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Seeing and believing graphene
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I am Tomoo Terasawa, a \et
member of the Research Group \\\N‘ //,r/"'
for Nanoscale Structure and B
Function of Advances Materials. After receiving my
degree from the University of Tokyo in 2015, I worked
as a postdoctoral researcher at University of Tsukuba
and Nagoya University before joining the Nanoscale
Group as a postdoctoral researcher in April 2018 and
as a full-time staff member in April 2020. It has been
three and a half years since I joined JAEA. Since I
am allowed to write for the "Essay," I would like to
introduce my research activities so far briefly.

Ever since I was an undergraduate student, I have
been interested in graphene and working on it for
most of my research periods and institutes. Graphene
is a one-atom-thick material consisting of a honeycomb
lattice of carbon atoms. It shows the half-integer
quantum Hall effect, in which electrical conductivity is
proportional to (n+1/2) in high magnetic fields at room
temperature and the extremely high carrier mobility of
200,000 cm®/Vs by suppressing electron backscattering.
Graphene is a material attracting attention in a wide
range of fields, from basic to applied. Graphene is also
well known because graphene was first isolated by
exfoliating graphite with scotch tape. Despite the very
primitive method, it resulted in the Nobel Prize in
Physics awarded to Dr. Andre Geim and his colleague
in 2010. While graphene samples obtained by this
method are sufficient for basic research, there is a vast
gap between the basic researches and applications of
graphene. Mainly, the size and selectivity of single-layer
graphene are significant issues.

The fabrication of the large graphene requires a
method to grow small graphene crystals into large
ones. To understand the graphene growth mechanism,
real-time imaging, or "seeing," of the crystal growth is
crucial. However, the environment where graphene
crystals grow is filled with gases such as Ar, H,, and
CH, up to atmospheric pressure to supply hydrocarbons
and prevent oxidation and sublimation of the supporting
substrate. It is impossible to "see" the crystal growth of
graphene using an electron microscope. Furthermore, it
is extremely difficult to "see" graphene in visible light as
it is almost transparent with 97.7% light transmittance.

During my Ph. D. course, I tackled this problem and
found that graphene and Cu exhibit an optical contrast
in thermal radiation on a Cu substrate often used as a
growth substrate for graphene. Because graphene is as
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thick as a single atom, it transmits most of the thermal
radiation from the substrate and adds its own thermal
radiation. Although the optical contrast cannot be
obtained by reflected light observation, it was achieved
by thermal radiation observation, Le., graphene can be
"seen" [1,2]. I still remember the excitement I felt when
graphene crystals appeared on display as a hexagonal
contrast.

Since then, I have been interested in the real-time
observation of graphene crystal growth and various
other materials and phenomena. At University of
Tsukuba, I developed a 2000 K-class heater in the field
of view of a transmission electron microscope (TEM)
to observe the behavior of crystal surfaces at high
temperatures at the atomic level. Using this mechanism,
we "saw" the crystal habit of ZrO, at high temperatures
just below the phase transformation [34].

At Nagoya University, I worked on graphene
formation by the thermal decomposition of carbides
such as silicon carbide (SiC). SiC substrates are large-
area insulating single crystals and have been widely
used in power semiconductors and other fields.
Graphene formed on SiC has the potential to lead
to practical applications soon. I was employed as a
postdoctoral researcher by "Science of Atomic Layers"
in "Grant-in-Aid for Scientific Research on Innovative
Areas." I contributed to several papers by providing
graphene samples by decomposition of SiC substrates
and by first-principle calculations, which I started at
that time [5,6]. In particular, it was a great pleasure
to see that the atomic structure obtained by the first-
principle calculations well matched the structure "seen"
by TEM.

The graphene crystal growth and observation
techniques that I developed as a graduate student
are still being used in my current research. Since the
chemical and physical properties of Au are similar to
those of Cu, I worked on graphene crystal growth on
Au substrates. During my work, what I found was
that Au modulated the optical properties of graphene
in response to hydrogen treatment [7]. We are now
using angle-resolved photoemission spectroscopy and
first-principle calculations to "see" the electronic band
structure of graphene and discuss the origin of the
optical property modulation. Furthermore, we are also
focusing on the function of graphene as a hydrogen
isotope separation membrane. Taking advantage of the
availability of large-area single crystals of graphene, we
try to elucidate its mechanism. I hope to eventually be
able to "see" the active site of the isotope separation
ability.

Since I arrived in 2018, I have received a lot of
guidance and support from Nanoscale Gr, ASRC, and
JAEA. T would like to take this opportunity to thank
them and continue to develop these researches so that
I can return what I have received.
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