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Abstract

®

CrossMark

Various graphene morphologies (compact hexagonal, dendritic, and circular domains)

have been observed during chemical vapor deposition (CVD) growth on Cu substrate. The
existing all-atom kinetic Monte Carlo (kMC) models, however, are unable to reproduce all
these graphene morphologies, suggesting that some crucial atomistic events that dictate

the morphology are missing. In this work, we propose an all-atom kMC model to simulate
the graphene CVD growth on Cu substrate. Besides the usual atomistic events, such as the
deposition and diffusion of carbon species on the substrate, and their attachments to the
edge, we further include three other important events, that is, the edge attachment of carbon
species to form a kink, the diffusion of carbon species along the edge, and the rotation of
dimers to form kinks. All the energetic parameters of these events are obtained from first-
principles calculations. With this new model, we successfully predict the growth of various
graphene morphologies, which are consistent with the morphology phase diagram. In addition
to confirming that carbon dimers are the dominant feeding species, we also find that the
dominance level depends on the growth flux and temperature. Therefore, the proposed model
is able to capture the growth kinetics, providing a useful tool for controlled synthesis of

graphene with desired morphologies.

Keywords: graphene, kinetic Monte Carlo model, all atom, chemical vapor deposition,

Cu(111) substrate

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene has attracted extensive interest for its fascinating
lattice structures [1, 2] and excellent mechanical [3], electrical
[4], thermal [5] or optical [6] properties. To realize its practical
applications, controlled synthesis of large-scale, high-quality
monolayer graphene with desirable morphology is a prereq-
uisite. To date, monolayer graphene is typically synthesized
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either by liquid/mechanical exfoliation [7, 8] or by chemical
vapor deposition (CVD) [9-15]. CVD growth of graphene is
realized by the decomposition of carbon-containing gas mol-
ecules, typically methane or ethene, which is catalyzed by the
substrate. There are a number of crystalline transition metals
that have been utilized as catalytic substrates to grow gra-
phene, including Ir(1 1 1) [9], Ru(0001) [10], Cu(111) [11],
Ni(111) [12], Au(111) [13], Pt(111) [14] and Rh(1 1 1) [15].
For the CVD growth of graphene, gas molecules are fed into
the reactor to be decomposed to CH, (x = 0-3) radicals [1]
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at the initial stage, and these active carbon species are then
dissolved and diffuse on the substrate. Some graphene nuclei
can be formed by the diffusion and aggregation of these active
species under suitable conditions. After the nucleation, these
graphene nuclei further grow with the attachment of carbon
species to the domain edges. The CVD always exhibits advan-
tages in synthesis of large-scale and high-quality graphene
with controllable size, domain morphologies and edge struc-
tures [9-15]. As a result, an in-depth understanding in the
atomistic kinetics and morphology evolution during the CVD
growth of graphene has become an important and fascinating
research topic.

Significant theoretical efforts have been made to unveil the
growth mechanisms of graphene [16], such as initial nuclea-
tions [17, 18], growth intermediates [19, 20], heterostructures
[21, 22], edge structures [23, 24], and domain morphologies
[25, 26] by using a variety of computational tools (ab initio
calculations, molecular dynamics and kinetic Monte Carlo
(kMC)). Among them, kMC method is able to provide a
unique insight into the growth kinetics and underlying mech-
anisms at atomistic level with much larger time and length
scale than other methods. In previous kMC simulations,
graphene models were often constructed as a simple edge
[26, 27] instead of a complete domain. In addition, the dif-
fusion of adatoms on substrate surface was often considered
implicitly, either by feeding carbon species with a concentra-
tion gradient [27] or by coupling the growth rate to a spatial
distributed equation [28, 29]. Recently, all-atom kMC models
have been proposed to simulate the growth of graphene
domain by explicitly considering the diffusion of adatoms
[30, 31]. We note, however, that these all-atoms kMC models
either predicted a dendrite domain [30] or a compact graphene
without six-fold symmetry [31]. So far, no one all-atom kMC
model is able to predict all these different domain morpholo-
gies of graphene, indicating that some crucial atomistic events
that dictate the graphene domain morphologies are missing in
these kMC models.

It is well-known that a variety of graphene morpholo-
gies ranging from compact, to dendritic, and even to frag-
mentary shapes have been observed in experiments [9-15].
Such complex morphologies arise typically from non-equi-
librium growth conditions, in which many important kinetic
processes, such as diffusion of adatom on substrate surface,
attachment of adatom to growing edge, and diffusion of atom
along domain edge, have varying degree of influence, either
coupled or competing, on the graphene morphology evo-
lution. Currently, it remains unclear how many such critical
events should be included and how these atomistic events are
coupled or compete with each other to contribute to the evo-
lution of domain morphology. Therefore, it is highly desir-
able to establish an all-atom kMC model by considering all
the essential atomistic events to accurately predict the growth
kinetics and morphological evolution of graphene domains.

In this work, we first construct an all-atom kMC model,
aiming to study the growth kinetics of graphene and predict
the domain morphology with energetic parameters from
first-principles calculations [20]. Our simulations show that
the constructed kMC model is able to predict many different

Figure 1. Schematic illustration of kMC simulation model. F
represents the deposition flux. Eg;, E4, E4. and E,, represent the
energy barriers for the surface diffusion, attachment, detachment
and edge diffusion processes, respectively.

graphene morphologies that were observed experimentally.
Importantly, the simulation results are consistent with the
qualitative phase diagram of the graphene morphologies in
terms of the growth temperature and deposition flux. Beyond
this, we also confirm that carbon dimers are the dominant
feeding species for graphene growth. But the dimer con-
centration diminishes with decreasing the deposition flux or
increasing the growth temperature. Hence, our kMC model not
only correctly captures the growth mechanisms and kinetics
of graphene during the CVD growth, but also provides useful
guidelines for controllable synthesis of graphene with desired
domain morphologies.

2. Methods

Our kMC simulation model is illustrated in figure 1, in which
2D hexagonal graphene lattice (lattice constant a = 2.46 A)
grown on a Cu (111) substrate is used. An initial circular
nucleus of graphene domain with a diameter of 4 nm is intro-
duced at the center of the substrate surface. The dimensions
of the simulation box are 213 x 246 AZ, which consists of
20000 sites. Starting from the nucleus, the growth kinetics
of the domain is determined by the atomistic events consid-
ered in our kMC model (i.e. Gillespie algorithm [32]). At
each given state, the kKMC model specifies all the possible
states that it can transit to at the next step based on the defined
events. For example, the transition event from state i to state J,
the occurrence rate for the event is calculated according to the
transition state theory (TST) [33],

E;i;
T T ) (D

where, v is the frequency of atomic vibration, which is taken
as 1.0 x 102 s7! in our simulations [34], E;_j is the energy
barrier for the transition event, k;, is the Boltzmann constant,
and T is the temperature.

The sum of all the rates gives rise to the total rate for
escaping from the current state 7, that is:

Ri= ris @)
j=1

where, the deposition from the vapor phase to the substrate is
also considered. The desorption from the substrate to vapor
phase is not considered since it has a quite high energy barrier

risj =V exp(—
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Figure 2. Atomistic events and the corresponding energetics in the kMC simulation model. White and light blue spheres represent the

lattice sites and carbon atoms, respectively.

and thus is less probable to occur [35]. In order to determine
which state j is to be selected for the transition from state i, a
random number U is generated within the range (0, 1). The
state j that satisfies the following condition is selected,

j—1

D

k=1

J
rik <Up X R; < Zri—>k-
k=1

3)

It is noted that the random number Uj is utilized to choose an
event to execute based on the occurrence rates of all events.
The event with a higher occurrence rate (i.e. a lower energy
barrier) has a higher probability to be chosen for execution.
Meanwhile, the corresponding transition time can be calcu-
lated as

At=—<é>1ﬂUz 4)

where, U, is another random number generated within the
range (0, 1). Since the subsequently occurring events are
highly dependent on the previous ones in kKMC simulation, the
code is difficult to implement in parallel and thus written as
a serial program. The computational costs of the calculations
are dependent on the deposition flux. For example, the cpu
time increases from 72 core hours to 240 core hours with the
deposition flux decreasing from 10 ML s™! to 0.1 ML s~ .
Wu et al reported that carbon dimers are the dominant
feeding species for the epitaxial growth of graphene [20].

Therefore, in our kMC simulations, only carbon monomers
and dimers are considered as the feeding species. The atom-
istic events for the growth kinetics involving the monomers
and dimers and their corresponding energy barriers are defined
and shown in figure 2. In particular, we consider the surface
diffusion of a monomer (Event 1), the formation of a dimer
with two monomers (Event 2), the surface diffusion of a dimer
(Event 3), the attachment of a monomer to a zigzag edge
(Event 4), the attachment of a monomer to an armchair edge
(Event 5), the attachment of a dimer to a zigzag edge (Event
6), the attachment of a dimer to an armchair edge (Event 7),
the attachment of a monomer to form a kink (Event 8), the
attachment of a dimer to form a kink (Event 9), the edge dif-
fusion of a monomer along a zigzag edge (Event 10), the edge
diffusion of a monomer along an armchair edge (Event 11),
the edge diffusion of a dimer along a zigzag edge (Event 12),
the edge diffusion of a dimer along an armchair edge (Event
13), and the rotation of a dimer to form a kink (Event 14). All
the energy barriers for the considered atomistic events are set
according to Wu et al’s first-principles calculations [20], and
therefore these parameters should be self-consistent. The cru-
cial events that are essential for the formation of compact hex-
agonal graphene domains, but yet missing in previous kMC
simulations [26-31] are highlighted in figure 2. Specifically,
these are the attachment of a dimer to form a kink (Event 9),
the diffusion of a dimer along the edge (Event 12), and the
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rotation of a dimer to form a kink (Event 14). Event 6 (form
a hexagonal ring) has the same energy barrier as Event 8
since the edges in both events will form the same pentagon by
reconstruction [36] and the subsequent formation of hexagon
is through the same monomer attachment process.

In our kMC simulations, carbon adatoms are deposited
from the vapor phase to unoccupied sites on the substrate
randomly (see figure 1). Both the starting species and those
deposited at the substrate are carbon adatoms. After deposi-
tion, they can diffuse, form dimers and attach to the domain
edge. The growth temperature in our kMC simulation is the
temperature of carbon species at the substrate, corresponding
to the furnace temperature in experiment. The rate of depos-
ited adatom at the substrate depends on the deposition flux
(see equation (2)), which is related to the gas pressure in
experiment. During the simulation process, the substrate is
fixed and the model is on-lattice, i.e. the activities of carbon
species always follow the lattice of the substrate. In addi-
tion, the effect of the substrate on the graphene growth is also
included in the energy barriers of atomistic events.

3. Results and discussion

3.1. Qualitative analysis on the factors that dictate graphene
morphology

Before presenting the results of our kMC simulation, we carry
out qualitative analyses on the factors that affect the gra-
phene morphology during the epitaxial growth. The domain
morphology of graphene is primarily determined by the rates
of surface diffusion (r;), attachment (r,,) and edge diffusion
(req), which in turn are controlled by their energetics (see E;,
E, E4, E.q in figures 1 and 2) and the growth parameters
(F and T), where F and T are the deposition flux and growth
temperature, respectively. The critical factor that dictates the
domain morphology is the relative dominance between the
attachment rate (r,,;) and edge diffusion rate (r.,). When r,; <
Teq the graphene domain grows in the near thermodynamics-
limited regime, in which a compact hexagonal shape with
low-energy zigzag edges can be maintained due to the rela-
tively fast edge diffusion rate and low attachment rate. Since
the energy barrier for edge diffusion of a dimer is relatively
high (1.01-1.5eV), and that for attachment of a dimer is low
(0.54-0.74eV) (see figure 2), to obtain the compact hexagonal
shape, one needs to have a high growth temperature to allow
a sufficiently high edge diffusion rate, and a low deposition
flux to enable a sufficiently low edge attachment rate [20].
Therefore, it is possible to achieve a compact hexagonal gra-
phene with relatively high growth temperature and low depo-
sition flux. For example, the growth temperature for graphene
on Cu(111) and Cu(100) can be as high as 1025 °C [37],
which is close to the melting temperature of Cu (1085 °C).
A relatively low deposition flux can be achieved at the partial
pressure ratio of CH4:H, = 0.18:35 (Torr as their units) [37].
For Cu(1 1 1), when the ratio CH4:H, is increased to 0.76:6.1, a
relatively high deposition flux can be achieved, and as a result,
the graphene morphology transforms from compact hexagon
to fractal shape [37]. For Cu(100), the domain morphology

transforms from compact shape to fractal one when the ratio
CH4:H, is increased to 0.73:35 [37]. With decreasing the
growth temperature, the graphene domain may transform
from compact hexagonal to circular shape. This is because
when the growth temperature decreases, the edge diffusion of
the attached atoms is limited and they cannot diffuse to the
energetically favorable sites, resulting in a circular shape.

When r,; >> r,4, the graphene domain grows in the near
kinetics-limited regime, in which the domain morphology is
governed by r,/r4;, where r; is the surface diffusion rate. When
rqa K rg;, the surface diffusion is sufficiently fast to assist the
adatoms to attach to the energetically favorable sites, and as
a result, a compact hexagonal shape may also be achieved.
However, it is not possible to achieve the compact hexagonal
shape in this scenario for graphene growth on Cu(111). The
underlying reason is that since the energy barrier for surface
diffusion of a dimer is 0.49eV, and that for attachment of a
dimer is 0.54 eV, therefore, the surface diffusion rate is only
comparable to the edge attachment rate, and thus it is not
fast enough to achieve the compact shape (see figure 2) [20].
When r,; >> ry;, the graphene domain grows in the diffusion-
limited regime, in which the domain morphology of graphene
may become fractal. With increasing the deposition flux, the
graphene domain may transform from a compact hexagonal to
a fractal shape with six-fold symmetry. The underlying reason
is that the increase of deposition flux increases the attachment
rate. As a result, the surface diffusion and edge diffusion of
the attached atoms are limited and they can only diffuse to the
nearby energetically favorable sites, leading to the formation
of rough edge morphologies with six-fold symmetry. If the
growth temperature further decreases, the surface diffusion
and edge diffusion of the attached atoms to the energetically
favorable sites become even less probable due to the larger
amount of attached atoms, thus resulting in a fractal shape
without six-fold symmetry [20]. Our above analyses demon-
strate a general frame of domain morphologies in the epitaxial
growth of graphene. Below, we perform and discuss our kMC
simulation results based on these analyses.

3.2. Morphological evolution and growth kinetics of different
domain morphologies

The snapshots in the growth processes of different domain mor-
phologies are shown in figures 3(a)—(d), in which the carbon
monomers and dimers are not drawn in order to better show
the morphology. When the growth temperature is 1000 °C
and the deposition flux is 0.1 ML s~!, the domain grows ini-
tially as a circular nucleus and transforms into a compact
hexagonal shape due to the faster growth of armchair edges
over the zigzag ones (see figure 3(a)). After that, the domain
morphology retains a compact hexagonal shape. By con-
verting the graphene domain to a circular shape with the same
coverage, the growth rate is calculated with respect to the vari-
ation of radius with time, which is 0.24 zzm min~! at 1000 °C
and 0.1 ML s~!. When the growth temperature is kept at 1000
°C and the deposition flux increases to 10 ML s~!, the domain
morphology initially transforms from a circular shape into a
compact hexagonal shape and then grows to a fractal one with
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Figure 3. Morphological evolution of graphene domain for (a) hexagonal shape, (b) fractal shape with six-fold symmetry, (c) circular

shape, and (d) fractal shape without six-fold symmetry.

six-fold symmetry due to the larger growth rate of the six cor-
ners in kinetic growth regime at a high growth temperature
resulting from the increase of deposition flux (see figure 3(b)).
Meanwhile, the growth rate for the domain radius increases
from 0.24 gm min~' to 23.64 um min~! with increasing the
deposition flux from 0.1 ML s~! to 10 ML s~! at 1000 °C.
Our previous work [38] only focused on the atomic events
occurring at the growing edges (i.e. edge attachment and
detachment) and did not consider the adatom diffusion on the
substrate. Therefore, the previous model is only applicable
to simulate the attachment-limited growth and the formation
of compact shapes. However, the present work is an all-atom
model, which considers the surface diffusion and dimer for-
mation along with the edge attachment and detachment, and
as a result, this all-atom model is also capable to simulate
the diffusion-limited growth and the formation of dendrite
domain morphologies.

The growth flux in our kMC model is defined as the C
flux to the growth front. Our simulation results show that
the graphene morphology transforms from a compact shape
to a fractal shape with increasing the C flux. In Wu et al’s
experiments [39], the transition from a compact shape to a
fractal shape was achieved by decreasing the hydrogen partial
pressure. In CVD of graphene, complex dehydrogenation pro-
cesses occur. For hydrocarbon (CH,4) conversion to graphene
on Cu substrate, in general, the following elementary steps take
place [1]: (i) CH4 adsorption on the metal substrate; (ii) CHy
dehydrogenation, resulting in C species, such as CH, (x =0
to 3); (ii) surface diffusion of C species, and (iv) C attach-
ment to the graphene domain edges and incorporation into the
graphene lattice. Previous density functional theory calcul-
ations [1] revealed that the H-terminated graphene edges on
Cu is energetically more favorable (i.e. more stable) than the
bare graphene edges on Cu. As a result, H-termination at the
edges makes C attachment more difficult at the edges, causing
slow growth. Thus, to increase the growth rate, edge dehy-
drogenation (removing H from the edges) is needed. Since an

increase in H, partial pressure will increase the H, flux, and
a higher H, flux will lead to a higher level of H-termination
at the graphene edges, as a result, there should be a slower
C flux (slower C attachment and incorporation) at the edges,
and a slower growth rate. It indicates that the observations in
Wu et al’s experiments [39] are consistent with the present
simulation results. Therefore, H-termination is implicitly con-
sidered in the C flux in present kKMC model.

However, if the growth temperature decreases to 800 °C,
while the deposition flux is relatively low at 0.1 ML s~!, the
domain maintains its circular shape due to the reduced edge
diffusion rate at a lower attachment rate (see figure 3(c)). The
corresponding growth rate for the domain radius decreases
from 0.24 pm min~!' to 0.09 gm min~! with decreasing
the growth temperature from 1000 °C to 800 °C at 0.1 ML
s~!. When the growth temperature is kept at 800 °C and the
deposition flux increases to 10 ML s~!, the domain initially
grows with a circular shape and then transforms into a fractal
shape without six-fold symmetry, due to the enhanced rate of
attachment and the limited surface and edge diffusion (see
figure 3(d)). The corresponding growth rate for the domain
radius increases from 0.09 zm min~! to 7.94 ym min~! with
increasing the deposition flux from 0.1 ML s~! to 10 ML s~!
at 800 °C. The temperature-induced morphological transition
occurring in our simulations at 800 °C matches well with that
occurring at 700 °C to 900 °C shown by theoretical analysis
and experimental observation on Cu (11 1) [20, 40].

In order to further unveil the growth kinetics for the for-
mation and maintenance of compact hexagonal, circular and
fractal shape, the atomistic kinetics at the growing graphene
edge is shown in figures 4(a)—(c). During the growth of com-
pact hexagonal shape, the carbon monomers and dimers are
attached to the zigzag edge initially to form a kink, gener-
ating energetically favorable armchair sites next to the kink
(see figure 4(a)). Then, subsequently attached carbon mono-
mers and dimers diffuse to the energetically favorable arm-
chair sites, thus contributing to the kink propagation. These
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Figure 4. Atomistic kinetics at the edge during epitaxial growth of graphene domain with (a) a hexagonal shape, (b) a circular shape, and

(c) a fractal shape.

armchair sites are quickly occupied by carbon atoms, forming
a compact zigzag edge. After that, the next round of kink
nucleation and propagation occurs at this newly formed
zigzag edge. This repeating process leads to the formation
and subsequent growth of the compact zigzag edge, resulting
in the growth of compact hexagonal graphene. However, for
the growth of circular shape, carbon monomer and dimer are
attached to the zigzag and armchair sites equally due to large
flux and limited surface diffusion and edge diffusion of carbon
species (see figure 4(b)). When the flux further increases, the
surface diffusion and edge diffusion of the attached atoms to
the energetically favorable sites become even less probable
due to the larger amount of attached atoms. Hence, the gra-
phene domain acquires a fractal shape (see figure 4(c)).

3.3. Concentration of carbon dimers on Cu (11 1) surface
during graphene growth

Wau et al [20] has performed accurate and detailed first-princi-
ples calculations to obtain the energetic data for the activities
of carbon species on the Cu (1 1 1) substrate. Furthermore, Wu
et al [20] has used kMC method with this set of energetic data
to estimate the concentrations of carbon species on the sub-
strate. Their study has demonstrated the dominance of dimers,
and presence of a clear carbon concentration gradient, which
is confirmed by previous experimental observation [40]. In the
following, we examine the concentration of carbon dimers on
Cu (111) substrate surface, which is the ratio of dimers to the
total carbon species. The coverage is the ratio of domain area
to the model size, which increases with the graphene domain
growth. The concentration of carbon dimers on Cu (11 1) sur-
face at the same growth temperature (7= 800 °C) and dif-
ferent deposition fluxes (F =10 ML s~!, 1 ML s~! and 0.1
ML s~ ') are shown in figure 5(a). The results indicate that
carbon dimers are indeed the dominant feeding species during
the epitaxial growth of graphene at different deposition fluxes.
However, the dimer concentration decreases from ~94% to

~50% with the deposition flux decreasing from 10 ML s~!
to 0.1 ML s~!. The underlying reason is that the quantity of
carbon monomers decreases with decreasing the deposition
flux, resulting in a lower probability to meet to form carbon
dimers.

The concentration of carbon dimers on Cu (11 1) surface
at the same deposition fluxes (F =1 ML s~!) and different
growth temperature (7' = 600 °C, 800 °C and 1000 °C) are also
calculated and shown in figure 5(b). The results indicate that
the dimer concentration decreases from ~92% to ~51% with
increasing the growth temperature from 600 °C to 1000 °C,
further confirming that carbon dimers are the dominant growth
species [20]. Based on the occurrence rate calculated by the
TST (see equation (1)), the increase of the growth temper-
ature enhances the event probabilities of adatoms on the sub-
strate, which become relatively dominant in comparison to the
deposition event. Therefore, the effect of temperature increase
is similar to that of deposition flux decrease, resulting in the
decrease of monomer quantity on the substrate. The decrease
of monomer quantity further decreases the probability of
monomers to form carbon dimers, resulting in the decrease of
dimer concentration.

3.4. Adaptation of this kMC model to epitaxial growth
of other 2D materials

In kMC simulations, the growth kinetics of the domain is deter-
mined by the defined atomistic events. Therefore, the accuracy
of kKMC simulation is dependent on the detailed consideration
of dominant events and the precision of corresponding ener-
getic parameters, which can be obtained by first-principles
calculations. Here, we have included additional three impor-
tant events (i.e. the edge attachment of carbon species to form
a kink, the diffusion of carbon species along the edge, and
the rotation of dimers to form kinks) on top of previous kMC
simulation [30, 31], which only consider the usual atomistic
events (i.e. the surface diffusion, the attachment to zigzag
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Figure 5. Concentration of carbon dimers on Cu (11 1) surface during graphene growth (a) at the same growth temperature (7 = 800 °C)
and different deposition fluxes (F = 10 ML s™!, 1 ML s~ and 0.1 ML s~ 1), and (b) at the same deposition flux (F = 1 ML s~ ') and
different growth temperatures (7' = 600 °C, 800 °C and 1000 °C). The coverage is the ratio of domain area to the model size, which

increases with the graphene domain growing.

edge, the attachment to armchair edge and so on). Therefore,
by considering these additional events with accurate ener-
getic parameters from first-principles calculations [20], our
all-atom kMC model can successfully simulate the epitaxial
growth of graphene under different growth temperatures and
deposition fluxes, and the simulation results match well with
previous experimental observations [39, 40]. Different forms
of the evolving substrate and factors (growth temperature
and deposition flux) affect the feeding species and growing
morphology, which is similar to the reported general patterns
of interface growth [41].

For the epitaxial growth of other 2D materials, there
are several similarities in comparison with graphene. For
example, the growths of TMDs are also via the initial depo-
sition of adatoms to the substrate and subsequent diffusion
and attachment to the growing edge. Therefore, our kMC
model is also applicable to simulate other 2D materials with
modifications to corresponding lattice structures and ener-
getic data. We have already adapted this model to simulate the
growth of monolayer WSe, on Au (11 1) surface under dif-
ferent growth temperatures and deposition fluxes [42], whose
domain morphology and growth rate are in good agreement
with experimental observations [43]. Besides, this model is
also applicable to simulate the growth of multi-layer MoS,
by considering the adatom concentration and edge attachment
contributing to the growth of each layer [44].

However, there are still some major differences between
the graphene model and TMD model. For graphene, the dom-
inant species contributing to the growth are carbon dimers.
Therefore, the formation of dimers on the substrate, the attach-
ment of dimers to the edge, and the rotation of dimers at the
edge need to be included. For TMDs, the feeding species are
transition metal adatoms and chalcogen adatoms, whose dep-
osition fluxes, surface diffusions and edge attachments need
to be treated separately. Besides, the corresponding energetic
data for graphene and TMDs are quite different, depending on
the feeding species and growth substrate. The graphene model

developed here provides a useful tool to predict the growth of
graphene, which also paves the way to study the multi-layer
graphene, multi-grain graphene and graphene/TMD hetero-
structure growth in the future.

4. Conclusions

In this work, we formulated a kMC model to study the evolution
of graphene domain morphology during epitaxial growth. We
first qualitatively analyzed the main factors that controlled
the growth morphology and proposed a phase diagram for the
graphene morphologies in terms of the growth temperature
and deposition flux. Our kMC simulations demonstrated that
the initially circular graphene morphology transformed into a
compact hexagonal one, and then into a fractal domain with
six-fold symmetry with an increase in the deposition flux at
a fixed high temperature. However, when the growth temper-
ature is low, the hexagonal graphene morphology with a six-
fold symmetry is lost and transitioned to a circular shape at a
low deposition flux. It transformed into a fractal shape without
six-fold symmetry when the deposition flux is increased fur-
thermore. In addition, we confirmed that carbon dimers were
the dominant feeding species for the epitaxial growth of gra-
phene, but the dimer concentration decreased with decreasing
the deposition flux or increasing the growth temperature.
Hence, our kMC model, which includes the essential atom-
istic events, is able to capture the underlying growth mech-
anism and kinetics of graphene growth, and its predictions
may provide valuable guidelines for experimental fabrication
of graphene with desired domain morphology.
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