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a b s t r a c t

We report a joint theory and experimental investigation on the defect-mediated surface interactions of
gallium (Ga) metals and trimethyl-gallium (TMGa) molecules with graphene. A combination of Raman
spectra, X-ray photoelectron spectroscopy, scanning tunneling microscopy and spectroscopy (STM/STS)
reveal defects in graphene, which can act as pathways for Ga intercalation. These experimental results
are connected to ReaxFF simulations, which further confirm that the Ga and TMGa adsorption on gra-
phene is strongly impacted by the presence and size of defects. These defects catalyze the surface re-
actions by lowering the temperature for Ga-deposition on the surface. Moreover, multivacancy defects
promote Ga intercalation through graphene by reducing the kinetic barrier while the migration through
single vacancy or 5-8-5 defect is kinetically hindered. The ReaxFF results indicate that TMGa exposure
leads to defect healing by the passivation of carbon-dangling bonds by hydrocarbon and organometallic
adducts, which is supported by the decreased Raman D:G ratio in Ga-intercalated graphene and by STM
images. Since probing and controlling graphene defects constitutes a key step in the intercalation
mechanism, this work provides an in-depth atomic scale understanding into the complex interplay
between defects and precursors, thus providing an effective way to design defects for 2D metal
fabrication.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Atomically thin two-dimensional (2D) materials with non-
layered structure have gained widespread attention due to their
exceptional electrical transport, optical, catalytic and thermal
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properties [1e4]. However, contrary to van der Waals layered 2D
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ultra-thin layers from their respective non-layered bulk form is also
difficult due to the strong chemical interlayer bonding [15,16].
Intercalation techniques have been identified as an alternative and
novel technique [1,2,17e20] that enables to confine and stabilize
nonlayered materials in their 2D form at the interface of a cap layer
and substrate without sacrificing the quality of grown crystal.
Recent studies [1,2,19,20] also show that epitaxial graphene (EG) on
SiC serves as an ideal platform for the confinement heteroepitaxy of
2D metals and their compounds. At such a heterointerface, inter-
calants interact with epitaxial graphene through weak van der
Waals forces while exhibiting covalent bonding to the SiC surface
[1,2,21].

Defect engineering strategies have been regarded as an effective
approach to tailor the physiochemical properties of graphene. Local
manipulation of a graphene lattice by methods such as plasma
Esystem ¼ Ebond þ Eover þ Eunder þ Elp þ Eval þ Epen þ Etor þ EvdWaals þ Ecoulomb (1)
treatment [1,21,22] and ion or electron beam bombardment [23]
are used to generate defects, thereby enhancing the catalytic per-
formance of the surface. In particular, Briggs et al. [1] demonstrated
that the plasma-treatment (He and O2) of EG before the intercala-
tion modifies the EG transport properties, thus facilitating the
migration of metals through graphene at the EG/SiC interface.
However, the complex interplay between EG defects and metal
intercalation in a chemical vapor deposition environment is not yet
fully understood. In additional, the atomistic reaction pathways
leading to the CVD/metal organic chemical vapor deposition
(MOCVD) growth of a 2D layer cannot readily be obtained via
experimental measurements. This has motivated the development
of multiscale modeling that can substantially improve the atomic-
scale understanding, and thus enhance the ability to control the
intercalationmechanism during the growth. To date, first principles
methods have been employed extensively to investigate the reac-
tion kinetics of metal/surface interactions with bare and function-
alized graphene [1,24]. However, to the best of our knowledge, no
empirical potential exists to describe the surface reactions of Ga
metal and trimethyl Ga (TMGa) with graphene with/without de-
fects but is sorely needed e given the need for large (>1000 atoms)
long-time (>1 ns) dynamics simulations associated with 2D
MOCVD growth. Recently Rajapbour et al. [25] reported a ReaxFF
reactive force field developed particularly for the MOCVD gas-
phase reactions during the 2D Ga/In growth that enables us to
provide this large-scale, long-time atomistic scale perspective.

In this study, the ReaxFF reactive force field developed by
Rajabpour et al. [25] was extended to the surface reactions in the
CVD/MOCVD growth of 2D-Gametal on graphene. Then, combining
experimental measurements with atomistic-scale simulations, the
complex interplay between the EG defects and Ga intercalationwas
investigated. To this end, molecular dynamics (MD) and meta dy-
namics simulations were employed to illuminate the impact of
precursor, temperature, defect size and density on the Ga binding
and penetration to/through graphene. Scanning tunneling micro-
scopy (STM) and spectroscopy (STS) along with Raman spectra and
X-ray photoelectron spectroscopy (XPS) were further deployed to
identify defects on EG before and after the Ga intercalation in the
MOCVD environment. The details of the force field parameter
fitting process, training results and optimized force field parame-
ters can be found in the Methods section and supporting
information.
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2. Methods

2.1. Theoretical method

ReaxFF Reactive Force Field: The ReaxFF reactive force field
[26] is an interatomic potential that describes chemical events and
electrostatic interactions through the combination of the bond or-
der formalism with polarizable charge description. The distance-
dependent bond order indicates the bond stability between atom
pairs and updated at each MD iteration, thereby, providing a dy-
namic bonding environment over the course of simulations. In the
ReaxFF framework, the total potential energy of a system can be
defined as a sum of the bonded and nonbonded energy terms (Eq.
(1)).
where Ebond, Eover, Eunder, Elp, Eval, Epen, Etor are bond-order depen-
dent energy terms and refer to bond energy, over-coordinate en-
ergy, under-coordination stability, lone-pair energy, valence angle
energy, penalty and torsion angle energy, respectively. On the other
hand, the nonbonded energy terms describing van der Waals, Evd-
Waals and Coulomb interactions, Ecoulomb are updated for each atom
pair, regardless of connectivity. The detailed functional forms of the
potential energy can be found in the Supplementary Information of
the 2008-C/H/O publication [27]. This potential enables to simulate
large scale systems (up to ~1,000,000 atoms) over long timescales,
coupled with a low computational expense owing to the implicit
treatment of electrons in the bond-order dependent interactions of
ReaxFF. To date, the ReaxFF method has been applied to a wide
range of materials populating nearly the entire Periodic Table, 2D
materials [5,25,28e30], semiconducting materials [31,32], reactive
processes in thin-film growth [33,34], and other carbon-based
materials [35e38].

First Principles calculations: Ab-initio calculations were con-
ducted using Quantum Espresso [39,40] to investigate the role of
graphene defects on Ga intercalation. In these calculations, the
electron-ionic core relation was represented using a Projected
Augmented Potential [41,42], and the effects of exchange and cor-
relation were treated using the PerdeweBurkeeErnzerhof func-
tional within the generalized gradient approximation [43,44]. A
5 � 5 � 1 K-point mesh within Gamma centered Monkhorst-Pack
scheme was applied to Brilliouin Zone integration with a kinetic
energy cut-off of 30 Ry and a density cutoff of 300 Ry. The Marzari-
Vanderbilt cold smearing schemewas utilized with a broadening of
0.01 Ry. In the geometry optimizations, the system was allowed to
relax fully using a BroydeneFletchereGoldfarbeShanno algorithm
along with the total energy threshold of 0.0001 Ry and the force
threshold of 0.001 Ry/Å. Periodic boundary conditions were applied
along the three directions of the space. A vacuum layer of 20 Å was
inserted in the direction of normal to the graphene sheets to
minimize the spurious interactions by the periodic repetitions.
OVITO [45] and VESTA [46] were used to visualize the snapshots
illustrated in the figures.

Molecular Dynamics Simulations: After the structural opti-
mization, each system was subjected to the heating procedure at a
target temperature ranging from 800 to 1500 K in an NVTensemble
with a time step of 0.1 fs to ensure energy conservation during the
simulation [25,29]. A Berendsen thermostat [47] was employed
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with a temperature and pressure damping constants of 100 fs and
5000 fs, respectively. Each systemwas equilibrated first at 300 K for
1 ns, which is required to reduce the memory effects regarding
possible crystal defects in the initial structure on the system. Sub-
sequently, a system of interest was heated up to the target tem-
perature with a temperature gradient of 0.05 K/step, then,
equilibrated for 1 ns. It is noteworthy that the size of the numerical
uncertainties can depend on the system size, the timescale, number
of simulation iterations and potential parameters e therefore, the
simulation methodology and the optimization level of potential
parameters are critical to obtain accurate models.

ReaxFF/Nudge Elastic band (NEB) calculations: The systemused
in the NEB calculations is composed of a free-standing graphene
layer and a Ga atomwhich is located at the center of graphene (0 Å)
in the initial configuration and is around 5 Å away from the surface in
the final configuration. Five representative defective graphene
models, monovacancy (MV), 5-8-5, divacancy (DV), trivacancy (3V)
and tetravacancy (4V)with the size of 29.9� 32.1 Å2were adopted. A
vacuum layer with a height of 30 Å was inserted along the z-direc-
tion to minimize the spurious interactions between the periodic
images. It is noteworthy that the current ReaxFF description utilizes a
taper functionwith a cutoff length of 10 Å, meaning that the vacuum
widths should be larger than 10 Å in order to eliminate electrostatic
interactions between the periodic images. Following the structural
relaxation of the initial and final states of each system, theminimum
energy pathways of the Ga penetration through each model was
computed by a climbing-image NEB method implemented in
ReaxFF/ADF software [48]. During the calculations, a chain of replicas
was initially determined through linear interpolation between the
initial and final structures, and relaxed using a force-based optimizer
of “FIRE” [49] with a time step of 0.25 fs until the net force acting on
each replica reaches 0.5 eV/Å.

Metadynamics simulations: The simulation box used in met-
adynamics simulations is composed of a defective graphene surface
and a TMGa molecule which is located around 16 Å away from the
surface. The defect on the surface is a hole located in themiddle and
composed of six carbon vacancies. The size of the surface is
55.2 Å � 58.5 Å. The initial simulation box was equilibrated in the
isothermal ensemble for 200 ps during which, the temperaturewas
controlled using a weak Berendsen thermostat [47] and kept con-
stant at 300 K. The timestep used during equilibrationwas selected
as 0.25 fs. The equilibrated system was used as the initial config-
uration of the metadynamics simulations. The sampling was per-
formed by biasing two different collective variables (CVs). The
distance between Ga of TMGa molecule and the middle of the hole
on the graphene surface is defined as CV1, and the cartesian co-
ordinates of Ga atom are defined as CV2. Two different metady-
namics simulations were conducted using the same configuration,
but only different biasing force by adjusting the deposited energy
values. The widths of deposited Gaussian energies for CV1 and CV2
were chosen as 0.1 Å and 0.3 Å respectively for all simulations. The
height of the deposited energies was selected as 0.8 kcal/mol and
0.1 kcal/mol for two different simulations. The time step for the
Gaussian energy deposition rate was selected as 50 fs. To avoid the
sampling of a large space for the sake of reducing computation
times, we applied a constraint to CV1 using a restraining potential

as shown in the equation of VwallðSOHÞ ¼ kðSCV1 � SCV1limitÞ
4

ðXÞ
where

SCV1 is the value of the selected CV and SCV1limit is the maximum
distance between Ga atom and the middle of the hole on the gra-
phene surface that is allowed to be sampled. The parameters are set

as SCV1limit ¼ 16:6 and k ¼ 100.
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2.2. Experimental method

Epitaxial Graphene (EG) growth: EG was synthesized via sub-
limation of silicon atoms from the Si-terminated semi-insulating
6HeSiC (II-VI Incorporated) surface [2,50]. First, the samples were
etched in a mixture of Ar (450 sccm) and H2 (50 sccm) gas envi-
ronment at 1500 �C and 700 Torr for 30 min to remove damages
from surface polishing. Then, graphene epitaxy was achieved by
annealing the samples under Ar (500 sccm) at 1800 �C and 700 Torr
for 20 min. Prior to the growth 6HeSiC substrates were cleaned
with acetone (10 min), isopropyl alcohol (10 min) and rinsed with
deionized (DI) water.

Plasma treatment of epitaxial graphene: EG layers were plasma
treated using a TeplaM4L plasma etch tool, using 150 sccmO2 and 50
sccm under a pressure of 500 mTorr and power of 50 W for 10 s.

Ga pulsing using MOCVD: Vertical cold wall showerhead
reactor coupled with RF inductive heating was used for MOCVD
growth of 2D Ga. Plasma treated EG samples were held at 550 �C in
8.1 slm total flow of H2 under a pressure of 100 Torr. 40 cycles of
8.93 mmol min�1 TMGa was pulsed. Each cycle consisted of a 2 s
pulse of TMGa and a 3 s purge in hydrogen.

XPS: XPS measurements were carried out with a Physical
Electronics Versa Probe II equipped with a monochromatic Al Ka X-
ray source (hn ¼ 1486.7 eV) and a concentric hemispherical
analyzer. High resolution spectra were obtained over an analysis
area of 200 mm at a pass energy of 29.35 eV for C 1s, Si 2p, Ga 3d,
and Ga 2p regions. O 1s regionswere collectedwith a pass energy of
46.95 eV. The spectrawere charge referenced to this graphene peak
in C 1s corresponding to 284.5 eV U2 Tougaard background was
used for peak fitting.

Raman spectroscopy: Horiba LabRam Raman system using a
wavelength of 488 nm and a power of 5 mW was used to collect
Raman spectra. Spectra were acquired with an integration time of
2 min, using a 600 grooves/mm grating.

Scanning Tunneling Microscopy (STM) and Spectroscopy
(STS): Three samples were studied with STM and STS to see the
progression from EG to plasma treated EG, and finally to plasma
treated EG exposed to Ga in the MOCVD environment. All samples
were cut from the same EG parent wafer, and subject either only to
plasma treatment, or to plasma treatment followed by Ga-
exposure. This reaction sequence is identical to the approach
taken in the synthesis of 2D GaN by graphene encapsulation [2].

The STM/STS measurements were performed in Omicron Nano-
technology Variable Temperature Scanning Probe Microscopy sys-
tem (VT-STM) with a base pressure of 5 � 10�10 torr. The
measurements were done with electrochemically etched tungsten
tips, and samples were introduced via a load-lock system after
transported through air. The imaging conditions defined by bias
voltage UB and tunneling current It were indicated at the respective
images. For a few select sample regions grid spectra were recorded,
which combine topographic and spectroscopic information. All
measurements were performed at room temperature. The grid
spectra were captured by sweeping the bias voltage (Vbias) and
measuring an I/V curve for every fourth image pixel with an open
current feedback loop. The feedback loopwas then re-initialized, and
topography informationwas recorded for the next three pixels. The I/
V curves were numerically differentiated to generate dI/dV curves
[51,52]. The (dI/dV) spectra were spatially resolved by selecting a
specific voltage slice to highlight the contrast in local electronic
structure at that particular voltage, which is proportional to the local
density of states (LDOS). This allows for the direct comparison be-
tween topography and electronic structure. Prior to display and
analysis of the topography images, each surfacewas leveled bymean
plane subtraction and planarization using the post processing soft-
ware Gwyddion [53].
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3. Results and discussion

3.1. Experimental insight into the role of defects in Ga intercalation

Graphene was grown on 6HeSiC via Si sublimation from the
substrate as described in the Methods section. As-grown graphene
on SiC consists of free-standing graphene and buffer or 0th layer
graphene partially bonded to SiC e identified via XPS via the C1s
core level spectra in Fig. 1(a), where the Carbide_1 peak represents
sp3-bonded carbon in SiC. As-grown EG on SiC contains small
density of defects, represented by a low intensity D-peak (ID) in the
Raman spectra shown in Fig. 1(b). TMGa pulsing on pristine EG was
performed using the MOCVD process as described in the Methods
section. After the TMGa treatment, an additional peak labeled
Carbide_2 appears at a lower binding energy in the XPS spectra
corresponding to Ga intercalation as seen in Fig. 1(c). Prior studies
demonstrate that intercalation leads to a shift in the carbide peak
by 1.4e1.5 eV [1] to lower binding energy. The origin of two carbide
peaks in these spectra is due to partial Ga intercalation consisting of
island-like regions of intercalated Ga between graphene and SiC.
The acquisition area of XPS is 200 mm; therefore, a spectra reflecting
a mixture of EG and quasi-free standing EG (QFEG) [54] due to
intercalated Ga indicates the intercalated regions are smaller than
the spot-size of the XPS. One of the reasons for partial Ga interca-
lation is lower defect density in as grown pristine EG that could
serve as pathways for intercalation [1,2].

To evaluate the impact of graphene defects, a He/O2 plasma
treatment was performed as described in the Methods section to
increase defect density in graphene and increase pathways for Ga
intercalation. The plasma treatment yields defective graphene
layers that can be correlated with a ~10e15 fold increase in the
Raman D:G peak intensity ratio (Fig. 1(d)-ID:IG). Following plasma
Fig. 1. XPS and Raman spectra of EG before and after Ga intercalation. (a) C1s XPS spe
Carbide_1 signal from SiC (b) Raman spectra of pristine EG (c) C1s XPS spectra of Ga intercala
the EG/SiC interface [1] (d) Raman spectra of plasma treated EG with higher D/G ratio due t
with higher Carbide_2/Carbide_1 compared to (c) due to improved Ga intercalation as a
intercalated plasma treated EG showing lower D/G ratio post intercalation as observed by
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treatment, TMGa pulsing was performed. In this case, based on C1s
XPS spectra analysis (Fig. 1(e)), lateral coverage area of intercalated
Ga islands increased between graphene and SiC. This was man-
ifested by calculating the area ratio between Carbide_1 peak (cor-
responding to unintercalated graphene) and Carbide_2 peak
(corresponding to Ga intercalated graphene) in the case of Ga
intercalated pristine EG (Fig. 1(c)) and Ga intercalated plasma
treated EG (Fig. 1(e)). The area ratio between the two peaks
increased by ~50% post plasma treatment indicating that the lateral
coverage area of Ga intercalation increased. This study demon-
strates that defects in the graphene play a major role in Ga inter-
calation. Therefore, as the defect density increased in the graphene
lattice post plasma treatment, the lateral coverage area of Ga
intercalation also increased. The subsequent exposure of the
defect-rich EG layer to TMGa leads to ~5-10-fold decrease in ID
(Fig. 1(f)). This suggests that during the process of intercalation,
defect healing occurs in graphene due to graphene regrowth [1] or
passivation of defects by Ga during intercalation/TMGa treatment.

STM and STSwere used to study the EG sample at different steps
in the process to visualize image the modulation of the material at
the nanoscale. The details of sample preparation and imaging are
given in the Methods section [55]. The following processing steps
were included in the STM study: (i) pristine EG, (ii) EG treated with
a low-pressure oxygen plasma, and (iii) sample prepared as in (ii)
and exposed to TMGa, which is also the Ga-precursor used in the
MOCVD growth of encapsulated 2D-Ga metal [1] and 2D-GaN [2].
STM topography images in Fig. 2 show the EG surface with images
from 300 � 300 nm2 to atomic resolution with an image size of
5� 5 nm2. The larger scale images in Fig. 2(b), (c) are dominated by
moir�e patterns with a superlattice period of about 1.8 nm, which
originate from superposition of the reconstruction of Si-terminated
SiC, and graphene [56,57]. The atomic scale graphene lattice can be
ctra of pristine EG on SiC indicating C signal coming from graphene, buffer layer and
ted pristine EG with an additional Carbide_2 peak indicating partial Ga intercalation at
o higher defect density in EG (e) C1s XPS spectra of Ga intercalated plasma treated EG
result of increased defects in the EG prior to intercalation; (f) Raman spectra of Ga
Briggs et al. [1].
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identified in Fig. 2(d). A slight undulation in height throughout the
image, best visible at intermediate magnification, is due to the
inherent roughness in the carbon buffer layer [58e61]. STS grid
spectroscopy averages over an area of several nm2 and confirms the
characteristic spectrum of graphene on SiC with a slight n-type
doping, and the Dirac energy is positioned about 100meV below EF.
The step edges, and larger features seen in Fig. 2(a) are character-
istic for graphene on SiC and are retained in the subsequent reac-
tion steps.

Defects created in the EG layer during the plasma treatment are
evident in the images presented in Fig. 3(a) e (f). An estimate of the
defect density yields about 120 defects per 104 nm2 throughout the
sample surface. The defects generally appear as bright, localized, or
extended features, some with a “striped” appearance which has
also been reported for defects in graphite and graphene [62e65].
The striped features correspond to the charge distribution in the
frontier orbitals and are particularly well-studied for substitutional
N and B atoms [62,65], where the frontier orbitals reflect the
symmetry and orientation of the sub-lattice occupied by the
dopant. The lack of triangular symmetry in our work supports the
prevalence of extended, complex defects as they are described in
the theoretical calculations below, built from dangling bonds, 5,7,
or 8 membered ring structures. The “bright protrusions defects” are
of variable size, shape and apparent height owing to a broad
spectrum of defect types created by the plasma treatment. The
distortion in moir�e pattern units, which is seen particularly well in
Fig. 3(e)e(f), is indicative of local distortions in the graphene layer
and consequent loss of registry. The ST spectra for the plasma
treated surface are shown in Fig. 3(e), (g) and are averaged over the
corresponding area marked in Fig. 3(e). In the plasma treated gra-
phene, the minimum in the spectra coincides with EF which is due
to p-type doping from defects countering the initial n-type doping.
The spectral shape is not representative any more of a Dirac-type
material, which underscores the introduction of numerous defect
states in agreement with the conclusions drawn from the STM
topography images, the XPS analysis, and the Raman spectra
(Fig. 1). STS on larger defects such as the ones labeled D1 and D2 in
Fig. 3(c), and Fig. 4, tend to produce a high signal to noise ratio and
STS spectra could not be measured.

After the creation of defects through oxygen plasma exposure,
the defective graphene is exposed to the TMGa and the corre-
sponding images are summarized in Fig. 5. Prior work on the
synthesis of 2D GaN [2] proposed that the defects in the graphene
layer are greatly reduced after the exposure to TMGa, and this is
confirmed in the present manuscript by the Raman peak D/G ratio,
the XPS spectra in Fig. 1, and is in agreement with the
Fig. 2. Pristine EG on 6HeSiC with increasing magnification. (a) to (c) are dominated by th
Imaging conditions are as following: UB |It (a) 1 V|0.3 nA, (b) 0.1 V|0.5 nA, (c) 0.1 V|0.5 nA,
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computational work presented in detail in the next section. Fig. 5
shows STM topography images of the EG region in between a
sparse population of surface Ga-oxide islands and the prominent
“striped” signatures of complex defects has completely dis-
appeared, and the density of bright protrusions is reduced. This is
commensuratewith Raman spectroscopy results (Fig. 1(f)) where ID
of the defect peak in graphene drops significantly post-TMGa
treatment. If we assume that the minimum in the STS in Fig. 5(a)
corresponds to the Dirac-energy as a remnant of pristine graphene,
then this material is strongly n-doped. However, the spectral shape
for EG on SiC is not really recovered most likely due to incomplete
repair of the graphene layer during TMGa exposure. This observa-
tion agrees with the Raman spectroscopy results which show a
reduction in the D/G ratio but not quite complete recovery of the
graphene signature. Amorphous Ga2O3 islands form on the surface
with residual surface Ga after exposure to air and are discussed in
the Supplemental Information. These islands are pinned at defects
and step edges and the formation of Ga surface clusters at defects is
commensurate with the detailed computational work presented
below.
3.2. Theoretical insight into defect-assisted Ga intercalation

3.2.1. Multi-vacancy defect formation in a free-standing graphene
The experimental observations and measurements in Figs. 1e5

reveal the existence of defects on an EG layer, signifying the cata-
lytic impact of defect on the Ga intercalation as also reported in the
previous works [1,2]. In light of the experimental findings, ReaxFF
and DFT calculations were conducted to elucidate the complex
interplay between defects and metal precursors. Following the
structures used by Fampiou et al. for Pt/graphene systems [66], a
pristine graphene sheet containing 72 carbon atoms was modeled
using a 6 � 6 hexagonal supercell with the dimensions of
14.76 � 14.76 � 20 A3 and eight representative defect models were
built by the detachment of carbon atoms from the center of a
pristine supercell. Namely, our representative models are mono-
vacancy (MV), divacancy (DV), trivacancy (3V), tetravacancy (4V),
pentavacancy (5V), hexavacancy (6V), heptavacancy (7V) and
octavacancy (8V) as shown in Fig. 6. Upon the structural relaxation
of the models, a bond reconstruction was observed between the
low-coordinated C atoms (Fig. 6(b)e(f), (h)), resulting in a five-
membered ring formation as a consequence of Jahn-Teller distor-
tion that is an effect stabilizing defects by lowering symmetry and
energy [67,68].

Additionally, in di- and tetra-vacancy defect models, all the
dangling bonds were passivated by means of a CeC bond
e periodic moir�e structure, and (d) reveal the details of the underlying graphene lattice:
and (d) 2 V|0.3 nA. (A colour version of this figure can be viewed online.)



Fig. 3. Epitaxial graphene on 6HeSiC after plasma treatment. (a) and (b) illustrate the dramatically increased density of defect sites, and surface inhomogeneities after the plasma
treatment, (c) to (f) show with increasing magnification the imprint of defects on the topography images. The defects marked with D1 and D2 in (c) are shown in detail in Fig. 4.
Image size and imaging conditions UB|It are: (a,b) 50 � 50 nm2, 0.1 V|0.1 nA, (c,d,e) 15 � 15 nm2, 0.1 V|0.05 nA, and (f) 7 � 15 nm2, 0.1 V|0.05 nA. (g) includes spectroscopy data
extracted by grid STS from the topography image in (e) as marked with a square of the same color as the spectra. (A colour version of this figure can be viewed online.)

Fig. 4. Details of the defects observed in the plasma treated surface labeled D1 and D2 in Fig. 3(c). (A colour version of this figure can be viewed online.)
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reconstruction that yielded a 5-8-5 ring which contains two
pentagonal and one octagonal rings (Fig. 6(e)) and 3-fold (Fig. 6(f))
symmetric patterns, respectively.

3.2.2. Defect-driven Ga(CH3)x (x ¼ 0e3) binding to graphene

3.2.2.1. Ga adsorption on bare defects. Gan (n ¼ 1,4) clusters were
supported on the optimized graphene sheets with/without defects.
Then, each model was subject to further structural relaxation. The
binding energy, Ebinding of a Ga atom was computed using the
equation of Ebinding ¼ (EGa þ graphene þ (Egraphene þ EGa))/N where
EGa þ graphene is the total energy of graphene with a Ga cluster
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adsorbed. Egraphene and EGa are the energies of a graphene sheet and
an isolated Ga cluster in a vacuum, respectively. N stands for the
number of Ga atoms deposited on graphene. As depicted in Fig. 7(d)
e (e), the Ga adsorption to graphene is exothermic and is strongly
impacted by the presence, size, and parity of defects. The Ga
bonding is strengthened with the increase in the number of under-
coordinated carbon atoms surrounding defects (i.e., multivacancy),
where non-passivated defects form a covalent bond with a Ga atom
(Fig. 7(m)e(n)).

Note that the Ga binding strength to tetravacancy is significantly
weaker (but still stronger than that to the pristine material (1.59 eV



Fig. 5. EG on 6HeSiC after plasma treatment and Ga-TMGa MOCVD exposure. (a) are the STS spectra extracted from the areas on the surface marked with squares in the
corresponding color in the topography image in (b). (c) Topography image at other position on the sample. Imaging conditions UB|It are 0.1 V|0.1 nA. (A colour version of this figure
can be viewed online.)

Fig. 6. Ball-and-stick representation of the graphene networks with bare defect from mono to octa vacancies which were highlighted with yellow. (aed) Odd-numbered
vacancies, i.e., monovacancy (MV), trivacancy (3V), pentavacancy (5V) and heptavacancy (7V). (eeh) Even numbered vacancies, i.e., divacancy (DV), tetravacancy (4V), hex-
avacancy (6V) and octavacancy (8V). Five-membered rings formed after the structural relaxation because of Jahn-Teller bond reconstruction were highlighted with a green
background. Carbon atoms surrounding defects and on the pristine regions were colored with yellow and dark gray balls, respectively to increase visibility. (A colour version of this
figure can be viewed online.)
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at ReaxFF and 1.75 eV DFT level)) compared to the others due to the
Jahn Teller bond reconstruction between low-coordinated pair
carbon atoms, leading to the formation of three closed five-
membered rings on graphene (Fig. 7(j), (m), (n)).

Moreover, our results show that the binding strength of Ga
metals to graphene is impacted by the size of the Ga cluster and
weakens with the increase in the Ga cluster size (Fig. 7(m)e(n)).
The sp hybridized C atoms strongly interact with inital Ga atoms,
resulting in the saturation of under-coordinated C-atoms by Ga
atoms with a strong binding strength (~7eV). However, in turn,
breaking CeGa bond may require high dissociation energy, indi-
cating that bare defects tend to “trap” inital Ga atoms in a graphene
layer. On the other hand, the Ga saturation of C-dangling bonds
substantially weakens the binding strength of secondary Ga atoms
to defects, suggesting that Ga-functionalized defects facilitate Ga
intercalation at the graphene/SiC interface as also reported in our
recently published work [25]. The MD snapshots and results
depicted in Figs. 8 and 9 provide additional support to Fig. 7 and
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show that bare vacancy defects function as anchoring sites and are
excellent “attractive centers” for Ga atoms, they can easily tune the
course of metal atoms, and successfully draw them to the surface
(Fig. 8(b), (f)). Ga atoms are preferentially accumulated around
defects to intercalate through graphene as reported in previous
studies [1,2] and illustrated in Fig. 1, yet Ga atoms are distributed
over the pristine network (Fig. 9). The binding of Ga atoms to the sp
hybridized carbon atoms is thermodynamically driven. This means
that the existence of the unsaturated C-dangling bonds increases
the chemical reactivity of the surface (Fig. 8(c)e(d)) compared to
the pristine regions, leading to the chemisorption of Ga atoms to
the graphene network through covalent bonding (Fig. 8(b) (d)).
Increasing the defect size (e.g., up to sixteen vacancies, 16V, as in
Fig. 8(e)) enhances further the number of Ga atoms accumulated on
a graphene network as depicted in Fig. 8(f). It is noteworthy that
during the annealing of the system at 1500 K the dangling bonds
around the hole are passivated first with Ga atoms, followed by
accumulation of additional Ga atoms around this Ga-functionalized



Fig. 7. Ga-clusters deposition on graphene. (aec) Ball-and-stick representation of Ga-clusters supported on a pristine graphene and (del) optimized structures of a Ga atom
adsorbed on graphene networks with bare defects, and their binding energies based on (m) ReaxFF and (n) DFT methods. (A colour version of this figure can be viewed online.)

Fig. 8. The exposure of defective graphene networks to Ga precursors at 1500 K. (a) The initial and (b) equilibrated configuration of the MV model. (c) A sp hybridized MV defect
on a sp2 hybridized graphene sheet. (d) sp2 hybridized MV defect on account of its passivation by Ga atoms. (e, f) The initial and equilibrated configuration of the 16V model,
respectively. (A colour version of this figure can be viewed online.)
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defect.
Coupling between the defect size and the kinetic barrier of the

Ga penetration through graphene: Briggs et al. [1] reported that
plasma treatment is an effective way to increase the surface reac-
tivity of EG, thus, enabling the large-scale Ga metal intercalation at
the interface of EG/SiC. Additionally, the Raman spectra and XPS
analysis before and after the plasma treatment of EG in Fig. 1 show
that the Ga intercalation underneath graphene increases with the
defect density, supporting the model that Ga atoms make their
pathways through defects. From this point forward, we further
investigated the correlation between the defect size and kinetic
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barrier of Ga penetrating through graphene.
Fig. 10(a) shows the potential energy curves for the Ga pene-

tration into a defective free-standing graphene layer obtained by
NEB calculations at ReaxFF level. For all the defect models except
MV and 5-8-5, the energy monotonically decreases as a Ga atom
approaches the graphene layer, and the equilibrium point is
reached at 0 Å at which the graphene layer is positioned
(Fig. 10(c)e(e)), specifying that the Ga penetration through multi-
vacancy is kinetically and thermodynamically driven. However, the
Ga atom encounters the energy barriers of 1.5 eV at 0 Å on the MV
model, and 1.8 eV at 4.69 Å on the 5-8-5 model, then reaches the



Fig. 9. Spatial distribution of Ga atoms and defects on the graphene network along the x direction. (a) Pristine, (b) MV, (c) DV and (d) 16V. Red bar refer to the number of Ga
adatom attached to the surface and blue bar indicates the number of deleted C-atoms from the graphene sheet to create a defect. (a) In the pristine model, no blue-bar indication
means that there is no removal of carbon atoms from the surface, in other words, the sheet is defect-free where Ga atoms indicated with red bars are distributed over the sheet.
(bed) In the defect models, the number of blue bars increases as the number of deleted C atoms from the surface increases. In that case, the Ga atoms distribution with red bars
becomes much more localized around defects which are indicated with blue bars. (A colour version of this figure can be viewed online.)
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most energetically stable point at 1.03 Å for MV (Fig. 10(b)) and 0 Å
for 5-8-5 (Fig. 10(c)) model. Additionally, the out-of-plane bonding
is observed between Ga and C-dangling atoms on the MV model
while the others including 5-8-5, result in in-plane bonding of Ga to
the surface. This can be attributed to the larger size of a Ga atom
compared to C; Ga does not readily pass-through graphene in the
absence of only one C atom in the MV model. Compared to the Ga
intercalation on the 5-8-5 and DV models, the 5-8-5 model is
thermodynamically more stable than the DV model when the Ga
atom is far from the graphene layer (>5 Å) on account of the Jahn
Teller bond reconstruction on the 5-8-5 model. However, at 4.69 Å,
Ga reaches at the local maximum point on the energy surface of the
5-8-5 model where the bond between two dangling C atoms is
cleaved and a transition from 5-8-5 to DV occurs. At distances
<2.7 Å, both models manifest a similar decreasing trend in energy
and reach the equilibrium point at 0 Å (Fig. 10(c)), similar to the
observation reported in previous work [69]. One can deduct from
these results that the penetration of heavier Ga atoms through MV
and reconstructed divacancy (5-8-5) are kinetically hindered while
the presence of multivacancy substantially contribute to lower the
Fig. 10. Ga diffusion through a free-standing defective graphene layer. (a) Potential ener
0 Å. Ga diffusion realizes from right to left in the graph. There is a mirror symmetry betw
therefore, data plots for the positive area were reused for the negative area. The most stable c
and (e) 4V model at 0 Å. During the diffusion, Ga encounters the energy barrier of 1.5 eV at 0
figure can be viewed online.)
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kinetic barrier encountered during the Ga diffusion through gra-
phene. This suggests the utilization of multivacancy rather than
monovacancy to facilitate the Ga intercalation during the MOCVD
growth of 2D-Ga.

Defect induced physisorption to chemisorption transition of
Ga on graphene: Fig. 11 shows the ReaxFF-based charge density
distribution on the pristine, MV and 16V models. The chemisorp-
tion of Ga atoms on the defective region occurs with a bond length
of ~2.1 Å because of the charge transfer from Ga atoms to the
dangling C atoms (Fig. 11(e)e(f)). Whereas, in the proximity of Ga
atoms, no discernible distinction is observed on the charge redis-
tribution of the pristine regions which stay nearly flat
(Fig. 11(a)e(b)), indicating the physisorption of Ga atoms to the
pristine surface through weak van der Waals forces. However, un-
like the physisorption of Ga atoms on the pristine surface, forming
Ga clusters beneath and above defect-free regions might yield the
chemisorption of Ga atoms even to the pristine regions
(Fig. 11(c)e(d)) where the interatomic bond distances between the
nearest neighboring Ga and C atoms are shorter (~2.4 Å) than that
of the physisorption case (~2.8 Å) (Fig. 11(a)e(b)). The
gy barrier for Ga diffusion into defective graphene models MV, DV, 5-8-5, 3V and 4V at
een before and after diffusion in the presence of only a free-standing graphene layer,
onformation of Ga adsorption on (b) MV at 1.03 Å, (c) 5-8-5 and DV at 0 Å, (d) 3V at 0 Å
Å on the MV model, and 1.8 eV at 4.69 Å on the 5-8-5 model. (A colour version of this
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chemisorption of Ga atoms to the pristine surface can locally
polarize the surface by changing the spatial charge distribution of
in-plane C atoms. This prompts the out-plane movement of the in-
plane C atoms towards the adsorbents, resulting in the wavy shape
of graphene (Fig. 11(c)e(d)).
3.2.2.2. Deposition of methyl groups on graphene. TMGa is a met-
alorganic gas-phase precursor that is commonly used in experi-
ments besides the Ga metal source. In this study, we also
investigated the surface interactions of Ga(CH3)x (x ¼ 0e3) gas-
phase precursors with graphene with/wo defects (Fig. 11). Note
that Ga(CH3), Ga(CH3)2 and Ga(CH3)3 are called mono-
methylgallium (MMGa), dimethylgallium (DMGa) and trime-
tylgallium (TMGa). Our both ReaxFF and DFT calculations reveal
that the reduction of the oxidation state of Ga from þ3 to 0 in
Ga(CH3)x significantly strengthens the binding of Ga metals to
graphene. As shown in Fig. 12(h) e (i), the binding strength of
methyl-Ga decreases with the increase in the number of methyl
groups attached to Ga metal; Ga cluster without methyl group
strongly interacts with bare defects while TMGamolecule results in
a lowest binding energy.

Additionally, on the basis of the MD simulations, the thermal
decomposition of TMGa is driven by the presence of defects. Akin to
the bare Ga case discussed in Section 3.2.2.1, Ga compounds pref-
erentially accumulate around defects (Fig. 13(a) e (b)).

Fig. 13(c)e(d) also shows that during the TMGa exposure, C-
dangling bonds surrounding defects are healed by hydrocarbon
species and Table 1 displays the potential adducts formed during
the MOCVD surface reactions at the ReaxFF level, and methyl,
ethane, methane and ethylene are expected to be the dominant
species formed during the growth. This is in a good agreement with
the experimental observation in Fig. 1(f) where the lower D/G ratio
in Raman spectra indicates the defect healing that occurs in gra-
phene as also observed by Briggs et al. [1], and the STM data shown
in Fig. 4 support this process, as well. It is noteworthy that our MD
simulation results in Figs. 7, 8 and 13 also show that Ga atoms or Ga
compounds play a crucial role in the graphene defects passivation
and may cause the reduction in ID (Fig. 1(f)).

The defect passivation by either hydrocarbon species or Ga
compounds may reduce the surface reactivity of defective regions
owing to the decrease in the number of unsaturated C-dangling
Fig. 11. Color illustration of the calculated charge density distribution on the representa
Top and side views of two Ga clusters on beneath and above the pristine network. Top views
are colored with red and its shadows, the negatively charged C atoms of graphene are illust
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bonds and may also lead the shrinkage in the size of defects.
Furthermore, H2 gases released after the consecutive chemical re-
actions chain saturate the sp hybridized dangling bonds around
defects and lead to a decrease in the binding energy of Ga to gra-
phene, which may cause the Ga-clustering on the surface through
weak van der Waals forces rather than the chemisorption of Ga
metals to the defects (Fig. 13(e)e(f)). This leads us to the conclusion
that the reaction kinetics of TMGa precursors with graphene may
be slower than that of bare Ga metal source.

Figs. 14 and 15 also show the charge density distribution on the
representative models; the overall charge on the pristine surface is
neutral (CeGa bond distance ~ 2.8 Å) (Fig. 14(a)e(b)). However,
after the exposure of the defective surface to precursors, the out-of-
plane bonding of dangling C sites to the adsorbents leads to the
redistribution of C charges nearby the defect where under-
coordinated C atoms interact strongly (CeGa bond distance<2.3 Å)
and negatively charged. This means that adsorbents donate elec-
trons to the dangling C surface atoms (Fig. 14(c)e(e) and 15(a)),
showing good agreement with an earlier study [70].

Moreover, the undercoordinated C sites in graphene are pushed
out of the plane in the proximity of precursors (Fig. 14(d)e(f) and
15(b)), which is a commonphenomenon reported in previous study
[70].

Potential reaction pathway for defect assisted TMGa dissoci-
ation - Metadynamics simulations: In order to investigate the
potential energy surface (PES) of a TMGa molecule binding to
defective graphene sites as a function of defect size, and in turn, to
validate the favorability of the TMGa decomposition reactions that
we observe in ReaxFF simulations, we combined metadynamics
withMD.Metadynamics is a samplingmethod used to generate PES
of rare chemical events [71]. In this work, we biased the chemical
system not to observe a specific reaction, but to mimic experi-
mental conditions and let the system evolve itself. Therefore, we
biased a TMGa molecule through defective sites on the graphene
surface. The seven defect models considered in this section are
composed of no vacancies, MV, DV, 5V and 6V vacancies. The col-
lective variables (CVs) were defined as the distance of Ga atom from
the middle of the hole on the graphene surface (CV1) and the
cartesian coordinates of the Ga atom (CV2). The initial configura-
tion of the simulation box for the 6Vmodel can be seen in Fig.16(b).
Please see computational methods for the details of metadynamics
tive models. (a, b) Top and side views of Ga cluster on above the pristine surface. (c, d)
of Ga clusters on (e) the MV and (f) 16 models, respectively. Positively charged Ga atoms
rated with blue and its shadows. (A colour version of this figure can be viewed online.)



Fig. 12. Deposition of methyl groups on graphene and the associated binding energies. (a) TMGa, (b) DMGa, and (c) MMGa on the MVmodel, and (d) TMGa, (e) DMGa and (f) MMGa
on the DV model. The binding energies of Ga-methyl groups to MV and DV models at (g) the ReaxFF and (h) DFT levels. (A colour version of this figure can be viewed online.)

Fig. 13. The exposure of defective graphene networks to TMGa precursors at 1500 K. (a) The initial and (b) equilibrated configuration of the 16V defect model. (c) Initial
configuration of the 3V model which is exposed to the TMGa precursors. (d) The 3V defect healed by hydrocarbons. (e) The initial and (f) equilibrated configuration of the 16V model
where defect is initially passivated by hydrogen atoms. (A colour version of this figure can be viewed online.)

Table 1
Chemical reactions associated with the byproduct formation.

Byproducts Chemical Reactions

Methyl TMGa / DMGa þ CH3

DMGa / MMGa þ CH3

Ethane TMGa / Ga(CH3)(C2H6) / MMGa þ C2H6

2DMGa / (CH3)2GaeGaþ2þ C2H6

Methane C2H6 þ CH3 / C2H5 þ CH4

CH3 þ CH3 / CH2 þ CH4

Ethylene MMGa þ C2H5 / GaH(CH3) þ C2H4

Propadiene C2H4 þ CH2 / C3H4

H2 2GaH3 / 2GaH2 þ H2

2GaH2 / 2GaH þ H2

2GaH / 2Ga þ H2

N. Nayir, M.Y. Sengul, A.L. Costine et al. Carbon 190 (2022) 276e290
simulations.
The PES (Fig. 16(a)) shows well-defined energy barriers for the

TMGa adsorption to defects. According to our simulations, the
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TMGa molecule is most stable when it is at a distance that is more
than the cut-off distance of interatomic interactions (Fig. 16(b)).
Gaussian energies were deposited to both CVs to approach TMGa to
the surface. When enough energy is deposited, a decomposition
reaction (Ga(CH3)3 / GaCH3 þ C2H6) is triggered (Fig. 16(c)) by the
interaction of two methyl groups, which produces an ethane
molecule that stays adsorbed to GaCH3. Please note that the met-
adynamics simulations were stopped as soon as the decomposition
reaction occurred and we assumed that the energy deposited by
metadynamics simulations corresponded to the energy required
for the adsorption of TMGa to the surface, which simultaneously
happens after the decomposition reaction occurs. According to the
PES, the product of this reaction is metastable, and the energy
required to trigger it is ~2 kcal/mol. Our simulations show that once
the metastable Ga(CH3)-C2H6 molecule approaches to the defective
site of the surface, the ethane molecule is desorbed, and GaCH3 is
adsorbed closer to the defective site. The product of this transition
is at a lower energy level on the PES (Fig. 16(d)) and can easily be



Fig. 14. GaxHy deposition on a pristine and defective graphene with MV defects. (a) Top and (b) side views of physisorption of GaxHy clusters on a pristine graphene. (c, e) Calculated
atomic charges, e, of the elevated C atoms towards Ga atoms deposited on a defective graphene and (d, f) the interatomic bond distance (in Å with blue font color) between Ga and C
atoms highlighted with yellow. (A colour version of this figure can be viewed online.)

Fig. 15. The color illustration of the calculated charge density distribution on the representative models. (a) Top and (b) side views of TMGa clusters on above the defective
surface. Positively charged Ga atoms are colored with red and its shadows, the negatively charged C atoms of graphene are illustrated with blue and its shadows. (A colour version of
this figure can be viewed online.)

Fig. 16. The potential energy surface (PES) of TMGa adsorption on to defective graphene and the atomistic level visualizations for stable and metastable states. The
snapshots that were taken from the MD trajectories of metadynamics calculations are given in b-e. Atomic coordinates were visualized using VMD software [72]. The carbon atoms
on graphene were represented using a different color than other carbon atoms to increase visibility. (a) The free energy profile as a function of the distance of Ga atom from the
surface. There are one global and three local energy minima on the PES. (b) The lowest energy state of the chemical system, which is also the initial configuration for the met-
adynamics simulations. (c) The state when TMGa is decomposed to ethane that stays adsorbed to Ga. d) Ethane is desorbed from TMGa leaving GaCH3 behind, which is adsorbed to
surface carbon. e) Adsorbed GaCH3 fluctuates due to the fluctuations on graphene surface and creates a double well. (A colour version of this figure can be viewed online.)
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activated.We note that the adsorbed GaCH3molecule oscillates due
to waves on graphene monolayer; therefore, two local energy
minima appear (Fig. 16(d)e(e)) around the surface, and these
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minima are not two different states. Our simulations demonstrate
that one of the potential major reactions that is required for the
TMGa adsorption on to the defective graphene is ethane formation,
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which produces a metastable state and results in adsorption of Ga
to the defective sites. This major reaction has a shallow energy
barrier and can be triggered by, for example, increased temperature
or surface defects, etc. To test the importance of this major reaction,
we reduced the deposited energy values in metadynamics simu-
lations to prevent ethane formation, but at the same time, bias the
TMGa molecule to approach to the surface. The energy values were
given in the computational methods section. The TMGa molecule
accelerated through the surface do not bind to the defect sites,
instead, it bounces from the surface (Movie S1), which proves that
the probability of TMGa to bind to defect sites is lower without
initiating the ethane formation reaction.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.carbon.2022.01.005.

3.2.2.2.1. Coupled effect of temperature and defects on TMGa
surface reactions with graphene. We explored further the coupling
effect of temperature and defect size on the kinetics of TMGa
decomposition and Ga deposition on graphene as displayed in
Fig. 17. Based on our simulations, there is an evident trend between
the Ga deposition rate and the size of defects particularly at low
temperatures (e.g., 800K e Fig. 17(a1) e (a2)). Introducing vacancy
defects into a graphene lattice enhances the catalytic activity of
graphene and facilitates the TMGa decomposition to Ga atoms in
the proximity of the surface even at temperature as much low as
800 K, which is around the growth temperature of 550 �C reported
in Section 2.2, at the computational level. However, as seen from
Fig. 17(a1) e (a2), TMGa molecules stay intact at 800K and do not
incorporate in pristine regions but they become chemically more
reactive at elevated temperatures such as 1500 K owing to the wavy
shape of the graphene surface (Fig. 17(c1) e (c2)). This result in-
dicates that defect engineering gives one a route to modulate the
growth temperature as well as the surface reactivity. Additionally, it
is noteworthy that, akin to the MV and 16V models, the DV model
also significantly accelerates the TMGa decomposition and Ga
deposition at low temperatures - but resulting a lower TMGa
decomposition and Ga deposition rate than the MV model, as a
consequence of Jahn Teller bond reconstruction observed between
Fig. 17. Coupling effect of temperature and defect size on TMGa decomposition and Ga d
Ga atoms deposited on graphene (a2, b2, c2) as a function of time at (a1, a2) 800K, (b1, b2) 1
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the pairs of dangling bonds on the DV model (Fig. 6). Even though
the MV model initially has a smaller number of unsaturated C
atoms than the DV model, the Jahn Teller bond reconstruction
contributes to the stabilization of the even-numbered defects (the
parity effect) by the pair-wise removal of the unsaturated bonds
(Fig. 6(e)e(h)); however, the odd-numbered defects (e.g. MV) still
have unsaturated dangling bonds (Fig. 6(a)e(d)) to contribute to
the catalytic activity of the surface as also reported by Briggs et al.
[1].
4. Conclusions

In this work, we employed the combination of the ReaxFF
simulations and experimental characterization to unveil the com-
plex interplay between defect and Gallium (Ga)-intercalation. Our
experimental measurements reveal the existence of defects on a
graphene layer, signifying the catalytic impact of defects on the Ga
intercalation. On the basis of the ReaxFF simulations, the Ga bind-
ing strength to the graphene surface is tunable through defects,
which enables control of the Ga intercalation process. Introducing
vacancy defects into a graphene lattice enhances the catalytic ac-
tivity of graphene and facilitates the trimethygallium (TMGa)
decomposition to Ga atoms in the proximity of the surface even at
temperatures as much low as 800 K, suggesting that the defect
engineering could provide an effective way for energy savings and
cost reduction in the 2D-metal fabrication by lowering the growth
temperature. Additionally, there is an evident trend between the Ga
deposition rate and the number of undercoordinated dangling
bonds surrounding defects, indicating that the defect size has an
accelerating impact on the Ga deposition rate. Moreover, the
chemisorption of adsorbents to the surface can locally polarize the
surface by changing the spatial charge distribution of in-plane C
atoms through the electron transfer from the adsorbents to the
nearest neighboring in-plane C-atoms. This prompts the out-plane
movement of the in-plane C atoms towards the adsorbents,
resulting in thewavy shape of graphene. Also, hydrocarbon adducts
formed during the growth or Ga compounds play a crucial role in
eposition on graphene. The total number of gas phase TMGa molecules (a1, b1, c1) and
250K and (c1, c2) 1500K. (A colour version of this figure can be viewed online.)

https://doi.org/10.1016/j.carbon.2022.01.005
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the chemical healing of graphene defects and may cause the
reduction in ID that is observed in our Raman spectra of Ga inter-
calated epitaxial graphene. We believe that our detailed atomic
level analysis of the defect-assisted Ga intercalation could provide
key insights into the 2D-metal fabrication through the intercalation
technique. Lastly, it is worth noting that the current study focuses
on coupling of defects with the Ga adsorption and penetration to/
through non-functionalized graphene. The ultimate goal of the
existing project is to computationally enable the large-scale in-
vestigations of the 2D-GaN and 2Ga growth in the van der Waals
gap between a plasma treated graphene and SiC in a reactive
environment. Therefore, in future studies, we will seek to extend
this ReaxFF reactive force field to the Ga/C/N/O/H interactions to
enable the large-scale investigations of the 2D-GaN and 2D-Ga
growth on a plasma treated epitaxial graphene.
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