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Formation of single layer graphene on nickel under
far-from-equilibrium high flux conditions¥

Erik C. Neyts,*@ Adri C. T. van Duin® and Annemie Bogaerts®

We investigate the theoretical possibility of single layer graphene formation on a nickel surface at different
substrate temperatures under far-from-equilibrium high precursor flux conditions, employing state-of-the-
art hybrid reactive molecular dynamics/uniform acceptance force bias Monte Carlo simulations. It is
predicted that under these conditions, the formation of a single layer graphene-like film may proceed
through a combined deposition-segregation mechanism on a nickel substrate, rather than by pure
surface segregation as is typically observed for metals with high carbon solubility. At 900 K and above,
nearly continuous graphene layers are obtained. These simulations suggest that single layer graphene
deposition is theoretically possible on Ni under high flux conditions.

The segregation of graphene and graphite at metallic surfaces
and grain boundaries at elevated temperatures has been known
for decades." The isolation of graphene at room temperature,
however, has opened up an entirely new field in solid state
physics,>* thanks to its unique properties including quantum
electronic transport, tunable band gap, extremely high mobility
or electromechanical modulation.*” As a result, various prepa-
ration techniques have been developed, including mechanical
exfoliation, ultra high vacuum annealing of SiC, surface segre-
gation followed by precipitation from metallic surfaces, and
chemical reduction of graphene oxide.**™°

The metal-catalyzed growth of graphene has been demon-
strated by several groups.*'“* Major advantages of such
processes are that they can proceed at ambient pressure and the
metallic films are widely available. This allows an inexpensive
and high-throughput growth of graphene. Furthermore, they
allow the growth of patterned samples* beneficial for device
fabrication.

The growth mechanism of graphene on Ni films was exper-
imentally determined to be surface segregation rather than a
deposition process, both at ambient pressure and at low pres-
sure.’"> After the decomposition of the hydrocarbon source gas
at the metallic surface, the carbon dissolves and diffuses
through the subsurface and bulk regions, subsequently leading
to graphene formation through a C segregation and precipita-
tion process. It was found that the cooling rate is crucial for
controlling the number of graphene layers.
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On the simulation aspects, graphene formation and healing
of defects on Ni(111) surfaces was previously simulated by
Amara et al. using a grand canonical Monte Carlo tight binding
model."" Amara et al. also studied the interaction between
graphitic patches and a Ni(100) surface.'® Gao et al. simulated
the formation of small carbon clusters on a Ni(111) surface by
density functional theory (DFT), emphasizing the role of
pentagons and metal step edges in the graphene island
formation."*® The important role of Ni in catalytically healing
defects in the carbon network at its surface was recently high-
lighted in simulations on the growth of single walled carbon
nanotubes on small Ni clusters.">

However, studies focussing on the thermodynamic stability
of preformed structures cannot provide information on the
dynamics of the growth process itself. Monte Carlo studies can
also not address the dynamics inherent to the growth process.
For this purpose, molecular dynamics (MD) simulations can be
applied. Meng et al.>> used MD simulations based on the same
Reax force field as used in the current work to study the gra-
phene formation on Ni(111) at different temperatures, from a
collection of pre-adsorbed C-atoms corresponding to different
concentrations. High C-concentrations were found to be a
requirement for graphene formation, and an optimal growth
temperature of 1000 K was identified. To the best of our
knowledge, however, studies focussing on the actual graphene
growth process (i.e., from sequential C-additions in which the
C-concentration changes naturally) using MD simulations have
not yet been carried out.

It should be mentioned that MD growth simulations
invariably correspond to unrealistically high precursor fluxes to
the substrate, leading to highly defective structures. Indeed,
typical fluxes in the MD simulations are around 1 molecule per
square nm and per ps, which corresponds to a pressure of at
least one or two orders of magnitude higher than in typical
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experiments. To overcome this problem, we here use hybrid
molecular dynamics/uniform acceptance force bias Monte
Carlo (MD/UFMC) simulations*** for the formation of gra-
phene on ultra-thin Ni(100) films.

As the UFMC implementation used in this work does not
have an associated time scale,>** the precise value of the
impingement flux is undefined. It is, however, in any case much
lower than in pure MD simulations, but most probably still
higher than typical experimental fluxes. Thus, while structural
relaxation is taken into account by virtue of the MC module,
these simulations still correspond to relatively high precursor
flux conditions. This simulation setup therefore experimentally
corresponds to a single high-density, short pulse (nano- or
microsecond) of growth precursor to the substrate.

In this work, we have deliberately chosen to simulate the
growth on the Ni(100) facet, instead of the more stable Ni(111)
facet, since it is known that on poly-Ni substrates, the most
abundant (110) direction, in addition to the (100) and (111)
directions, is transformed into the most abundant (100) direc-
tion after graphene synthesis.”® Note that the Ni(100) surface is
less closely packed compared to the Ni(111) structure. There-
fore, the carbon diffusion barriers for segregation will be
smaller on the Ni(100) surface.

Experimentally, it is known that in the segregation process of
graphene on nickel surfaces, typically multiple graphene layers
are formed.**” This is a direct consequence of the relatively high
solubility of carbon in bulk nickel, of about 2.7 at% at the
eutectic point (1600 K) and 0.9 at% at about 900 K. In the
subsurface region, the solubility is even much higher, reaching
up to 25%, corresponding to the metastable Ni;C composi-
tion.?**® Limiting the amount of carbon that can dissolve in the
nickel might therefore avoid the formation of multiple layers
and therefore result in single-layer graphene growth. The most
straightforward way to accomplish this would be to reduce the
thickness of the nickel film. However, while physical vapor
deposited nickel films as thin as 1 nm have previously been
used for CNT synthesis®**® such thin films inevitably form
clusters when heated. Alternatively, the dissolution of carbon in
the film may also be limited by very rapidly saturating the upper
layers of the film, before diffusion to the bulk takes place. In
this scenario, advantage is taken of the relatively high barrier
for diffusion of surface adsorbed carbon into the bulk of the
nickel substrate and for diffusion from the bulk to the surface,
which has an overall value of about 2.33 eV.** In this paper, we
demonstrate that such a rapid saturation indeed leads to
another graphene growth mechanism, i.e., based on combined
deposition-segregation, instead of the typical segregation
process under standard CVD conditions. This corresponds to a
growth system under far from equilibrium conditions, as can be
approximated by the high precursor flux in the MD simulations.
We demonstrate here that this combined deposition-segrega-
tion mechanism can indeed result in the formation of single-
layer graphene.

The methodology applied to simulate the graphene growth is
similar to the one used previously for the simulation of single-
walled carbon nanotube growth.?**"?* In short, our simulations
are based on the Reax Force Field (ReaxFF) potential,*
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employing recently developed force field parameters for Ni/C.**
In the hybrid MD/UFMC simulation, MD and UFMC stages are
alternating, each providing the input structure for the next
stage.””**** Each MD stage runs for 4 ps using a timestep of 0.25
fs employing a velocity Verlet integration scheme. Temperature
and pressure are controlled using the Berendsen thermostat
and barostat with coupling constants of 100 fs and 1000 fs,
respectively. The temperatures investigated are varied between
300 K and 1500 K. Employing the barostat allows us to generate
zero stress structures at all temperatures. The substrate is a
Ni(100) structure with a thickness of about 6 A, corresponding
to 4 atomic layers of 50 atoms each, covering a total surface area
of about 317 A% As this substrate is much thinner than a typical
experimental thickness, the lowest atomic layer was kept fixed
in order to mimic a (infinitely) thick substrate. This lower
atomic layer also serves as an impenetrable barrier for bulk
diffusion, as a first approximation to take into account the
much lower C solubility in the bulk of the Ni crystal compared
to the subsurface area, while still correctly accounting for the
subsurface area itself. Periodic boundaries are applied in the
lateral directions to simulate a semi-infinite surface.

Growth is accomplished by adding new gas phase carbon
atoms to the simulation box every 2 ps at a minimum distance
of 5 A above the surface of the film and with random {x,y}
coordinates. In total, 3195, 2733, 2428, 2268, 1857, 1679 and
1895 carbon atoms were added to the simulation box during the
runs at 300 K, 500 K, 700 K, 900 K, 1100 K, 1300 K, and 1500 K,
respectively, resulting in the incorporation of 107, 157, 172, 196,
199, 223 and 180 carbon atoms, respectively.

In Fig. 1, the evolution of the graphene growth process on a
Ni(100) surface as emerging from the simulations is illustrated
for a growth temperature of 900 K. A similar evolution is
observed at the other temperatures investigated, except at 300 K
where no graphene sheet or even graphitic-like patches are
formed (see below). The observed growth process is as follows.
Initially (Fig. 1a), the impinging carbon atoms adsorb on the
surface, where they diffuse either from surface site to surface
site, as well as to subsurface sites. As the concentration of
carbon at the surface increases (due to the continued addition
of carbon atoms from the gas phase), also the occupation of the
subsurface sites rises, along with the appearance of the first
dimers and trimers at the surface (see Fig. 1a). These surface
dimers and trimers are observed to be highly mobile, particu-
larly at higher temperatures (i.e., 900 K and above). In agree-
ment with the results obtained by Meng et al. on the Ni(111)
surface,? this results in a disordered surface structure, with
most of the C-atoms being sp-hybridized. Subsequently, longer
and branched chains up to 5 or 6 carbon atoms start to appear
(see Fig. 1b). These chains virtually always adopt valence angles
of about 120°. Some of these chains fold with the formation of
the first rings (see Fig. 1b), which serve as the initial nuclei from
which a graphene sheet can grow in a later stage. A further
increase in the number of carbon atoms allows these first rings
and surface chains to grow until they meet (see Fig. 1c and d).
This growth process finally leads to the formation of an almost
complete graphene-like layer, on top of a carbon saturated Ni-
crystal surface (see Fig. 1f). A similar behaviour, resulting in the
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Fig. 1

Evolution of the graphene growth process on a Ni(100) surface in top view at 900 K. The large grey spheres represent Ni atoms. The small grey, green, red and

blue spheres represent free, 1- and 2-coordinated, 3-coordinated, and 4-coordinated C atoms, respectively. Note that green C atoms near the edges are in fact 3-

coordinated through the lateral periodic boundaries.

formation of a graphene-like overlayer, is predicted by our
simulations at all temperatures above 700 K (see below).

A graphical representation, both in side view and top view, of
the final states of the MD/UFMC simulations is presented in
Fig. 2 for all temperatures investigated in this work in the range
T = 300-1500 K.

At the lowest investigated temperature (300 K), the resulting
carbon network structure is very defective. At this temperature,
the first dimers and trimers are formed by the impingement of
carbon atoms in the vicinity of already incorporated carbon
atoms. Due to the very limited solubility of carbon in nickel at
low temperature («1% at room temperature for bulk Ni), and
due to the very limited mobility of the carbon atoms at low
temperature (i.e., the diffusion coefficient of C in Ni is about
8.5 x 107°® m* s™* at 300 K) the surface and subsurface area
quickly become saturated and the formation of a carbon
network at the surface is essentially determined by the
consecutive and intrinsically random impingement locations of
the carbon atoms from the gas phase. As a result, the network
formed at this temperature consists of long branched polyyne
chains, and a few rings, but no graphene. Furthermore, the low
temperature inhibits the metal-mediated healing of defects,
which was observed to be operative at higher temperatures.

Increasing the temperature to 500 K and 700 K, however,
leads to a different scenario. Indeed, starting from 500 K, the
carbon atoms seem to be sufficiently mobile to wander over the
surface and attach to growing ring structures. Now the first
dimers and trimers are not only formed by the impingement of
carbon atoms close to other carbon atoms, but also because of
the increased mobility of the carbon atoms. Due to the high
carbon flux towards the substrate, saturation is quickly reached.
As mentioned above, the fixed layer of Ni-atoms serves as an

20,21

impenetrable barrier for bulk diffusion. This approach should
be regarded as a first approximation only to the limited bulk
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solubility (particularly in view of the much higher solubility of
the subsurface layers), as it effectively reduced the number of
carbon atoms needed to impinge on the surface before satura-
tion occurs. Newly added carbon atoms are therefore deposited
on the surface, instead of diffusing to the subsurface, as will be
further demonstrated below. The higher temperature of 500 K
and above also aids in the metal-mediated healing of defects, as
we have also observed earlier in the growth of single-walled
carbon nanotubes on Ni-clusters,**** and as was also observed
by Page et al. in DFTB simulations.'® However, up to a temper-
ature of 700 K, we do not observe the formation of a continuous
graphene or defected graphene-like layer.

At a growth temperature in the range of 900-1500 K, we
observe the formation of nearly continuous graphene layers, as
illustrated in Fig. 1. The mechanism appears to be the same in
this entire temperature range. At these temperatures, the
carbon atoms are sufficiently mobile at the surface and in the
first subsurface layer, so they can easily find energetically stable
positions, thereby forming graphene more easily than at lower
temperatures. Moreover, higher temperatures also enhance the
metal mediated defect healing, as this is related to the diffu-
sivity of the metal atoms. The optimal temperature in our
simulations was found to be around 1100 K. This can be
compared with the temperature of 1000 K found by Meng et al.
as the optimal growth temperature on Ni(111).>* No simulations
were carried out above 1500 K, because at higher temperatures
the surface layer starts to melt (the melting temperature of bulk
nickel is 1726 K).

It is worth mentioning that at 900 K, an additional process
was observed in our simulations. As can be seen in Fig. 2, a
single walled carbon nanotube (SWNT) cap nucleates during the
graphene growth process. Usually, SWNTs nucleate when
carbon atoms form a hexagonal network on a curved metal
particle, which subsequently lifts off from the surface of the
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Fig. 2
and top view. The color-coding is the same as in Fig. 1.

particle. In this particular simulation, two more or less flat
graphene patches are first formed, which grow towards each
other. The surface structure is destabilized and becomes
disordered due to the dissolution of the carbon. Indeed, previ-
ously we have demonstrated that dissolving C in pure Ni leads
to an effective liquefaction of the cluster.** Thermal fluctuations
in this highly mobile and disordered surface structure lead to
the formation of small bumps on the surface. As the patches
grow and merge, they form a layer partially covering the little
bump, such that a small SWNT cap is formed, while new carbon
atoms can still be added. This concurrent CNT and graphene
formation has also been observed experimentally.**

The time-evolution of the carbon network growth at 900 K
and 1500 K is depicted in Fig. 3. For the sake of clarity, the Ni
atoms are not shown here. The C atoms are white-to-red color-
coded according to the time of their addition to the system.

Initially, all impinging carbon atoms dissolve into the first
subsurface layer, and subsequently also in the second subsur-
face layer (colored white). When these layers become saturated,
the additionally added carbon is mostly deposited on the
surface, as evidenced by the absence of red atoms in the bulk.
Indeed, under the high flux conditions adopted in this work (see
above), the carbon atoms cannot quickly enough overcome the
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Final configurations of the graphene layers (or carbon layers) grown on a Ni(100) surface, for the various substrate temperatures investigated, both in side view

energy barrier for diffusion to the bulk of 2.33 eV,** and thus
they remain immobile in the time frame of the simulation and
in the time frame needed for the first carbon surface layer to
form. This can be seen in the figure, as almost all carbon atoms
colored red are found in the graphene layer, corresponding to
the atoms added later in the simulation, after the initial satu-
ration of the subsurface layers. However, the graphene layer
also contains a significant number of white colored atoms, i.e.,
atoms that segregated from the bulk. This suggests that the

Fig. 3 Visualization of the time-evolution of the obtained carbon network at
900 K (left) and 1500 K (right), colored according to the time of C addition to the
system. The white atoms were added first; the red atoms were added last. The Ni
atoms are not shown here, for the sake of clarity.
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growth mechanism of the graphene network is a combined
deposition-segregation mechanism. To the best of our knowl-
edge, experiments employing a single pulse of growth precursor
at high density, as simulated in this work, have not yet been
carried out, and consequently this phenomenon has not yet
been observed. This phenomenon is indeed directly related to
the far-from-equilibrium, high flux conditions adopted in our
simulations (see ESIT). In contrast, under low flux conditions,
which are commonly used in experiments up to now, the nickel
film can serve as a sink, in which additional carbon atoms can
dissolve, and from which previously added carbon atoms can
segregate. However, our simulations point out that if experi-
mentally the nickel film can be quickly saturated, a combined
deposition-segregation mechanism could occur, and single-
layer graphene could be formed.

The ratio of “deposited” atoms to “segregated” atoms in our
simulations decreases with increasing temperature, from 0.49
at 300 K over 0.41 at 900 K to 0.36 at 1500 K. Indeed, at lower
temperature, the carbon solubility is much lower than at higher
temperature, so that the deposition occurs relatively faster at
lower temperature. In other words, graphene formation by a
segregation mechanism is favoured at high temperature and
low impinging particle flux (as is known experimentally), while
a combined segregation—-deposition mechanism is favoured at
lower temperatures (around 700-900 K) and high impinging
particle flux (following the mechanism discussed above). Finally
note that the temperature cannot be set too low, as this would
prevent surface diffusion as well as metal-mediated defect
healing.

In summary, hybrid reactive MD/MC simulations are per-
formed to investigate the growth of single layer graphene on a
Ni(100) film in the temperature range 300-1500 K under far-
from-equilibrium high precursor flux conditions. At the lowest
temperature (300 K), no graphene network was obtained. At
500 K and 700 K, graphitic islands are formed, while at 900 K
and above, the formation of nearly continuous graphene layers
is observed. Our simulations suggest that, under these condi-
tions, the graphene network is formed by a combination of
depositing carbon atoms and carbon atoms segregating at the
surface from subsurface sites. It is found that the ratio of
deposited carbon atoms to segregated carbon atoms decreases
upon increasing temperature. These results open prospects to
control the graphene growth mechanism by control over the
substrate temperature and impinging particle fluxes.
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