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We investigated the graphene growth on a Ni(110) surface by using first-principles density functional theory calculations.

Recently, it was reported that the graphene growth on a Ni(110) surface is slowed down by S atoms resolved in a Ni slab. We

found that S atoms hinder C atoms from segregating on a Ni(110) surface. For a clean Ni(110) surface, C atoms segregate on

the surface, while for a S/Ni(110)-c(2x2) surface, those prefer to stay in a Ni slab. Experimentally observed parallel straight

lines made in a S/Ni(110) region after graphene growth can be explained by our theoretical calculations. Our result is useful to

understand the graphene growth mechanism, leading to the development of graphene fabrication method in the future.

Keywords : graphene growth, nickel, sulfur, segregation, first-principles calculation

1. Introduction

To stop the global warming, the decrease of the amount of
carbon dioxide in atmosphere is one of the urgent issues. For it,
materials science can play roles through the development of new
materials for solar battery, fuel cell, low energy device systems,
and so on. Graphene, which is made of only carbon (C) atoms
and has a two-dimensional honeycomb structure, is known to
have characteristic physical properties, such as high electron
mobility, and then expected as low energy electron device
materials. So far, several fabrication methods have been proposed,
such as the graphite-peeling method [1], the chemical vapor
deposition (CVD) method [2], and the SiC thermal
decomposition method [3]. Especially, the CVD method is
expected to fabricate graphene quite rapidly, and then has been
intensively studied. In this study, we investigated the graphene
growth on a Ni(110) surface by using first-principles density
functional calculations.

2. Calculation method

PHASE/0 is an electronic structure calculation program,
which has been developed by Institute of Industrial Science (IIS),
the University of Tokyo, and National Institute for Materials
Science (NIMS) [4]. This program is based on the density
functional theory and the pseudopotential scheme. This code can
calculate electronic structure and then describe the bonding state
between atoms quite well. This is important for molecular
dynamics simulations on complicated systems such as the
graphene growth studied in this work. PHASE/O exhibited the
performance of 4TFLOPS with 64 nodes of the Earth Simulator
(ES), which corresponds to 25% of the peak performance.

3. Graphene growth on Ni(110) and effect of S atoms
Graphene growth on a Ni surface by the CVD method is

known to proceed as follows. CH4 molecules deposited on a Ni
surface dissociate into C and H atoms. H atoms evaporate into
vacuum as Hz gas, while C atoms are dissolved into the Ni slab.
With the high concentration of C atoms, they are segregated on
the Ni surface and form graphene on the surface. Instead of CH4
deposition, a Ni slab with high concentration of C atoms
dissolved into it can be used. Upon cooling after annealing of a
Ni slab with C atoms at over 1000 °C, the graphene growth is
initiated. More than ten layers of graphene on the whole Ni(110)
surface are fabricated until cooling to the room temperature.
Recently, the graphene growth speed was found to be affected
substantially by S atoms dissolved in a Ni slab [5]. Fig. 1 shows
the Ni(110) surface with C and S atoms dissolved into it after
annealing and cooling. Fig. 1(b) and (c) are the STM images of
the dark grey area of (a), i.e., graphene on Ni(110) and the light
grey area of (a), i.e., S/Ni(110)-c(2x2) surface, respectively. It is
confirmed that on a Ni(110) surface, S atoms are segregated
firstly, followed by graphene growth, meaning that graphene
growth proceeds with removing surface S atoms. As shown in the
figure, graphene area is much smaller and thinner than that on the
Ni(110) slab without S atoms, indicating that the graphene
growth is hindered by the surface S atoms. To study why the
graphene growth speed becomes slow, the stability of C atoms in

“""‘-nm'r

b T
NI,

Fig. 1 Microscopic images of graphene segregated on Ni(110) surface
(provided by Dr Sagisaka). (a) wide-rage helium ion microscope image,
(b) scanning tunneling microscope (STM) image of the dark grey area of
(), (c) STM image of the light grey area of (a).
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Fig. 2 Stability of a C atom on clean Ni(110) surface (blue) and
S/Ni(110)-c(2x2) surface (red). The horizontal axis denotes the C atom
position, i.e., the depth in a Ni slab, where 0 denotes the surface. The
energy origin is taken as that of C atom in the fifth layer.

both clean Ni(110) surface and S/Ni(110)-c(2x2) surface is
studied. The result is shown in Fig. 2. On a clean Ni(110) surface,
a C atom on the topmost layer is more stable than that in the fifth
layer by about 0.2 eV. On a S/Ni(110) surface, a C atom on the
topmost layer is less stable than that in the fifth layer by about 0.6
eV. This result indicates that C atoms in a clean Ni(110) slab is
casy to segregate on the surface, while for a S/Ni(110) slab, C
atoms are hindered from segregating on the surface. We also
study the stability of C and S atoms on various surfaces. The
structures are shown in Fig. 3. Based on a C atom on a clean
Ni(110) surface (Fig. 3(a)), that on a S/Ni(110)-c(2x2) (Fig. 3(b))
has an energy of 0.8 eV (which is the same value as that shown
in Fig.2), and that between graphene/Ni(110) interface (Fig. 3(c))
has an energy of 2.3 eV. This means that C atoms do not segregate
at the interface. Based on a S atom on a S/Ni(110)-c(2x2) surface
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Fig. 3 Configurations of C and S atoms on various Ni(110) surface
structures. (a) C atom on clean Ni(110) surface, (b) C atom on S/Ni(110)-
c(2x2) surface, (c) C atom between graphene/Ni(110) interface, (d)
S/Ni(110)-c(2x2) surface, (e) S atom on graphene/Ni(110), (f) S atom
between graphene/Ni(110) interface. Grey, red, and green balls denote Ni,
S, and C atoms, respectively.
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(Fig. 3(d)), that on graphene (Fig. 3(¢)) has an energy of 3.8 eV,
and that between a graphene/Ni(110) interface (Fig. 3(a)) has an
energy of 3.6 eV. This theoretical result is in good agreement with
the experiment, in which S atoms were not observed in the
graphene area shown in Fig. 1(b) [S]. After graphene growth, line
structures appear on a S/Ni(110) surface, as shown in Fig. 1(c).
The line structures contain more S atoms than S/Ni(110) surface:
the S atom coverage of the former is 0.67, while that of the latter
is 0.5. This means that the line structures accommodate S atoms
removed from the Ni surface after the graphene growth. We
theoretically found that the line structures tend to keep straight
and are repulsive to each other, that explains the experimental
result very well. The details are available in ref. 5.

4. Summary

We study graphene growth on Ni(110) surface by using the
first-principles calculation method. We found that S atoms
resolved in a Ni slab hinder C atoms from segregating on the
Ni(110) surface, resulting in the slow graphene growth on the
surface. Our result is useful to understand the graphene growth
mechanism, leading to the development of graphene fabrication
method in the future.
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