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Strong suppression of graphene growth by sulfur superstructure on a nickel substrate
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The formation of multilayer graphene on a nickel substrate is usually unavoidable due to the precipitation
of carbon upon cooling after the growth of the single layer of graphene. We found that the growth rate of
graphene on a Ni(110) surface was markedly reduced when the surface was covered by sulfur atoms arranged in a
c(2 × 2) periodicity. An atomistic survey by scanning tunneling microscopy revealed a compression of the sulfur
superstructure as a result of the growth of graphene-covered regions. Photoelectron emission microscopy showed
that the growth rate of graphene is linear with time, which indicates that carbon atoms are supplied only at the
growth front of graphene islands. Density functional theory calculations rationalized these experimental results
and suggested a mechanism for suppressing the growth of graphene. Sulfur atoms might extend the utility of
nickel substrates for the production of single-layer graphene or nanographenes.
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I. INTRODUCTION

Studies on graphene generally focus on single layer
graphene (SLG), bilayer graphene (BLG), or nanographene
(NG), including graphene nanoribbons, as many of the excel-
lent electronic, optical, mechanical, and magnetic properties
result from the presence of these forms [1–11]. The produc-
tion of these desirable forms of graphene requires fine control
of the number and shape of layers, as well as the crystalline
quality. Chemical vapor deposition (CVD) is the technique
most widely used to produce large-area, high-quality samples
of graphene [12]. This technique has been demonstrated using
various metal surfaces, such as Cu, Ni, Pt, Ru, Rh, Ir, Fe,
Au, and their alloys [13]. Among these metals, copper and
nickel are especially relevant as a substrate, owing to low cost
and high availability. The synthesis of graphene is believed
to follow one of two reaction pathways: (i) direct formation
of graphene from carbon produced by the decomposition of
hydrocarbons on a catalyst surface or (ii) decomposition of
the hydrocarbon at the surface and diffusion into the cata-
lyst, followed by segregation of dissolved carbon from the
subsurface of a catalyst substrate [14,15]. Which of these
reactions predominates depends on the solubility of carbon
in the substrate metal; pathways (i) and (ii) typically occur
on copper and nickel substrates, respectively [14]. In the case
of nickel as a substrate, the synthesis of graphene through
segregation is quite rapid because of the high concentration of
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carbon present, owing to its large solubility in the substrate.
However, this unique property becomes a drawback if it is
necessary to control the number of layers. SLG forms at
about the segregation temperature (TS) [16,17] but this process
must be followed by cooling of the substrate, which usually
causes precipitation and subsequent stratification of graphene
at temperatures below TS [16,17]. As a consequence, CVD
[18,19] and direct-segregation methods [20,21] using a nickel
substrate generally produce multilayer graphene or graphene
with a nonhomogeneous thickness [22]. To avoid this mul-
tilayer growth, SLG production on nickel surfaces has been
engineered by controlling the conditions for CVD [23,24], by
using a binary metal alloy [25] or nickel carbide [26], by using
a thin film of nickel on graphite [27], or by using aluminum
barriers to limit the diffusion of carbon [28].

We previously reported the growth of graphene islands in
coexistence with sulfur on a Ni(110) surface, but the effect
of the sulfur atoms on the growth of the graphene remained
unclear [29]. We also noted that the growth speed of graphene
was extremely slow, which was likely related to the presence
of sulfur on the surface. In this paper, we experimentally and
theoretically address the impact of sulfur atoms on the growth
of graphene on the Ni(110) surface. Impurity sulfur atoms
segregate to form a superstructure of the c(2 × 2) periodicity
at high temperature (∼1000 ◦C), at which the formation of
graphene does not take place. Upon cooling the sample, the
growth of graphene is initiated but its speed is largely sup-
pressed by the presence of the sulfur superstructure, as the
advancement of graphene edges and the supply of carbon to
the edges are restricted by the sulfur atoms. The fundamental
mechanism behind these phenomena is the strong repulsion
between carbon and sulfur atoms both at the surface and
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subsurface of nickel. This intriguing repulsive effect that we
have demonstrated experimentally and theoretically imparts a
controllable graphene growth speed and leads the way to the
production of SLG or NG on a nickel substrate.

II. METHODS

A. Preparation of the carbon-doped Ni(110) substrate
and the growth of graphene

Single-crystal nickel substrates with a (110) surface were
placed in a carbon crucible together with high-purity carbon
powder. The crucible was heated in a furnace at 800 ◦C under
a vacuum of ∼10−4 Pa for three weeks to dope the nickel
crystals with carbon. The concentration of carbon in the doped
nickel was estimated by a chemical analysis to be 0.44 atom
% or 4.0×1020 cm−3. This number is close to the reported
solubility of carbon atoms in nickel at 800 ◦C (0.49 atom %)
[30,31]. After the doping, the crystal was polished to a mirror
surface with alumina powder, then subjected to ultrasonic
cleaning in acetone.

To grow graphene, we exploited the segregation of carbon
in ultrahigh vacuum (UHV) environments. After loading into
the UHV chamber, the crystal was initially heated to 1000 ◦C
for one minute to remove any oxide layer or surface impuri-
ties. At this temperature, most carbon on the surface should
dissolve in the substrate while impurity sulfur will segregate
to the surface to create a c(2 × 2)-S superstructure. After-
ward, graphene growth was performed by carbon segregation
upon cooling to room temperature. Growth of the graphene
was controlled by varying the cooling rate between 750 and
850 ◦C. The temperature of the sample was monitored with
an infrared pyromter (ε = 0.1).

B. Characterization methods

Scanning tunneling microscopy (STM) and low-energy
electron-diffraction (LEED) measurements were performed in
a low-temperature STM system (Unisoku USM-1300). After
graphene had been grown in the preparation chamber (base
pressure <5.0 × 10−9 Pa) of a LEED apparatus (OCI 800), the
sample was loaded into the scanning tunneling microscope,
and STM was performed at 78 K by using a polycrystalline
tungsten tip. After the STM and LEED measurements, the
sample was exposed to air and transferred to a helium-ion
microscope (Zeiss Orion-Plus) [32,33]. HIM images were
recorded with a beam current of 2.2 pA and an acceleration
voltage of 25 kV. Real-time observations of graphene growth
were conducted on a photoelectron emission microscopy
(PEEM) system equipped with a Hg lamp (∼4.9 eV) as a UV
source (Omicron IS-PEEM with a microanalyzer).

C. Computational methods

Computations were conducted by using PHASE/0 code
[34], which is based on DFT [35] and the projector aug-
mented wave-type pseudopotential scheme [36] with plane
wave basis sets [37]. For the exchange correlation term, the
Perdew-Burke-Ernzerhof form was used [38]. For the van der
Waals interactions, the DFT-D2 method was applied [39].
For the activation-barrier search, we employed the nudged

FIG. 1. Graphene islands grown on a C-doped Ni(110) substrate
through segregation. (a) Helium-ion microscopy image of the sample
after cooling at 3.3 ◦C/s from 1000 ◦C to 600 ◦C, followed by further
cooling to room temperature. He+ acceleration voltage = 25 kV.
(b) LEED pattern from the same sample surface. Incident electron
energy = 80.5 eV. (c) STM image from the region outside the SLG
islands [light grey region in (a)]. The inset shows the corresponding
FFT image. Vs = +1.0 V, I = 0.1 nA, T = 78 K. (d) STM image
from an SLG island [dark gray patch in (a)]. The inset shows an
atomic-resolution image. Vs = +0.5 V, I = 0.2 nA, T = 78 K. (e)
Stick-and-ball model showing the two types of orientation for SLG
stacked on a Ni(110) surface identified by a RHEED analysis.

elastic band method in combination with the force-inversion
method [40,41]. The cutoff energy for the plane wave basis
was 25 Ry. The number of k points sampled in the Brillouin
zone was more than 16 × 16 per 1 × 1 surface unit cell.
Slab calculations were carried out with twelve Ni layers for
Fig. 4, six Ni layers for Fig. S6 in the Supplemental Material
[42], and four Ni layers for Fig. S7-S10 in the Supplemental
Material [42]. All calculations were performed with a vacuum
region corresponding to six nickel layers.

III. RESULTS AND DISCUSSION

A. Characterization of graphene grown on the Ni(110) surface

Figure 1(a) shows helium-ion microscopy (HIM) images
of the (110) surface of a carbon-doped single crystal of nickel
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TABLE I. Conditions for growth of graphene on Ni surfaces.

This paper Yu et al. [20] Kim et al. [18] Reina et al. [19] Baraton et al. [21]

Method segregation segregation CVD CVD segregation
Cooling rate (◦Cs−1) 3 10 0.5–10 (5–10 min)a (30 min) a

Growth temp (◦C) �1000 �1000 �1000 900-1000 900
Thickness island multi (1-4L) multi (1-5L) multi (1-10L) multi

aThis work showed growth time instead of cooling rate.

after heating to 1000 ◦C for 1 minute, followed by cooling
at 3 ◦C/s to 600 ◦C and subsequent cooling to room tem-
perature. The dark gray patches generally correspond to SLG
islands grown through surface segregation of carbon atoms.
One patch, however, contained a bilayer region. The graphene
islands were typically several micrometers in size and cov-
ered approximately 12% of the surface of the substrate. This
result is remarkable because, although the substrate contained
a high concentration of carbon and the heating tempera-
ture and cooling rate were similar to those in recipes used
in previous reports on the synthesis of multilayer graphene
[18–21], the rate of growth of graphene in the current study
was extremely slow and the graphene formed single layer
islands almost exclusively, rather than multilayer graphene
(Table I).

A LEED study on the same surface showed spots from the
substrate lattice [(1,0), (0,1), and (1,1)] and additional double
spots around (1/2, 1/2) [Fig. 1(b)]. The coverage of graphene
was so low that diffraction spots from the graphene islands
were not visible by LEED. The origin of the (1/2, 1/2) spots
was attributed to a superstructure produced by impurity sulfur
atoms segregated from the substrate, as detected by AES (see
Fig. S1) and by atom-resolved STM observations (Fig. 2).
A separate chemical analysis estimated that a nickel plate
with the same purity (99.999%) to that of the single crystal
of Ni used in the graphene-growth experiments contained as
much as 0.0037 at% sulfur. It has been known for some time
that segregation of sulfur reduces the surface energy of a
nickel surface and gives rise to a c(2 × 2)-S superstructure
on Ni(110) [Fig. 2(c)], in which each sulfur atom is located
in a twofold hollow site and the coverage (�) corresponds
to 0.5 monolayers [43–46]. Such sulfur superstructures were
found in the regions outside the graphene islands [Fig. 1(c)].
The STM image of this region was dominated by round pro-
trusions separated by 0.709 and 0.507 nm along the [001] and
[11̄0] crystal orientations, respectively, nearly equal to a 2 × 2
periodicity with respect to the substrate lattice. A more strik-
ing feature in Fig. 1(c) is that a number of corrugated lines are
discernible along both the [001] and [11̄0] crystal orientations
in the c(2 × 2)-S phase. Each of these lines actually consists of
rows, each two sulfur atoms in width, which are the origin of
the double diffraction spots at (1/2, 1/2) in the LEED image
in Fig. 1(b). A fast-Fourier transform (FFT) of the atomically
resolved STM image in Fig. 1(c) duplicated the double-spot
image [see the inset in Fig. 1(c)], in a similar manner to the
LEED pattern. From these observations, we hypothesize that
the extremely slow growth rate of the graphene is caused by
the presence of sulfur on the substrate surface. Underscoring
this point, we confirmed that multilayer graphene grew on the
same carbon-doped substrate after the sulfur atoms had been

removed from the surface by argon-ion sputtering (Fig. S2 in
the Supplemental Material [42]).

A typical STM image of the interior of an SLG island is
shown in Fig. 1(d). The crystallinity of the SLG was excellent
in the internal regions tens to hundreds of nanometers from
the edges of the island. The root-mean-square roughness in the
image area was 6.4 pm and the defect density was 0.038 nm−2.
Reflection high-energy electron-diffraction (RHEED) mea-
surements (Fig. S3) confirmed that the SLG islands adopt two
types of orientation in which the armchair axis of the graphene
is aligned to the [11̄2] or [1̄12] orientation of the substrate,
respectively, as depicted in Fig. 1(e). Previous studies on
graphene growth on the (110) surfaces of Cu [47] and Ni
[48,49] reported the formation of moiré patterns, indicating a

FIG. 2. Sulfur superstructures formed on the Ni(110) surface
after graphene growth. (a), (b) High-resolution STM images of
sulfur-covered regions. Imaging parameters: (a) Vs = +1.0 V, I =
0.1 nA, (b) Vs = +0.3 V, I = 0.1 nA, T = 78 K. (c) Structural
models of sulfur atoms adsorbed on the Ni(110) surface and the
corresponding simulated STM images at Vs = +0.3 V. Adsorption
energies are presented with respect to that of a single sulfur atom in
the c(2 × 2) structure; the energy of c(2 × 2) was set to zero and
other values are given relative to this; each energy is also denoted
per sulfur atom.
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direct interaction between the substrates and graphene. How-
ever, we did not observe clear moiré patterns in the internal
region of the SLG islands, which suggests that the SLG did
not directly contact the substrate. Such a decoupling probably
occurs upon cooling to room temperature, owing to the differ-
ence in the thermal expansion coefficients of Ni and graphene
[50–54]. It is also possible that the remaining carbon atoms
that did not contribute to the growth of graphene and instead
formed a structurally disordered phase, such as a dilute phase
of carbon (e.g., nickel carbide) [26,55,56], at the interface
between SLG and Ni(110). This disordered phase could act
as a decoupler for SLG islands from the substrate.

Closer inspection of the sulfur-covered region revealed that
the line features are formed by sulfur atoms rearranged in
local p(2 × 3) and p(3 × 2) periodicities in the c(2 × 2)-S
phase [Fig. 2(a)]. The precise atomic configurations of sulfur
in these structures are suggested by comparison between ex-
perimental and simulated STM images [Figs. 2(b) and 2(c)].
Both the p(2 × 3)-S and p(3 × 2)-S structures accommodate
surplus sulfur atoms positioned in adjacent hollow sites and
bridge sites within their unit cells [Fig. 2(c)]. Such a rear-
rangement of the sulfur atoms in two adjacent hollow sites
of the nickel surface changes the orientation of the 3p orbitals
of the sulfur atom to point toward the vacuum, whereas the
corresponding orbitals originally lie in plane in the c(2 × 2)-S
structure. This rearrangement of the electronic structure of
the sulfur atoms resulted in an enhancement of the contrast
in the STM image at higher sample biases. Consequently,
the rows of the p(2 × 3)-S and p(3 × 2)-S are observed as
horizontal and vertical lines in the c(2 × 2)-S phase, as shown
in Figs. 1(c) and 2(a). Furthermore, these line features are
separated by various widths of the c(2 × 2)-S structure, which
prevent the line features from adjoining each other.

The coverage (�) by sulfur atoms in both the p(2 × 3)
and p(3 × 2) phases was 0.67, whereas it was 0.5 for c(2
× 2). Quantitatively, our DFT computation showed that the
p(2 × 3)-S and p(3 × 2)-S phases are approximately 0.44 eV
and 0.30 eV per sulfur atom less stable than the c(2 × 2)-S
phase. Thus, these structures are locally stressed at the sur-
face. Another compressed structure, which was found less
often than the others, was c(8 × 2)-S [� = 0.625, approxi-
mately 0.22 eV per sulfur atom less stable than c(2 × 2)-S],
as seen in Fig. 2(b). This structure also includes a pair of
sulfur atoms arranged in the adjacent hollow sites, but their
coverage is not as high as those of the p(2 × 3)-S and p(3 ×
2)-S phases due to the larger unit cell. The p(3 × 2) and c(8 ×
2) structures associated with sulfur atoms were previously ob-
served by introducing an excess dose of sulfur from H2S onto
clean Ni(110) surfaces [44,45]. Although the nickel substrate
used in this study contained an amount of sulfur impurity
equivalent to 300 layers of the c(2 × 2)-S structure, we did not
observe these compressed sulfur structures in the absence of
the growth of graphene islands. This was confirmed by STM
and LEED observations of a pristine Ni(110) crystal without
carbon doping, which showed the presence of only the c(2 ×
2)-S surface (Fig. S5 in the Supplemental Material [42]), even
after it had been subjected to a similar heating process to that
of the carbon-doped sample shown in Fig. 1.

Furthermore, AES elemental mapping revealed that no sul-
fur signal was detected from the SLG islands (Fig. S1 in the

Supplemental Material [42]), indicating that the graphene nei-
ther grows over the sulfur atoms adsorbed on the substrate nor
is adsorbed by sulfur atoms (an example of a minor exception
can be found in Fig. S4 in the Supplemental Material [42]).
In other words, the SLG islands and the sulfur superstructures
are phase separated in general. These facts are also reasonably
explained by the DFT calculations; compared with a single
sulfur atom adsorbed on a clean nickel surface, a single sulfur
atom placed on SLG is less stable by 3.80 eV, one placed at the
interface between the nickel and SLG is less stable by 3.65 eV,
and one placed in c(2 × 2)-S at the interface between the
nickel and SLG is less stable by 0.75 eV (Fig. S6). From these
observations, we conclude that the vertical and horizontal line
features associated with the local sulfur atom rearrangements
are created as a result of the compression of the c(2 × 2)-S
phase derived from the expansion of the graphene island.

B. Real-time observation of graphene growth
on the Ni(110) surface

Real-time observation of the growth of a graphene is-
land by means of PEEM provided valuable clues as to the
mechanism of growth of graphene on the Ni(110) surface.
Figure 3(a) shows a snapshot image of graphene islands from
a collection of PEEM images recorded over 2000 s (see sup-
plemental video). Here, we focus on the graphene islands
labeled island 1 and island 2; both of these islands had almost
rectangular shapes. The reason why island 1 had a strong
anisotropy between the [1̄10] and [001] orientations is unclear
from these observations. The dark regions observed on island
1 correspond to an adlayer of graphene. To investigate the
growth rate of the graphene islands, cross-sectional signals
along the lines AA’, BB’, and CC’, as shown in Fig. 3(a),
were collected from the PEEM images at various times and are
plotted in Fig. 3(b). The rearranged data as a function of time
indisputably show that all the island-edge positions changed
linearly with time in both the [1̄10] and [001] orientations
during the initial stage of graphene growth. For instance, edge
1 in Fig. 3(b) moved at a constant speed of 38 nm/s toward the
[1̄10] orientation throughout the observation, whereas edge
2 moves at a speed of 31 nm/s, similar to that of edge 1,
toward the [110] orientation for up to 1300 s and then slowed
down due to its proximity to the neighboring graphene island.
Similarly, other edges experienced linear growth rates in the
early stages of growth, followed by deviation from the initial
growth rate after certain elapsed times.

The linear growth rate with respect to time is evidence for
progress of the growth of the graphene island by attachment
of carbon atoms to the island edges. This is consistent with a
recent report on observations of graphene growth on a Ni(111)
surface by high-speed STM [57]. It also indicates that the
carbon atoms were supplied exclusively at the edges of islands
from the subsurface [path III in Fig. 3(c)]. If the carbon atoms
were supplied by surface segregation to the interface between
a graphene island and the substrate followed by diffusion to
the growth front [path I in Fig. 3(c)] or by segregation to the
c(2 × 2)-S regions far from the island followed by surface
diffusion to the growth front [path II in Fig. 3(c)], the growth
rate would have shown deviation from a linear trend.
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FIG. 3. Evolution of graphene size with time. (a) A snapshot
image from a PEEM study of graphene growth at 1602 s after
the sample temperature was set to 730 ◦C. (b) Size evolution of a
graphene island with time. PEEM images sliced at the lines AA’,
BB’ and CC’ represented in (a) are arranged by time, revealing
that the size of the graphene island increases almost linearly with
time during the early stages of growth. (c) Possible paths for carbon
atoms to attach to the edge of a graphene island: segregation and
surface diffusion from inside (I) or outside (II) the graphene island
or segregation to attach directly to the graphene island edge (III).

C. Mechanism of strong suppression of graphene growth
on the Ni(110)-c(2 × 2)-S surface

To determine the mechanism by which a sulfur-covered
nickel surface inhibits graphene growth, we calculated the
relative energy of formation of a carbon atom placed at various
depths in 12-layer Ni slabs with clean and c(2 × 2)-S surfaces
(Fig. 4). For a clean Ni(110) surface, a carbon atom is most
stable when it is located in the first layer and on the surface.
This result is as expected from the tendency of multilayer
graphene to form on a clean nickel surface. In contrast, the

FIG. 4. Relative stability of a carbon atom residing at various
depths from the surface of a 12-layer nickel slab. The energies of
a carbon atom placed at various depths from the surface calculated
by using a 12-layer Ni(110) slab model with a clean surface (blue
dot) or with the c(2 × 2)-S surface (red dot). The energy is set to
zero for a carbon atom placed in the fifth layer.

energy of a carbon atom increases markedly when it is placed
on a c(2 × 2)-S surface. Because of this large instability, car-
bon atoms diffusing from the bulk to the surface are subjected
to large repulsive forces by a topmost sulfur layer. This effect
would prevent carbon atoms in the bulk from segregating to
the sulfur-covered regions. Furthermore, a carbon atom placed
between SLG and a nickel substrate is 2.25 eV less stable than
one placed on a clean nickel surface (Fig. S6). This suggests
that the segregation of carbon atoms is also unlikely to occur
under graphene. These theoretical observations are consistent
with the above suggestion made that segregation of the carbon
atoms takes place only near the edges of graphene islands, as
found in our PEEM observations (Fig. 3).

We were surprised to observe that sulfur atoms adsorbed on
a nickel surface were an obstacle to the growth of graphene
because it can generally grow over defects and steps. The
difference in our growth process arises because repulsion be-
tween carbon and sulfur exists even in the topmost surface.
Our DFT calculation showed that a sulfur atom placed near a
graphene edge on a nickel slab is forcibly displaced from the
region near the edge (Fig. S7). Moreover, the energy barrier
for the diffusion of a sulfur atom in the c(2 × 2)-S phase
was estimated to be 1.13 eV (Fig. S8), which is quite small
compared with the energy reduction produced by graphene
growth through segregation of carbon atoms (∼3.06 eV; see
the section “Estimation of the energy reduction by graphene
growth” in the Supplemental Material). After its nucleation,
therefore, a small graphene island expands in area through
the supply of carbon atoms to its edges from the bulk and by
pushing aside sulfur atoms, as shown in Figs. 5(a)–5(d).

Once the precise arrangement of sulfur atoms adsorbed
on the nickel surface was determined by STM and DFT,
the formation of the line features observed in Figs. 1(c) and
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FIG. 5. Model for the formation of sulfur line features. (a)–(d) As carbon atoms become attached to the graphene edge, sulfur atoms are
displaced to an interstitial site of c(2 × 2). (e) Two domains of c(2 × 2)-S (α and β) separated by a closed loop consisting of p(2 × 3)-S and
p(3 × 2)-S lines. (f)–(h) Evolution of line features in a c(2 × 2)-S region made of excess sulfur atoms displaced as a result of graphene growth.

2(a) could be explained by means of a simple model for the
creation of new c(2 × 2)-S domains. Because the domain of
the c(2 × 2) periodicity is shifted by the lattice constant of
Ni(110) across the p(2 × 3) or p(3 × 2) lines, these lines
should form a closed loop separating the original domain
of the c(2 × 2)-S (α-domain) from the new domain (β-
domain) [Fig. 5(e)]. As the graphene grows, displaced sulfur
atoms diffuse through the interstitial sites in the c(2 × 2)
region [Fig. 5(f)], and p(2 × 3)-S and p(3 × 2)-S unit cells
are created locally. Our DFT calculations demonstrated that
these structures preferentially form one-dimensional lines that
have lower energies by 0.2–0.4 eV per unit cell, compared
with those produced by kinking or which exist individually
(Fig. S9 in the Supplemental Material [42]). Accordingly, as
the density of these structures increases, they form lines of
a closed loop and a new β-domain is produced [Fig. 5(g)].
A further supply of sulfur as a result of graphene growth

creates complex one-dimensional patterns [Fig. 5(h)]. Inter-
estingly, placing two one-dimensional line structures next to
one another causes an instability of more than 0.1 eV per
unit cell (Fig. S10 in the Supplemental Material [42]). Thus,
two lines remain some distance apart owing to the repulsive
forces, which also plays a role in the formation of the intricate
patterns.

IV. CONCLUSIONS

We have obtained comprehensive experimental and theo-
retical evidence for the strong suppression of the growth of
graphene layers in the presence of sulfur atoms on a Ni(110)
surface. The rate of growth of graphene is markedly reduced
on a Ni(110) surface covered with the c(2 × 2)-sulfur su-
perstructure. The major effect that hinders graphene growth
is repulsion between carbon and sulfur atoms on the nickel
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surface. The topmost sulfur layer restrains segregation of car-
bon atoms from the bulk, and even inhibits lateral expansion
of graphene islands; these two effects produce an extreme
retardation of the growth process despite the presence of a
rich carbon source in the nickel substrate. Optimization of the
concentration of sulfur atoms at the surface by using an ex-
ternal sulfur source should permit finer control of the growth
rate of graphene, the size of graphene islands, and the number
of layers. Furthermore, patterning of sulfur-adsorbed areas
by techniques such as mask deposition or lithography might
be used as a template to produce desired shapes and sizes
of SLG or graphene a few layers thick, including graphene
nanoribbons.
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