapatite-type lanthanum silicate compounds
are ideal solid electrolytes having high oxide-
jon conductivity as well as good chemical sta-
bility under strong reducing atmosphere such

Thermal Shaping

decom- and
position sintering
il > =

as in hydrogen. We have also found that they
shows a low reactivity with many oxides com-
pared to zirconium oxide based solid electro-
lytes, thus being excellent in practicability for
fabrication of solid state devices.

Further enhancing the ion conductivity
of oxyapatite

Extending our desire involves the further en-
hancement of the ion conductivity. In the case
of oxyapatite-type lanthanum silicate, crystallo-
graphic direction in which the oxide-ion can be
conducted easily is known to exist; and there-
fore, a possible methodology to enhance the
ion conductivity is to fabricate crystal-orienta-
tion controlled sintered ceramics. But fabrica-
tion of such ceramics is very difficult by usual
technology.

Fortunately, we have a technique to fabricate
crystalline-orientation controlled ceramics by
colloidal processing using a high magnetic field.
By applying this processing technique, we have
succeeded in producing highly c-axis oriented
oxyapatite ceramics. We have confirmed that
the oxygen ion conductivity of this highly c-axis
oriented oxyapatite is about three times higher
than non-oriented oxyapatite.

Another methodology is to control the con-
centration of lattice defects associated with ox-
ygen ion conduction by dissolving oxides with
different valence numbers to the lanthanum
(+3) and silicon (+4). In particular, magnesium
oxide was reported to be effective, no basic

data exist about the solid solubility of magnesi-
um oxide in the lanthanum silicate oxyapatite
phase. Therefore, we synthesized the samples
with various compositions in lanthanum oxide,
silicon oxide, and magnesium oxide to clarify
the composition map of the formed phases.
This map is called quasi-ternary phase diagram
(Fig. 2), which shows the relationship between
the compound phases formed and the compo-
sition, for the first time in the world.

This article” had excellent reputation, and won
the Richard and Patricia Spriggs Phase Equilibria
Award of the American Ceramic Society in 2013.

At present we are evaluating the oxide-ion
conductivity of the obtained oxyapatite in an
effort to find the optimum composition as a
solid electrolyte.

In order for a new material to be practically ap-
plied, an environment where data for someone
who searches the new material to their purpose
can be found and therefore, various data should
be opened widely. We are pursuing basic re-
search for inspiring the application of oxyapatite
electrolytes and developing application tech-
nologies on a trial basis.

1) K. Kobayashi and Y. Sakka, "Phase relationships in the
quasi-ternary LaO,;s-Si0,-MgO system at 1773K’, Sci.
Tech. Adv. Mater,, 13 (2012) 045006.

Fig. 2 Relationship between composition of lanthanum
oxide-silicon oxide-magnesium oxide and formation phase
(composition phase diagram) at 1,500°C. The part inside the
equilateral triangle shows the composition consisting of
three constituents (LaO, 5, SiO,, and MgO), while the lines
inside the triangle are conjugate lines representing the border
lines across which the type of the formed compound changes.
Black and white circles, and small graphics, such as squares,
are composition points derived by experimentally investi-
gating the formed compounds. Single-phase composition
of oxyapatite phase (@), two-phase mixture composition of
oxyapatite phase + La,SiOs phase (O), two-phase mixture
composition of oxyapatite phase + La,SiO; phase (O), three-
phase mixture composition of oxyapatite phase + La,SiOs
phase + La,0; phase (A), two-phase mixture composition of
oxyapatite phase + MgO phase (I>), three-phase mixture
composition of oxyapatite phase + La,0; phase + MgO phase
(), three-phase mixture composition of oxyapatite phase +
MgO phase + Mg,SiO, phase (¥), liquid phase forming com-
position (@), three-phase mixture composition of oxyapa-

Aqueous suspension Highly sinterable Densely sintered tite phase + Mg,SiO, phase + La,Si,0; phase at room tem-
containing raw mate- oxyapatite powder oxyapatite ceramic perature ([J), three-phase mixture composition of SiO,
rials and organic acid phase + MgSiO; phase + La,Si,0; phase (M), and three-

phase mixture composition of La,Si,0; phase + MgSiO;
Fig. 1 Adjustment process for densely sinterable powder of oxyapatite- Si0, MgSi0;  Mg.Si0, mzo  phase + Mg,SiO, phase ((O).1) Lig. indicates the region in

type lanthanum silicate and the sintered compact produced.

Profile

which a liquid phase is formed at 1,500°C.
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Development of a New Phosphor using One Particle

Sialon Group, Sialon Unit,
Environment and Energy Materials Division

Takashi Takeda

Need for a new phosphor

White LEDs, which are rapidly becoming popu-
lar as a component of energy-saving lighting
and liquid crystal backlights, comprise phos-
phors and LEDs. Thus far, we have developed
sialon phosphors suitable for white LEDs and
led them to practical application. In order to fur-
ther improve the performance of white LEDs
such as efficiency and color rendering proper-
ties, it is necessary to improve the properties of
phosphors and there is a call for the develop-
ment of new phosphors.

The conventional phosphor development pro-
cess was carried out by powder synthesis, and
the effort to make a new phosphor more like a
single-phase* material by changing the starting
compositions or synthesis conditions was es-
sential because this would make it possible to
elucidate the luminescence properties, crystal
structure and composition of the new phos-
phor. However, in actual synthesis, it requires a
great deal of labor and time to make a single-
phase material due to composition deviation
resulting from vaporization of some starting
compositions or uneven reactions within the
crucible. Furthermore, some of the existing
phosphors are so stable that once such phos-
phors are generated in the course of synthesis,
they remain as impurities within the product
and make it significantly difficult to obtain a
single-phase material.

Crystal structure

Sialon Group, Sialon Unit,
Environment and Energy Materials Division

Naoto Hirosaki

Development of a phosphor using one
particle

In this project, with the aim of solving the
above problem and developing new phosphors
efficiently, we have worked on a new approach
for the development of a phosphor using one
particle. Even when it is difficult to make a sin-
gle-phase material, particles of the target mate-
rial must be contained in the product. One such
particle is of course in a single phase, and we
have developed a new phosphor by using this
one particle (Figure 1).

Understanding even a small particle’s
properties

As in the conventional phosphor development
process by powder synthesis, in the develop-
ment process using only one particle, we should
identify the crystalline structure and composi-
tion of the target material and also probe into its
emission properties. Due to the small size of one
particle, less than 100 um, a problem may arise
as to whether it is possible to obtain sufficiently
strong signals from analytical instruments, but
this problem can be solved by using X-ray struc-
tural analysis or electron beam probing to iden-
tify the crystalline structure and composition.
The emission properties, which represent the
most important factor, can now be measured in
the same manner as the ordinarily measure-

ment of powder by using both a microscope
and a spectroscope.

Figure 2 shows the spectrum of the excitation
and emission from one particle of a phosphor of
less than 100um, and the changes in the tem-
perature of the emission of another phosphor. It
is possible to measure these properties of a far
smaller particle.

This approach has other characteristics. Speci-
mens that have been treated as single-phase
materials actually have slightly different compo-
sitions and properties for each particle, and
what is observed in powder is the average
among particles. In addition, the observation of
powder may contain an influence of the emis-
sion from one particle being reabsorbed into
another particle. In the new approach, we focus
on one particle, so we can eliminate the influ-
ence of other particles and obtain the true emis-
sion properties of that one particle.

By applying this new approach, we have worked
on the development of new phosphors and
have already discovered many new phosphors.
We will aim to apply these new phosphors and
lead them to improving the performance of
white LEDs and developing new applications of
phosphors.

* Single-phase: the state of a substance with a single
structure and uniform composition.

. — . ‘Luminescenceproperties

PL intensity (a.u.)

Taking out
one particle

Fig. 1 Development of a phosphor using one particle.
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Fig. 2 (a) Spectrum of excitation and emission of one particle of a phosphor, and (b) changes in the

temperature of the emission.

Each photograph shows the emission of one particle of a phosphor.
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(Engineering). Joined Nissan Motor Co. in 1980 and the National Institute for Research in Inorganic Materials in 1998. Professor in the cooperative field of the Department of Frontier Materials, Graduate

School of Engineering, Nagoya Institute of Technology.
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On January 24, SAT Technology Showcase
2014 was held at the International Con-
gress Center, Epochal Tsukuba (sponsored
by: the Science Academy of Tsukuba (SAT)
of the Science and Technology Promotion
Foundation of Ibaraki; co-sponsored by 27
organizations and associations including
NIMS; supported by 16 organizations and
associations), and in this event, the poster
presentation by Dr. Kazuhiro Kimura, Di-
rector of the Materials Reliability Unit, ti-
tled “Long-time Creep Strength Character-
ization and Creation of Creep Datasheet,’
won the "World's Top Poster Award,” and
the presentation by Dr. Izumi Ichinose, Di-

rector of the Polymer Materials Unit, titled
"Diamond-like Carbon Filter,'won the “Best
Presentation Award for Opening New
FrontierThe award winners had the honor
of receiving the awards
from Dr. Reona Esaki, SAT
President, in the award cer-
emony. Under the slogan
of “Intellectual Inspiration
in Tsukuba through Trans-
mission and Exchange of
World's Top Research,” a
total of 100 poster pre-
sentations were made by
researchers including col-

NIMS Researchers Receive World's Top Poster Award and Best Presentation Award
for Opening New Frontier at SAT Technology Showcase 2014

lege students and high school students, in
addition to 22 poster presentations on
world’s top research projects.

Dr. Kazuhiro Kimura (right) shaking hands ~ Dr. Yoshihisa Fujii receiving the award on
with Dr. Reona Esaki (left) in the ceremony.  behalf of Dr. Izumi Ichinose.

On January 29 to 31, nano tech 2014, the
13th International Nanotechnology Exhibi-
tion and Conference, was held at Tokyo Big
Sight, and in this event, the presentation by
Dr. Mitsuhiro Ebara, MANA Scientist of the
Smart Biomaterials Group, Biomaterials
Unit, titled “Development of Nanofiber
Mesh Having Anti-Cancer Activity,” won
the nano tech 2014 Project Award (Life
Technology Category). The nonwoven fab-
ric Dr. Ebara presented in the exhibition is
made of fiber equipped with the function
of self-heating via external magnetic fields

at nano tech 2014

NIMS Researchers Receive Project Award

and the function of releasing drugs when
heated. Its availability as an effective treat-
ment method capable of simultaneously
realizing thermotherapy and chemothera-
py of tumors was highly acclaimed, though
it is still at the stage of basic experiment.
As for nano tech 2014, the event was orga-
nized under the same theme as the previ-
ous one, ' “Life & Green Nanotechnology”
10 Innovation, and more than 48,000 peo-
ple visited the exhibition. The NIMS booth
received more than 1,500 visitors.

Dr. Ebara receiving the award from Dr. Tomoji Kawai, Chairman
of the nano tech Executive Committee, in the ceremony (right).
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Dear NIMS NOW readers,

I fell in love with Japan when | first visited
as a college student way back in 2001 and
told myself that | will be back someday.
Seven years later, with a Monbusho scholar-
ship, | got into the University of Tsukuba
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and NIMS cooperative graduate school. To-
gether with my young family, we are enjoy-
ing the rich culture, good food, and the four
seasons of Japan.

To study/work and live in Tsukuba has
been one of the best decisions in my life. It's
the “Silicon Valley” of Japan where you
meet great minds and at the same time you
get to enjoy wonderful nature around you.
| especially like biking on the sakura-lined
bike lane from the University of Tsukuba to
Doho Park on a beautiful spring day while
pondering on my research questions.

[t's been a privilege to be in NIMS as a grad
student and now a post-doc. With its high-
level research in all aspects of materials sci-
ence coupled with state-of-the-art facilities,

it's the best atmosphere for a young scien-
tist like me to be in. Even my 6-year-old son
wants to be a scientist someday and work
in NIMS. He also likes reading NIMS Now
magazine.

Vallerie Ann Innis SAMSON
(Philippines)
2008 - Present

Post-doc

Visitng the Golden Pavilion in Kyoto.
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