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ABSTRACT: Two-dimensional (2D) materials exhibit a wide
range of optical, electronic, and quantum properties divergent from
their bulk counterparts. To realize scalable 2D materials, metal—
organic chemical vapor deposition (MOCVD) is often used. Here,
we report two ReaxFF reactive force fields, GaCH-2020 and InCH-
2020, which were developed to investigate the MOCVD gas-phase
reactions of Ga and In film growth from trimethylgallium (TMGa)
and trimethylindium (TMIn) precursors, respectively, and the
surface interactions of TMGa and TMIn with graphene. The newly
developed force fields were applied to determine the optimal
conditions for the thermal decomposition of TMGa/TMIn to
achieve Ga/In nanoclusters with low impurities. Additionally, the
cluster formation of Ga/In on a graphene substrate with different
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vacancies and edges was studied. It was found that a graphene with Ga-functionalized monovacancies could help conduct directional
Ga cluster growth via covalent bonds. Moreover, under specific growth conditions, we found that Ga atoms growing on armchair-
edged graphene not only exhibited a superior growth ratio to In atoms but also produced a widely spread 2D thin layer between

graphene edges.

1. INTRODUCTION

The heteroepitaxial growth of group-III nitride semiconductors
has been integrated into a wide range of optoelectronic devices
such as laser diodes,’ light-emitting diodes,™ ultraviolet
emitters,” and high-frequency power electronics.”® Group-III
nitride films are usually grown heteroepitaxially on foreign
substrates such as silicon,” sapphire,” and silicon carbide’ due
to the complex production and high cost of native substrates.
However, large differences in thermal expansion coefficients
and lattice parameter mismatch between the epilayer and
substrate lead to stress and high defect density in films.'”"!
These defects act as current leakage pathways, charge carrier
scatters, and nonradiative recombination sites, thus deteriorat-
ing the device performance.'”'® To mitigate the lattice and
thermal mismatch, thereby enhancing the crystal quality of an
epitaxial layer, a thin buffer layer of AIN or GaN is generally
grown prior to the growth of films.

Van der Waals epitaxy offers a new approach to direct
heteroepitaxy where thermal expansion coeflicients and lattice
parameters of the epilayer and substrate are notably different.
This process has been employed to achieve heteroepitaxial
growth of inorganic'*'® and organic'®'” material systems as
well as two-dimensional (2D) heterostructures.'®'” The van
der Waals epitaxial growth on 2D layered materials exploits the
lack of surface dangling bonds of 2D layered materials, where
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the growing epilayer interacts with weak van der Waals forces
instead of the covalent/metallic bonds in direct heteroepitaxy.
As a result, there is a growing interest in implementing 2D
layered materials as a substrate for groug—HI nitride growth to
minimize the strain at the interface.”’"** It should be noted
that the growth of a three-dimensional (3D) epilayer on a 2D
substrate is known as quasi van der Waals epitaxy,”*** where
the epilayer interaction with the substrate might not be purely
van der Waals due to the covalent bonding of group-III
nitrides.

Graphene, a single layer of sp® carbon, is an attractive
candidate as a substrate because of the van der Waals
interactions with its environment and the hexagonal arrange-
ment of atoms in graphene, which is similar to the (0001) c-
plane of group-III nitrides. Furthermore, the thermal stability,
high decomposition temperature, transferability, optical trans-
parency, and electrical conductivity make grazphene a
promising substrate for group-III nitride nanowires™* >* and
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Figure 1. Comparison of DFT and ReaxFF bond dissociation energies for (a) Ga—C bond in TMGa and (b) In—C bond in TMIn. DFT and
ReaxFF comparison of valence angle distortion energies for (c¢) C—Ga—C angle and (e) Ga—C—H angle in TMGa and (d) C—In—C angle and (f)
In—C—H angle in TMIn. The small divergence in bond extension energies compared to DFT values is a result of lower optimization weights in the
forcefield development methodology.

thin films.?°~%* For instance, Al Balushi et al.*’ demonstrated

that the chemical reactivity and the thickness of a graphene
substrate impact the nucleation of group-III nitride layers, and
nitrogen defects affect the nucleation and growth of GaN and
AIN on graphene. Qi et al.”' also reported the use of graphene
as a buffer layer for the growth of AIN on a sapphire substrate,
where the graphene reduces the AIN nuclei density while
increasing the growth rate of individual grains. Sankaranar-
ayanan et al.” synthesized the hexagonal crystal structure of
GaN on an N-doped monolayer graphene using the chemical
vapor deposition technique. Spectroscopic measurements
revealed no surface- and interface-related inhomogeneity in
the GaN samples, thus enabling GaN to have high electron
contents for attaining extraordinary device performance.
However, despite extensive experimental studies, the under-
lying growth mechanism of group-III nitrides on graphene is
not well understood. Computationally, Sangiovanni et al.*'
used density functional theory (DFT) ab initio molecular
dynamics (MD) with van der Waals corrections to identify
atomistic pathways and the associated electronic mechanisms
driving precursor and surface reactions during metal—organic
vapor-phase epitaxy at elevated temperatures of AIN on
graphene. Zhao et al.’> proposed a two-stage mechanism for
plating Al on a graphene surface, of which the enthalpy,
entropy, and Gibbs free energy were calculated, indicating that
the first stage of the preparation of (C,H;);Al and the second
stage of decomposing (C,H;);Al and plating Al were both
endothermic reactions. Because DFT methods can only treat
relatively small systems—typically significantly smaller than
1000 atoms—these DFT studies could not well address the
growth mechanisms of group-III nitrides on graphene, which

have raised the need for a more computationally effective
computational tool that enables large-scale and long-time scale
MD simulations of group-III nitrides.

In this work, we develop two ReaxFF reactive force fields
(GaCH-2020 and InCH-2020) to investigate the metal—
organic chemical vapor deposition (MOCVD) gas-phase
reactions of Ga and In growth from TMGa and TMIn and
their interactions with pristine and defective graphene
substrates. In the application, we optimize the processing
conditions during the thermal decomposition of TMGa/TMIn
to minimize the impurities in Ga/In clusters. Furthermore, we
demonstrate the possibility of utilizing a defective graphene for
directional cluster growth. In addition, we aim to predict the
parameters that are responsible for the 2D thin-layer growth of
a Ga/In cluster by applying bilayer graphene with zigzag and
armchair edges as a substrate under different growth
conditions. For now, this investigation is limited to the
interaction of group-III elements with graphene, but these
force fields can also be implemented to understand the growth
mechanism of group-III nitrides by the addition of nitrogen
and more complex defects in graphene.

2. COMPUTATIONAL METHODS

2.1. ReaxFF Reactive Force Field. The ReaxFF reactive
force field developed by van Duin et al.”’ is a bond-order-
dependent interatomic potential that bridges the gap between
quantum mechanical (QM) and classical MD methods by
providing the capability of simulating large and chemically
reactive systems. ReaxFF enables simulating bond formation/
breakage over the course of MD simulations by updating the
interatomic distances at every iteration, which is not possible
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Figure 2. DFT and ReaxFF comparisons of dissociation energies of methyl from (a) TMGa, DMGa, and MGa, (b) TMIn, DMIn, and MIn. DFT
and ReaxFF comparisons of adsorption energies of (c) Ga atom and (d) In atom on pristine graphene (pristine-Gr), and graphene with a

monovacancy (MV-Gr) and a divacancy (DV-Gr).

by classical, non-reactive empirical force fields and is
computationally too expensive to study by QM methods.
ReaxFF force field parameters are obtained mainly by training
against the QM structures and energies derived by methods
such as DFT.>*** In ReaxFF force fields, the total energy of a
system, Eg ., is defined as

E

= Ebond + Eq + E + EVdWaals + ECoulomb + Elp

val tor

+E under ( 1 )

system

+ Eover
where Ebond) Evall Etor) EvdWaals! ECoulomb) Elp) Eover} and Eunder
represent bond energy, valance energy, torsion angle energy,
van der Waals energy, Coulomb energy, lone-pair energy, over-
coordinate energy penalty, and under-coordination stability,
respectively. ReaxFF MD simulations have been utilized to
study reactive processes in thin-film growth,*>*® semiconduct-
ing materials, 28 2D materials,*” ™" graphene, and other
carbon-based materials.**~*

2.2. Force Field Parameterization. GaCH-2020 and
InCH-2020 potential parameters were trained against DFT
data on periodic and non-periodic systems using a single-
parameter parabolic method with a focus on TMGa and TMIn
chemistries as the main gas precursors for Ga and In in
MOCVD systems. Non-periodic DFT calculations were carried
out using Jaguar ’ with the B3LYP functional and the PVDZ+
+ basis set. DFT calculations on periodic systems were carried
out using the Quantum Espresso package51 in conjunction
with projected augmented wave pseudopotentials’*” and the

10749

Perdew—Burke—Ernzerhof parametrization of the generalized
gradient approximation exchange—correlation functional
(GGA-PBE).>* A 5 x 5 X 1 I'-centered k-point mesh was
used to sample the Brillouin zone. Energy cut-offs for
wavefunctions and charge densities were set to 408 and
4.080 eV, respectively, with a vacuum region of 20 A along the
out-of-plane direction in order to reduce the interactions
between the replicas. The relaxation scheme of Broyden—
Fletcher—Goldfarb—Shanno was employed with a force
threshold of 0.025 eV A™! The Marzari—Vanderbilt cold
smearing scheme® was applied with a broadening of 0.1 eV.

The QM-based training set contains the Ga—C/In—C and
Ga—H/In—H bond dissociation energies and C—Ga—C/C—
In—C, Ga—C—H/In—-C—H, H-Ga—H/H—In—H, C—C—Ga/
C—C-In, H-Ga—C/H-In—-C, and Ga—C—Ga/In—C—In
valence angle distortion energies in Ga(CHj;),/In(CH,), (x
=1, 2, and 3) and other small molecules (Figures S1—S12).
Moreover, the dissociation energies for the major reactions of
the TMGa and TMIn decomposition into such as
dimethylgallium (DMGa)/dimethylindium (DMIn) and meth-
ylgallium (MGa)/methylindium (MIn) in eqs 2—4 were added
to the force fields’ training data set.

TMGa/TMIn—DMGa/DMIn + CH, ()
DMGa/DMIn—-MGa/MIn + CH, (3)
MGa/MIn—Ga/In + CH, (4)

https://doi.org/10.1021/acs.jpcc.1c01965
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Figure 1 indicates that the ReaxFF and DFT energy curves
for bond dissociations and angle distortions show good
agreement, and ReaxFF successfully reproduces the DFT-
based dissociation energies of the reactions in eqs 2—4 (Figure
2ab).

The carbon parameters originated from the ReaxFF C-2013
force field developed by Srinivasan et al>® and the extended
version by Damirchi et al.*” As such, the adsorption energies of
a Ga/In atom on a pristine graphene and a graphene with a
monovacancy (MV-Gr) or a divacancy (DV-Gr) were included
in two ReaxFF training sets without further modification for
carbon parameters. The adsorption energy, E,4, of a Ga/In
atom on the graphene is computed using

Eads = EGa/In+Gr - (EGa/In + EGr) (5)

where Eg, /1., is the total energy of a graphene with a Ga/In
atom adsorbed. Eg,/;, and Eg, are the energies of an isolated
Ga/In atom and a graphene sheet in a vacuum, respectively. As
expected, the bond strength of the Ga/In atom on a pristine
graphene is significantly weaker than that on MV-Gr and DV-
Gr, due to the presence of dangling bonds in defective
graphene. As seen from Figure 2c,d, the ReaxFF adsorption
energies are in good agreement with the DFT values. Detailed
information on the parameterization and validation of the
ReaxFF force field (Figure S13) in addition to the GaCH-2020
and InCH-2020 force fields is available in the Supporting
Information.

2.3. ReaxFF Molecular Dynamics Simulations. We
performed a series of ReaxFF MD-simulations with our newly
developed GaCH-2020 and InCH-2020 ReaxFF reactive force
fields to study (a) the Ga/In cluster formation from thermal
decomposition of TMGa/TMIn gas precursors, (b) the
nucleation and growth of Ga/In from an elemental metallic
source on monolayer MV-Gr and DV-Gr, and (c) the
nucleation and growth of Ga/In from an elemental metallic
source on bilayer zigzag-edged graphene (ZZ-Gr) and
armchair-edged graphene (AC-Gr).

For case (a), to keep TMGa/TMIn molecules in the gas
phase at varying temperatures, we set their densities at 0.019
g/cm?, which are far smaller than those in liquid phases (1.151
and 1.568 g/cm? at 20 °C for TMGa and TMIn, respectively).
To this end, we randomly placed S0 TMGa/TMIn molecules
in an 80.00 A X 80.00 A X 80.00 A orthogonal simulation box.
Following the structural optimization, we equilibrated the
system at 300 K with an NVT ensemble for 400 ps. The
periodic boundary condition (PBC) was applied to all three
directions of the orthogonal simulation box. Then, the entire
system was heated up from 300 to 2800 K with a heating rate
of 10 K/ps and a timestep of 0.25 fs. The timestep was chosen
so that we can simulate the thermal decomposition of TMGa/
TMIn at high temperatures (Figure S14) and the surface
reactions with graphene efliciently and with good energy
conservation. This procedure adopted a stair-wise heating and
annealing, in which 10 ps heating was followed by 10 ps
annealing for every 100 K temperature increase. To investigate
the temperature effect on the pyrolysis of TMGa/TMIn and
the associated Ga/In cluster formation, we further annealed
the system at 300, 800, 1300, 1800, 2300, and 2800 K
individually for 2000 ps, letting the thermal decomposition
tully develop, such that Ga/In atoms from the gas precursors
can nucleate and grow to form clusters. To reduce the
contamination of the heteroatoms (carbon and hydrogen) in
the Ga/In clusters, three methods were employed: the first

method (M) is to remove CH, gas molecules every 10 ps; the
second method (M,) is to remove CH, and CHj; gas molecules
every 10 ps; and the third method (M;) is to remove gas
molecules with the molecular weight M,, < 16 g/mol every 10
ps. The bond order of the molecule identification was set to be
0.3, which means, for example, that if the bond order of a Ga—
H radical is below 0.3, then Ga and H are considered as two
individual molecules, and then, the H atom will be removed
from the system by utilizing M;. These bond order settings are
only for post-run molecular analysis and do not affect the
actual ReaxFF simulation.

In case (b), two representative models of MV-Gr and DV-Gr
were prepared from a pristine graphene containing 180 C
atoms by deleting one and two C atoms for MV-Gr and DV-Gr
from the center of graphene, respectively. Subsequently, MV-
Gr and DV-Gr were placed in the center of a 21.30 A X 22.14
A x 40.00 A orthogonal simulation box, so as to meet the PBC
in all three directions, as shown in Figure S15a,b. A total of 100
elemental Ga/In atoms were randomly placed in the box or
shot from an atom gun58 with a velocity of 0.5, 5.0, or 50.0
mm/s along the out-of-plane direction to the center of the
graphene to mimic the flux of Ga/In volatile precursors. The
vacancies could be either bare (Figure S15a,b) or pre-doped
with a single Ga/In atom (Figure S15c,d) to simulate the
nucleation and growth of vaporized Ga/In atoms on MV-Gr
and DV-Gr.

Case (c) includes a bilayer ZZ-Gr or AC-Gr placed in the
center of a 38.34 A X 39.36 A X 40.00 A orthogonal simulation
box, in order to meet the PBC in all three directions, as shown
in Figure S16a,b. 32 Ga/In atoms were pre-doped evenly on
the two zigzag edges of a bilayer graphene consisting of 896 C
atoms (Figure S16a), and 18 Ga/In atoms were pre-doped
evenly on the two armchair edges of the bilayer graphene
consisting of 882 C atoms (Figure S16b). The C atoms at the
far end of the bilayer graphene, which are close to the periodic
boundaries, were fixed, so that the center of the bottom layer
would not move. An additional 100 Ga/In atoms were shot
from an atom gun with a shooting velocity of v; = 0.5 mm/s, v,
= 5.0 mm/s, or v; = 50.0 mm/s along the out-of-plane
direction to the center of the bottom layer of ZZ-Gr and AC-
Gr.

For cases (b) and (c), we applied similar procedures to case
(a), which are structural optimization, equilibration, heating,
and annealing, all with a time step of 0.25 fs simulated in an
NVT ensemble. Nonetheless, the annealing process was slightly
different than case (a), for which we only chose 300 and 1000
K as the comparative groups for the temperature effect study.
In particular, 100 elemental Ga/In atoms were introduced
every 20 ps at 300 and 1000 K during the annealing process.
After these elemental metallic atoms were on or around the
vacancies or edges, the system was equilibrated further at 300
or 1000 K for 2000 ps, so that the clusters could fully grow.
Three different samples (represented by different coordinates
and velocities) of each growth condition for cases (a), (b), and
(c) were utilized for the statistical calculations.

3. RESULTS AND DISCUSSION

3.1. Ga/In Cluster Formation from TMGa/TMIn Gas
Precursors. The inherent presence of C and H atoms is well
known in the synthesis of group-III nitrides, resulting from the
use of metal—organic precursors.”” However, the carbon
content can be reduced by tuning the growth conditions,
such as temperature, pressure, and mixing ratio of gas

https://doi.org/10.1021/acs.jpcc.1c01965
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. - . 60,61 .
precursors for impurity incorporation control.””°" In this

section, our objective is to achieve optimized conditions for the
formation of the Ga/In cluster and further validate the
performance of our newly developed force fields by the thermal
decomposition of TMGa/TMIn gas precursors without
addressing the complex surface/interface chemistry occurring
on the substrate. To this end, we apply a temperature
annealing treatment at temperatures from 300 to 2800 K. In
addition, we employ three hydrocarbon gas removal methods,
M,, M,, and M;, as described in Section 2.3, to minimize C
and H impurities and expedite the TMGa/TMIn pyrolysis
process on a nanosecond time scale. The gas removal methods
are analogous to the simplified pathway proposed by
Danielsson et al. for obtaining Ga from MGa, by el1m1nat1n
CH, from MGa derivatives that are adsorbed on the surface.’
As the temperature rises, TMGa/TMIn is thermally
decomposed into DMGa/DMIn, then to MGa/Mln, and
finally to Ga/In atoms, which provides the basis of Ga/In
cluster formation. The schematic of TMGa converting from
gas precursors to a Ga cluster under the thermal and gas
removal treatments is presented in Figure 3a. As expected, the
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Figure 3. Ga/In cluster formation from TMGa/TMIn gas precursors
using the three gas removal methods, M,, M,, and M;, where M, is to
remove CH, gas molecules ever 10 ps, M, is to remove CH, and CHj
gas molecules every 10 ps, and M, is to remove all gas molecules with
the molecular weight M,, < 16 g/mol every 10 ps. (a) Schematic of
Ga clusters dissociated from TMGa gas-phase precursors. Ratios of
(b) C to Ga and (c) C to In at the end of the clustering processes at
300, 800, 1300, 1800, 2300, and 2800 K.

heteroatoms, C and H atoms, still reside in the cluster even
with a prolonged reaction time, bringing impurity incorpo-
ration to the final cluster. Herein, we seek for the optimized
conditions, with respect to the selection of the temperature
and method for gas removal, aiming to generate Ga/In clusters
of a large cluster size yet the least impurities.

Figure 3b,c depicts the ratios of C to Ga and C to In at the
end of the clustering processes, such that the lower ratio
signifies less C contamination. In comparison with the method
M,, the methods M, and M; lead to lower ratios of C to Ga
and C to In, which can effectively eliminate the C atoms from
clusters. Particularly, at 1800 K, the C to Ga ratios using
methods M, and M; decay to less than 0.1, while the C to In
ratios using the methods M, and M; are below 0.01 and zero.
In addition, the ratios of H to Ga and H to C at the end of the

clustering processes are plotted in Figure 4ab, where very
similar trends of H elimination can be observed to those of the
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Figure 4. Ga/In cluster formation from TMGa/TMIn gas precursors
using the three gas removal methods, M}, M,, and M3, where M, is to
remove CH, gas molecules ever 10 ps, M, is to remove CH, and CHj
gas molecules every 10 ps, and M; is to remove all gas molecules with
the molecular weight M,, < 16 g/mol every 10 ps. Ratios of (a) H to
Ga and (b) H to In at the end of clustering processes at 300, 800,
1300, 1800, 2300, and 2800 K; ratios of (c) Ga and (d) In atoms
forming the biggest cluster at the end of clustering processes at 300,
800, 1300, 1800, 2300, and 2800 K.

C elimination presented in Figure 3b,c. Furthermore, In
clusters tend to contain less or negligible C and H compared
with Ga clusters when adopting the methods M, and M; at
temperatures between 1800 and 2800 K, due to the weaker
bond strength of methyl groups to In atoms than those to Ga
atoms, as also shown in Figure 2a,b. Namely, MGa is more
stable than MIn, so MGa radicals are more likely to maintain
their structures for a long time and contain more heteroatoms
at high temperature. In addition, the MD trajectories also
indicate higher production of hydrocarbon radicals and
molecules of low molecular weight from TMIn than TMGa
during the heating step. For example, 37.33 + 1.15% CHj;
radicals dissociate from TMGa at the end of the heating step at
2300 K, whereas 76.00 + 1.15% CHj; radical formation is
observed for TMIn at the end of the heating step at 2300 K. As
the annealing step begins, both M, and Mj; frequently remove
all CHj; radicals from the TMGa/TMIn systems, so that the
carbon content of the TMIn systems can be rapidly reduced,
forming In clusters with less C and H concentration compared
with those forming from the TMGa systems. However, the low
ratios of heteroatoms to Ga/In do not necessarily indicate
good quality of the clusters, because the growing Ga/In
clusters could melt into smaller clusters containing fewer
numbers of Ga/ In atoms, losing the covalent character at high
temperature.”” Accordingly, we normalize the ratios of Ga/In
atoms of the biggest cluster in the systems to identify the
integrity of the clusters—the ratios are computed by dividing
the total number of Ga/In atoms of the biggest cluster by the
total number of Ga/In atoms in the system, as shown in Figure
4c,d. The low ratios of Ga atoms in the biggest cluster from
300 to 1300 K indicate the non-completion of the thermal
decomposition of gas precursors, regardless of the methods.
Nevertheless, the In cluster size reaches the maximum at a
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lower temperature than the Ga cluster size. However, unlike
the growing ratios of the biggest Ga cluster at high
temperatures, the ratios of the biggest In cluster decrease to
0.4 at 2300 K and decrease to less than 0.1 at 2800 K, with M,
applied, as depicted in Figure 4c,d. This is because at high
temperatures, for example, 2300 and 2800 K, the TMIn
molecules quickly disintegrate and lead to the formation of In-
and C-containing small compounds and H, gas molecules,
scattering throughout the systems, while the high temperature
makes these scattered In- and C-containing compounds more
prone to continue melting than clustering. Again, these
observations are in accordance with the dissociation energy
calculations presented in Figure 2a,b.

We have screened the optimal growth conditions with the
selection of the temperature and the gas removal method for
Ga/In cluster formation from the pyrolysis of TMGa/TMIn
gas precursors, which setting the temperature at 1800 K with
the use of the methods M, and Mj;, gives the least
concentrations of C and H for TMGa/TMIn to generate
high-purity Ga/In clusters; meanwhile, the integrity of the Ga/
In clusters (corresponding to all Ga/In atoms forming the
biggest clusters) is sustained. In addition, the decreasing trend
of the carbon concentration of the TMGa systems at high
temperatures with the use of the methods M, and M; is in
good agreement with the experimental findings, which indicate
that the carbon concentration decays dramatically as the
temperature rises above 900 °C (1173 K).6-03

3.2. Nucleation and Growth of Ga/In from an
Elemental Metallic Source on Defective Graphene.
Mono- or few-layer graphene can be used as a substrate for
the van der Waals epitaxial growth of group-III nitrides.”* In
Section 3.1, we have identified the thermal decomposition of
TMGa/TMIn gas precursors at elevated temperatures and the
optimal processing conditions for the Ga/In cluster formation
in the absence of substrate. In this section, we skip the thermal
decomposition processes of TMGa/TMlIn gas precursors;
instead, we feed the elemental Ga/In atoms to monolayer MV-
Gr and DV-Gr, to examine the growth of Ga/In clusters in the
presence of the substrate on the nanosecond time scale. Other
accelerating approaches for the cluster growth, such as the
introduction of Ga/In-functionalized vacancies and the atom
gun toolkit of ADF®® that mimics the flux of Ga/In precursors,
are also adopted. Graphene may experience topological defects
as the temperature goes above 800 °C (1073 K),°*® yet
considering the fact that the Ga/In cluster could produce
premium purity and integrity at a temperature above 1800 K
based on Section 3.1, herein, we propose the dual temperature
zones for the study of Ga/In cluster formation. As such, a low-
temperature zone is set as 300 K < T < 1000 K for the Ga/In
cluster formation in the presence of the graphene substrate and
a high-temperature zone is selected as 1300 K < T < 1800 K
for that in the absence of the graphene substrate. In this
section, we choose the lower and upper limits of the low
temperature zone, that is, 300 and 1000 K, to examine the
temperature effect of the Ga/In nucleation on MV-Gr and DV-
Gr.

We calculate the Ga—Ga and In—In RDFs, g(r), as a
function of distance, r, for the Ga and In clusters formed at 300
K. The yellow and orange dotted lines represent the first-
neighbor distances between Ga atoms, rg, g, and In atoms,
Fin—w Which are 2.71 and 2.97 A, respectively, as shown in
Figure Sj. The values of rg,_¢, and ry,_y, are in good agreement
with the DFT data published in earlier work.”>**®’ To the best
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Figure S. VMD snapshots of Ga and the RDF plots of Ga/In
nucleation and growth on a monolayer MV-Gr and DV-Gr. Scheme
(i): without pre-doping or an atom gun at T = 300 K: Ga nucleation
and growth on (a) MV-Gr and (b) DV-Gr; (c) RDF plots of Ga/In
nucleation and growth on MV-Gr and a DV-Gr. Scheme (ii): with
pre-doping and an atom gun at v, = S mm/s and T = 300 K: Ga
nucleating and growth on (d) MV-Gr and (e) DV-Gr; (f) RDF plots
of Ga/In nucleation and growth on MV-Gr and DV-Gr. Scheme (iii):
with pre-doping and an atom gun on a monolayer graphene with
randomly distributed 6 MVs at v, = S mm/s and T = 300 K: (g) Ga
nucleation and growth on the Ist to 6th MVs; (h) RDF plots of Ga/
In nucleation and growth around the 1st to 6th MVs. (i) Schematic of
the locations of the Ist to 6th MVs. (j) RDF plots of Ga and In
clusters formed at 300 K, in order to determine the reference peak
locations for rq,_g, and ry,_p,-

of our knowledge, there is no experimental or theoretical bond
lengths for the pure In, dimer, while the mean values of r,_y,
from metalloid clusters with an In—In bonded core lay within
the range of 2.78—3.15 A7°773 The first-neighbor distances of
a Ga/In cluster can be altered as the structural arrangement
transformation and the phase change occur at elevated
temperatures. For instance, the structural arrangement of
Ga/In clusters could exhibit a-, -, y-, and 6-Ga cluster
modifications.’””* In terms of the temperature effect,
Steenbergen and Gaston reported that at low temperature,
Ga, clusters (n = 7—12) present unique structural signatures,
whereas at high temperature, Ga, clusters (particularly for n =
9—12) demonstrate liquid structures, with rg, g, shifting
rightwards on the RDFs from 2.75 to 2.83 A%?

Three schemes are incorporated to investigate the
nucleation and growth of Ga/In on an MV-Gr and a DV-Gr:
(i) elemental Ga/In atoms are randomly placed surrounding
MV-Gr and DV-Gr at 300 K, letting the nucleation occur
spontaneously, (ii) Ga/In atoms are shot with an atom gun
with a shooting velocity of S mm/s onto Ga/In-functionalized
MV-Gr and DV-Gr at 300 K, and (iii) Ga/In atoms are shot
with an atom gun with a shooting velocity of S mm/s onto a
monolayer graphene with six randomly distributed MVs, each
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pre-doped with a Ga/In atoms at 300 K, as shown in Figure Si.
Figure Sa,b,d,e,g displays the MD snapshots, processed using
the visualization software VMD,” of Ga/In clusters that are
fully developed under the three schemes. Additionally, the
RDFs illustrated in the same figure are computed between the
centers of the vacancies and the surrounded Ga/In atoms
(fyac-Ga 20d Tyoen) for scheme (i) and between the pre-doped
and deposited Ga/In atoms from the atom gun (rpp g.—g. and
oD m_1n) for scheme (ii) and (iii), in order to quantitatively
analyze the growth ratio of Ga/In nuclei, as shown in Figure
Sc,fh.

In scheme (i), the Ga/In atoms are prone to clustering
locally and afterwards depositing on the pristine graphene
surface, while they have little chance to bind with the MV-Gr
and DV-Gr through covalent bonds (Figures Sa,b and S17e,g);
thus, no evident peaks occur around the reference lines on the
RDF plots (Figure Sc). Although a Ga/In atom absorbed on a
pristine graphene has a weaker bond strength (less negative
binding energy) than that on an MV or a DV (Figure 2c,d), the
much higher probability of the Ga/In atom colliding with the
neighboring Ga/In atoms enables the Ga/In cluster formation
before arriving in the vicinity of the bare MV or DV. The
comparison of the Ga cluster formation on an infinite size
graphene (with PBC applied) and a finite size graphene with
edges (without PBC applied) can be seen from Figure S18. In
this figure, the Ga atoms nucleate on the exposed edges and
grow to clusters around the nuclei (Figure S18c,d), regardless
of temperature. Nonetheless, when introducing an infinite-size
MV-Gr or DV-Gr as a substrate, as a consequence of low
probability of being trapped by defects, the Ga clusters are
more likely to deposit on the surface via weaker van der Waals
interactions, similar to those presented in Figure S18a,b.

In scheme (ii), the majority of Ga atoms nucleate on the
pre-doped MV-Gr, as shown in Figure 5d. This can be
attributed to the strongest bond strength (the most negative
binding energy) of —85.65 kcal/mol for Ga atom with pre-
doped MV-Gr over all the considered scenarios, as indicated in
Table S1. In other words, the much stronger interaction of a
Ga atom with a pre-doped MV-Gr requires much higher
dissociation energy to break the covalent bonds between the
deposited and the pre-doped Ga atoms, proving a more stable
and directional base for the growth of Ga nuclei”® The
occurrence of the Ga—Ga first-neighbor peak between the
yellow and orange reference lines shown in Figure 5f also
supports the fact that the Ga atoms shot with an atom gun
prefer to grow around MV, by forming the covalent bonds with
the pre-doped Ga atom, despite the slightly different structural
arrangement from that formed by the elemental metal source.
In contrast, the weaker bond strength (less negative binding
energy) of —29.70 kcal/mol for Ga atom with the pre-doped
DV-Gr makes the Ga atoms less likely to nucleate around the
DV, as shown in Figure Se. For similar reasons, at a low
shooting velocity (v, = 0.5 mm/s), In atoms first form small
clusters in a vacuum before reaching the graphene surface, and
then, the small clusters deposit on the MV-Gr and DV-Gr and
coalesce into a big cluster. At a high shooting velocity (v; = SO
mm/s), In clusters grow much bigger surrounding the nuclei
formed on the surface, moving around MV-Gr and DV-Gr
without being trapped by the vacancies. Therefore, no In—In
first-neighbor peaks can be seen from the RDF plots, regardless
of the type of defects, temperatures, and shooting velocities, as
shown in Figures 5f and S19c—h.

From scheme (ii), we reach a conclusion that Ga-
functionalized MV-Gr promotes the cluster growth. To take
this point further, in scheme (iii), we focus on the defect-
driven Ga nucleation and growth in monolayer graphene with
six randomly distributed MVs. The existence of multiple MVs
could change the structural arrangement of Ga clusters as they
nucleate and grow, whereas no In clusters can be found around
the pre-doped In atoms through covalent bonds, regardless of
temperatures and shooting velocities, due to a much weaker
bond strength (less negative binding energy) of —30.21 kcal/
mol for an In atom bonding with the pre-doped MV-Gr than
the Ga atom case (Table S1). This value shows even weaker
bond strength than that of the pristine graphene case, which is
about —50 kcal/mol (Figure 2d). In Figure Sg, the Ga cluster
is covalently bonded with the second, third, fifth, and sixth
MVs. Accordingly, in Figure Sh the first-neighbor peaks of the
5th and 6th MVs occur at a shorter Ga—Ga distance of 2.47 A
than that of the yellow reference line indicates, implicating a
possible transformation to a distinct cluster modification
realized by only tunning the defects on a graphene. It should
be noted that in our MD simulations, the nucleation of Ga
atoms takes place at random locations of pre-doped MV, so
that the shapes of Ga clusters could be different from
configuration to configuration. However, it is observed that
at 300 K, the Ga cluster typically grows around three to four
different MVs and yields a more outspread or even a film-like
cluster rather than that previously of a spherical shape. This
provides the possibility of growing a 2D Ga cluster film with
the help of the graphene substrate with multiple Ga-
functionalized MVs. Nevertheless, as the temperature rises to
1000 K, only a few Ga—Ga first-neighbor peaks are observed,
due to the dislocation of the pre-doped Ga atoms at high
temperature, as shown in Figures S20d—f and S17r. Again, no
In—In first-neighbor peaks can be seen from the RDF plots,
disregarding the type of defects, temperatures, and shooting
velocities, as shown in Figure S20.

Based on the analyses above, we have demonstrated that
MV-Gr can catalyze the covalent bonding between the pre-
doped and deposited Ga atoms at 300 K, thus increasing the
chance of forming nuclei for the directional growth of Ga
clusters on MV-Gr. The covalent bonds between the deposited
and pre-doped In atoms are barely seen, disregarding the type
of defects, temperatures, and shooting velocities of the atom
gun. At the temperature of 1000 K, the pre-doped Ga atoms
may experience dislocation in the vacancies; therefore, the first-
neighbor peaks shift rightwards rather than overlapping the
two reference lines. Although the pre-doped In atoms may also
undergo dislocation in the vacancies at high temperature, the
weak binding energies of —30.21 and —30.51 kcal/mol for an
In atom bonding with pre-doped MV-Gr and DV-Gr lead to
the In cluster formation away from pre-doped defects, as both
binding energies are weaker than those of the pristine case, that
is, ~50 kcal/mol, as well. The findings suggest that a Ga-
functionalized defective graphene enables us to conduct the
directional Ga growth even at room temperature; furthermore,
the shape of a grown cluster could be intentionally modified by
introducing multiple MVs on a graphene substrate.

3.3. Nucleation and Growth of Ga/In from an
Elemental Metallic Source on the Edges of Bilayer
Graphene. In this section, we consider bilayer graphene as a
substrate along with acceleration approaches for the inves-
tigation of the Ga/In nucleation and growth. As shown in
Figure S16, the top-layer graphene with ZZ-Gr or AC-Gr is
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Figure 6. Nucleation and growth of Ga/In from an elemental metal source on a ZZ-Gr and an AC-Gr with pre-doped Ga/In atoms. VMD 3D
schematics of the Ga cluster growth on (a) ZZ-Gr and (b) AC-Gr with pre-doped Ga atoms and an atom gun. VMD 2D snapshots of the Ga cluster
growth on (c) ZZ-Gr and (d) AC-Gr with pre-doped Ga atoms at T = 1000 K and v; = SO mm/s. The ratios of the Ga/In cluster growing on (e)
ZZ-Gr and (f) AC-Gr at T = 300 K and at shooting velocities of v; = 0.5 mm/s, v, = S mm/s, and v; = SO mm/s. The curves from (e,f) are plotted
by the mean values of 3 samples, but the standard deviations are not shown for clarity.

functionalized with Ga/In atoms to initiate and catalyze the
kink nucleation for the cluster growth; meanwhile, the bottom
layer confines and shapes the thin-layer growth of Ga/In
clusters and, in practical application, serves as a buffer layer to
ensure the van der Waals growth.”” Similar to the cases
presented in Section 3.2, we employ the lower and upper limits
of the low-temperature zone, 300 and 1000 K, to inspect the
temperature effect on the Ga/In thin-film growth, initiating
from ZZ-Gr and AC-Gr, and to prevent the deterioration of
graphene at high temperature.””*” We identify that the
nucleation of Ga/In atoms on the bare edges only leads to a
spherical or quasi-spherical shape cluster for ZZ-Gr and AC-
Gr, as shown in Figure S21. Therefore, we propose a pre-
doped ZZ-Gr and AC-Gr as a substrate, in which the
uncoordinated C atoms on the edges are fully passivated by
Ga/In atoms that could act as pre-existing nuclei for the
subsequent thin-layer growth. Then, the Ga/In atoms are shot
from an atom gun at three constant velocities, that is, v, = 0.5
mm/s, v, = 5 mm/s, and v; = 50 mm/s, onto the center of the
pre-doped ZZ-Gr and AC-Gr, as shown in Figure 6a,b,
respectively.

At a low shooting velocity, the Ga/In atoms nucleate in a
vacuum or around the pre-doped Ga/In atoms and then grow
into bigger clusters; at a high shooting velocity, the initial Ga/
In atoms shot onto the bottom layer bounce around between
the edges of ZZ-Gr and AC-Gr, and then, they start to bind
with the pre-doped Ga/In atoms and serve as nuclei for the
subsequent cluster growth.

To quantify the impact of temperature and shooting velocity
on the Ga/In clusters grown on ZZ-Gr and AC-Gr, we further

10754

compute the growth ratios of Ga/In clusters, each including
100 atoms shot with an atom gun, over the clustering elapsed
time of 2000 ps, as shown in Figures 6e,f and S22a,b. Note that
the growth ratio is defined as the total number of Ga/In atoms
in a cluster that is covalently bound to the pre-doped edges
divided by the total number of Ga/In atoms in a whole system.
The increase in the shooting velocity promotes the nucleation
and growth of Ga/In metals on edges, except for the Ga/In
clusters growing on the ZZ-Gr at v, and v,, which present
nearly the same mean growth ratios during the clustering
process. In comparison with Ga, In exhibits a much lower rate
of nucleation and growth ratio, regardless of temperatures and
shooting velocities.

We acquire two observations from the MD trajectories: (1)
the pre-doped In atoms on ZZ-Gr tend to follow a staggered
arrangement (Figure S23m-—r), which may result in the
oncoming In atoms hardly growing on the ZZ-Gr; (2) the In
atoms only regionally nucleate and grow on AC-Gr, forming a
smaller 3D cluster than that growing on the Ga-functionalized
AC-Gr. For observation (1), recall that in Section 3.2, the ry,_,
value is derived to be 2.97 A, which is 0.53 A larger than the
spacing between the two doping sites on the ZZ-Gr, hence the
notable rearrangement of pre-doped In atoms in a staggered
pattern on the ZZ-Gr. In addition, based on our ReaxFF
energy calculations, the potential energy of a minimized ZZ-Gr
with pre-doped In atoms in a staggered pattern is about 1500
keal/mol lower (more negative) than that in an organized
pattern, not energetically favored to the formation of In
clusters through covalent bonds as well. On the other hand, as
we inspect the clustering time for 100 separate Ga/In atoms
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evolving into a big cluster, In atoms take significantly shorter
time than Ga atoms in the temperature range of 300—1000 K,
as shown in Figure S24. In other words, the In atoms,
compared with the Ga atoms, should have a better chance to
nucleate before reaching the AC-Gr surface, especially at a low
temperature and a low shooting velocity. These could be the
reasons responsible for a much lower rate of nucleation and
growth ratio of In atoms from our observation. Higher
temperature increases the mobility of Ga/In gas-phase
precursors and contributes to a fast and more extensive cluster
growth, where coagulation and coalescence could occur
rapidly. For example, comparing Figure 6f with Figure S22b,
the growth ratio of the Ga cluster on AC-Gr at the end of the
clustering process is enhanced by 0.18—0.61 at varying
velocities, as the temperature goes from 300 to 1000 K. It is
noteworthy that the growth ratio of the Ga cluster at v; on AC-
Gr increases from 0.80 at 300 K to 1.00 at 1000 K, at the end
of the second equilibration process after the clustering stage, as
shown in Figure S22d. There are other parameters that could
affect the growth ratio of Ga/In clusters, such as pressure, the
density of gas precursors, the geometries of substrate, and so
forth. We point out the effect of the width between the two
edges of ZZ-Gr and AC-Gr, as shown in Figure S25, to our
readers, but in this paper, we will not discuss any of these
parameters in more detail.

Generally, a higher temperature and a higher shooting
velocity can bring about a higher growth ratio for the Ga/In
cluster. However, a higher growth ratio only reflects a higher
degree of Ga/In cluster formation on the ZZ-Gr and AC-Gr,
yet the growth pattern cannot be adequately indicated. For
instance, the Ga clusters on ZZ-Gr exhibit higher growth ratios
at v; and v, than those on AC-Gr (Figure 6e,f), whereas the Ga
cluster growth on ZZ-Gr is neither a 3D spherical cluster nor a
2D thin-layer cluster; instead, the Ga atoms are merely
individually bound by the pre-doped Ga atoms on the ZZ-Gr.
Another case in point is that the In clusters display higher
growth ratios with notable spikes at v; than those at v, or v,
(Figures 6e,f and S22a,b). However, this does not represent
good quality for the In cluster growth either, due to the
unstable kinetics at this high shooting velocity. Therefore, we
profile the geometries of the fully grown Ga/In clusters on ZZ-
Gr and AC-Gr at different temperatures and shooting velocities
(Figure S23), and then, we select the cases of our interest, Ga
cluster growth at v;, to plot the Ga-edge distributions against
the left and right edges for ZZ-Gr and against the top and
bottom edges for AC-Gr, as shown in Figure S26.

In Figure 6¢,d, we present the two types of cluster formation,
for 100 Ga atoms growing on a ZZ-Gr and an AC-Gr with T =
1000 K and v; = 50 mm/s. At this particular temperature and
shooting velocity, Ga atoms manifest a 3D cluster growth on
Z2Z-Gr (Figure 6c), while the AC-Gr is more prone to
promoting a 2D thin-layer cluster growth (Figure 6d). This
could result from the smaller spacing between each two pre-
doped Ga atoms on the ZZ-Gr than that between each two
pre-doped Ga atoms on the AC-Gr, which promotes the
vertical growth of Ga atoms on the ZZ-Gr. In contrast, the pre-
doped edges of the AC-Gr exert larger spacing between each
two pre-doped Ga atoms, making it possible for the oncoming
Ga atoms to grow in the lateral direction through covalent
bonds. As shown in Figure S23a—I, the ZZ-Gr and AC-Gr both
favor the growth of Ga clusters—as shooting velocity increases,
the Ga clusters grow bigger; as temperature rises, the Ga
clusters are more outspread. Nonetheless, as we have

mentioned previously, In clusters can barely grow on the
ZZ-Gr due to the staggered arrangement of the pre-doped In
atoms and those on the AC-Gr appear to be more regional and
smaller compared with Ga clusters, as can be seen from Figure
S$23m—x.

In Figure S22c,d, the Ga clusters on the ZZ-Gr and AC-Gr
at 1000 K with v; both present a growth ratio of 1.0. However,
in Figure S26c¢, the Ga cluster on the ZZ-Gr goes with a 3D
growth pattern, yet in Figure S26g, the Ga cluster on the AC-
Gr favors a 2D thin-layer growth. As a result, the Ga-edge
distribution for the former growth is more outspread, as shown
in Figure S26d, whereas the Ga-edge distribution for the latter
growth has several characteristic peaks, indicating the
periodicity of a 2D thin-layer arrangement, despite the
dissociation of one pre-doped Ga atom, as shown in Figure
S26h. The Ga cluster has less extended growth at 300 K. In
particular, Ga atoms stack on top of one another along the two
edges of the ZZ-Gr but coagulate, as shown in Figure S26a,
while on the AC-Gr, Ga atoms cannot sufficiently spread out
between the edges like those at 1000 K, as shown in Figure
S26f.

The above analyses indicate that a combination of T = 1000
K and v, = S mm/s or v; = 50 mm/s could give the best
performance for the Ga clusters grown on an AC-Gr, for it not
only exhibits the highest growth ratio with the Ga cluster
covalently bonded with the pre-doped Ga atoms but also
produces a 2D thin-layer between edges without deteriorating
the bilayer graphene. However, setting T = 300 K for the Ga
cluster growth or including the In-functionalized AC-Gr at
1000 K only results in a 3D growth.

4. CONCLUSIONS

We have developed ReaxFF reactive force fields for Ga/C/H
and In/C/H systems (GaCH-2020 and InCH-2020), by
focusing on the gas-phase reactions of the Ga and In film
growth from trimethylgallium (TMGa) and trimethylindium
(TMIn) precursors and the surface interactions of TMGa and
TMIn with a graphene substrate in metal—organic chemical
vapor deposition (MOCVD).

We have identified optimized conditions to obtain Ga/In
nanoclusters with low impurities by thermal decomposition of
TMGa/TMIn. Based on our molecular dynamics (MD)
simulations, the removal of CH, and CH; every 10 ps
(method M,) or the removal of gas molecules with the
molecular weight M,, < 16 g/mol every 10 ps (method M) at
1800 K leads to Ga/In nanoclusters with the lowest impurities.
This result may be transferred to the application of adduct
removal from an MOCVD chamber (i.e., CH; or CH,) to be
able to reduce the contamination in Ga/In clusters. Our work
demonstrates that Ga-doped monovacancy graphene is more
energetically favored for the nucleation of Ga nanoclusters
compared with pristine graphene due to a stronger bond
strength (more negative binding energy). However, in the In
cases, covalent bonds can be barely observed between the In
clusters and the pre-doped In atoms, resulting from the weaker
bond strength than the Ga equivalents. In addition, our
investigation of the growth pattern of Ga nanoclusters and
two-dimensional (2D) Ga layers on a bilayer graphene reveals
that the armchair edges promote the 2D growth. In future
studies, we will seek to extend these ReaxFF reactive force
fields towards systems containing nitrides to further investigate
the coupled effects of vacancy defects with various sizes and
nitrogen species on the growth kinetics of group-III nitrides.
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