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Conceptual 2D group Il nitrides and oxides (e.g., 2D InN and 2D InO) in heterostructures with graphene
have been realized by metal-organic chemical vapor deposition (MOCVD). MOCVD is expected to bring
forth the same impact in the advancement of 2D semiconductor materials as in the fabrication of estab-
lished semiconductor materials and device heterostructures. MOCVD employs metal—-organic precursors
such as trimethyl-indium, -gallium, and -aluminum, with (strong) metal—carbon bonds. Mechanisms that
regulate MOCVD processes at the atomic scale are largely unknown. Here, we employ density-
functional molecular dynamics — accounting for van der Waals interactions — to identify the reaction
pathways responsible for dissociation of the trimethylindium (TMIn) precursor in the gas phase as well as
on top-layer and zero-layer graphene. The simulations reveal how collisions with hydrogen molecules,
intramolecular or surface-mediated proton transfer, and direct TMIn/graphene reactions assist TMin
transformations, which ultimately enables delivery of In monomers or InH and CHsln admolecules, on
graphene. This work provides knowledge for understanding the nucleation and intercalation mechanisms

rsc.li/pccp

Introduction

Exploration and development of materials exhibiting new com-
positions and/or peculiar structural and electronic properties in
ever-scaling-down dimensionality undergoes continuous improve-
ments. Group III nitrides (AIN, GaN, and InN), for example, are
some of the most viable semiconductor material systems for
tunable optoelectronic devices. Thin (multi)layers of group III
nitrides in a wurtzite structure have been intensively developed
using metal-organic chemical vapor deposition (MOCVD) pro-
cesses leading to “the invention of efficient blue light-emitting
diodes which has enabled bright and energy-saving white light
sources” (The Nobel Prize in Physics, 2014)." Group III nitrides are
being further researched at the nanoscale. The electronic and
exitonic properties of various 2D and bulk crystals of InN have
been compared based on density functional theory calculations.”
It has been predicted using first-principles calculations that the
band gap of 2D group III nitrides in a honeycomb monolayer
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at the atomic scale and for carrying out epitaxial growth of 2D materials and graphene heterostructures.

structure across the compositional range of BN, AIN, GaN, InN,
and TIN can be tuned from the UV to the IR region, and even
further to the THz frequency range.** 2D InGaN and InTIN
have further been suggested for efficient light harvesting thus
boosting opportunities for photovoltaic applications.? It is to be
noted that InN, in its 2D sp>-bonded honeycomb monolayer
structure and also in its sp>-bonded wurtzite bulk crystal,
exhibits the smallest effective electron mass among the group
III nitrides.® In general, the small effective electron mass is
related to the high electron mobility and saturation drift
velocity which are properties of crucial importance for enabling
evermore high-speed and high-frequency performance of
(nano)electronic devices. Similar prospects are being held by
2D InO which - among a group of several monolayer metal
oxides of various atomic structures - has also been predicted
using first-principles calculations to exhibit ultrahigh electron
mobility.® It is noteworthy that by now, both 2D InN® and the
2D InO’ have crossed over the realm of predictive first-
principles calculations to their material realization in confine-
ment at graphene/SiC interfaces via MOCVD. Epitaxial gra-
phene has also been used to investigate the realization of
InN-based van der Waals structures via MOCVD processes.®
MOCVD employs metal-organic precursors such as trimethyl-
indium, -gallium, and -aluminum, which contain (strong) metal-
carbon bonds. Therefore, it is of crucial importance to identify
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the mechanisms responsible for metal-organic precursor/
graphene reactions which can deliver group-IIl adatoms or
group-IlI-containing admolecules on the graphene surface from
common gas-phase methyl-based precursors. Atomistic pathways
that control MOCVD processes are largely unknown.

In this work, we use ab initio molecular dynamics (AIMD)
accounting for van der Waals corrections to simulate trimethyl-
indium (CH3);In (or TMIn)/graphene reactions and to gain
knowledge about the reaction dynamics for supply of indium
(In) atoms to the graphene surface. We extend a model which
incorporates SiC-supported graphene which is of relevance for
understanding the reactions of MOCVD precursors on regions
of zero (buffer-layer) graphene directly exposed to the gas
phase. We perform, in addition, a comparison with our recent
ab initio molecular dynamics simulations which have revealed
atomistic and electronic mechanisms that govern the surface
reactions of trimethylaluminum (CHj;);Al (or TMAI) with defect-
free self-standing graphene and produce isolated Al adatoms.’
We note that other classical molecular dynamics simulations
supported by experiments indicate plausible atomistic pathways
for Ga atom intercalation across extended defects in graphene.'®

Methods and computational details

Born-Oppenheimer ab initio molecular dynamics simulations
are carried out with the VASP code'' using the local density
approximation (LDA)"> and the projector augmented wave'®
method. The approximation proposed by Grimme'* is employed
to describe van der Waals interactions. At each AIMD time step
(0.1 fs), the total energy is evaluated to an accuracy of 10> eV per
supercell using I'-point sampling of the reciprocal space and a
planewave energy cutoff of 300 eV. kg7 Gaussian smearing of
electronic states is used to mimic the electronic temperature.

We have performed a set of investigations of TMIn + 9H, gas
molecules impinging on a graphene/SiC substrate at 3500 K.
The use of high temperatures is justified by the relatively low
chemical reactivity of TMIn and by the fact that Born-Oppenheimer
molecular dynamics is highly computationally intensive. However,
the structural stability of graphene at these temperatures is ensured
throughout our AIMD runs [see Fig. S1 in the ESIt]. Although the
temperature of our simulations is much higher than in MOCVD
(~500-1800 K), the AIMD data may also serve as a training set
for machine-learning interatomic potentials (MLIP). In forthcom-
ing studies, we intend to use MLIP-MD to collect statistics for the
rate of competing reactions at actual experimental temperatures.
Gaining statistical confidence for chemical reaction rates via direct
AIMD simulations would be unfeasible.

In preliminary AIMD simulations carried out at temperatures
of 3500 K and above, we also tested whether the generalized
gradient approximation of Perdew-Burke-Ernzerhof'®> would
indicate higher reaction rates. For a total simulation time of
~ 30 ps, we recorded no TMIn/graphene reaction. In view of our
results, discussed in the following sections, this observation
supports the fact that the LDA approximation does not overbind
molecules relevant for the present study. In addition, AIMD/GGA
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Fig. 1 Orthographic plan view (a) and cross-sectional views (b and c) of
the zero-layer graphene/SiC (0001) surface slab after DFT relaxation at O K.

The visualized chemical bonds have maximum length of 2.2 A. The
crystallographic directions refer to graphene (graphite) lattice axes.

simulations show qualitatively the same behavior of TMIn on
graphene, with molecular physisorption mediated by the In
atom. Complementary 2 ps-long AIMD/GGA simulations are also
carried out to specifically verify the stability of InH gas molecules
at 3500 K.

In our AIMD supercell model, the SiC substrate is passivated
underneath by static H atoms and bonded on top to a zero-layer
graphene - known also as a buffer layer or an interfacial layer -
which is a result to the formation mechanism of graphene by
thermal decomposition of SiC.'® The initial surface slab 4,/3 x
4,/3 R30° graphene/SiC, illustrated in Fig. 1, is obtained by full
structural relaxation at 0 K via density-functional theory (DFT)
using total-energy and force convergence criteria of 10> eV per
supercell and 0.01 eV A™*, respectively. The graphene/SiC slab
is formed of 246 C, 96 Si, and 48 H atoms and has a lateral size
of 2.47 nm. Although our SiC slab is not sufficiently thick to
distinguish between hexagonal or cubic stacking sequences, we
will refer to this layer as SiC (0001), which is indicative of a
typical surface termination of hexagonal SiC used in MOCVD
experiments. Our simulation box (graphene/SiC substrate + gas
molecules (9H, and (CHj3);In) contains 421 atoms in total.

The methods used to simulate TMAI reactions on defect-free
graphene are detailed in ref. 9. An analogous procedure is
employed here to simulate the TMIn precursor reactions on
free-standing graphene as well as on graphene/SiC substrates.
First, the geometries of chemical precursors are optimized via 0
kelvin DFT energy minimization. Assigned random velocities to

This journal is © the Owner Societies 2023
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each atom (translational kinetic energy corresponding to an
initial temperature of 300 K), the dynamics of the precursors
is followed for ~2 ps using microcanonical NVE sampling
and 0.1 fs timesteps. In parallel (separate simulations), the
graphene/SiC substrate is equilibrated at 3500 K using NVT
sampling (Nose-Hoover thermostat), while retaining static H
atoms that passivate the bottom SiC layer. Hence, the precursor
internal atomic positions and velocities, as well as the positions
and velocities of the graphene/SiC slab obtained from initial
AIMD runs, are used as input for AIMD simulations of MOCVD
processes.

AIMD simulations of MOCVD start with precursor molecules
placed at random positions on a (0001) plane at a vertical
distance midway between substrate replicas along [0001] (see
crystallographic directions in Fig. 1). Given that input-velocities
are taken from NVE simulations of molecules in a vacuum, the
gas precursors initially have zero mass-centrum drift. Therefore,
during the initial 10 fs of AIMD/MOCVD simulations, the pre-
cursors are accelerated toward the surface using constant gentle
forces (1072, 10~ and 10™* eV A™* for In, C and H atoms,
respectively). This feature is implemented in in-house modified
VASP code.™ Then, the forces are removed, and the dynamics of
the gas molecules is integrated on an NVE scheme, while the
substrate is subject to thermostatting at 3500 K. The possibility of
combining NVE (for precursors) and NVT (for graphene/SiC)
sampling within the same AIMD simulation is implemented in
our modified version of VASP." Directly coupling the internal
degrees of freedom of the molecules with a thermostat would alter
their dynamics, thus causing artifacts such as sudden molecule
splitting (as, e.g., relatively facile N, dissociation in the gas phase'®).
Note that, during our AIMD simulations, the molecules reach
thermal equilibrium via collisions with the substrate.

AIMD snapshots and figures are generated using the VMD
software.'® In figures, “dynamic bonds” have a typical cut-off
length of 2.2 A. Note, however, that some bonds are manually
removed to facilitate the visualization of molecular structures.
Our descriptions of molecular reactions are based on own
interpretations of electron transfer processes: it is known that
density-functional theory is inherently limited (treats the electron
density, not individual electrons) in the description of dissocia-
tion of asymmetric molecules.*

Results and discussion

Our investigation focuses on a model which incorporates the
zero-layer graphene exposed to TMIn and hydrogen molecules.
This is the interfacial (buffer) layer between the SiC (0001)
substrate and the 1st graphene layer, and it is a result to the
mechanism of formation of graphene by thermal decomposition
of SiC.%'® Therefore, besides providing knowledge to understand
the precursor reactions responsible for nucleation phenomena,
the results of our simulations are also the starting point for
dedicated atomic-scale investigation of intercalation phenomena.
In this regard, we note that the zero-layer graphene is directly
exposed to the gas near SiC surface steps (see illustration in Fig. 6
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of ref. 21) or at local terminations of the top graphene layer
(schematic illustration in Fig. 6-8 of ref. 22). Adatoms or admo-
lecules - produced via MOCVD on the zero-layer graphene - may
find intercalation pathways at defective sites of the zero-graphene
layer. Conversely, the reactivity of the top (1st) graphene layer can
be well described by a free-standing graphene sheet (the inter-
actions of graphene with an underlying graphene layer is weak).
The results of TMIn reactions on self-standing defect-free gra-
phene can be found in the ESL{ In general, it is expected that
zero-layer graphene is more reactive than self-standing graphene
due to bonding with underlying Si atoms of the SiC substrate.

We carry out 7 independent simulations at 3500 K, for a total
simulated time of 77 ps (770 000 configurations considering a
time step = 0.1 fs). Each simulation has approximately the same
duration (~11 ps). In 3 out of 7 simulations (which we name
Simulation #5, #6, and #7), the TMIn precursor does not
dissociate for the entire duration of the AIMD run. During
these simulations — which correspond to a total simulated time
of approximately 30 ps — we record 16 TMIn/graphene adsorp-
tion and desorption events. Isolated indium adatoms and/or
methyl-In admolecules form in 4 out of 7 cases (Simulation #1,
#2, #3, and #4). Thus, our AIMD simulations reveal that TMIn +
H, + graphene reactions lead to the formation of products
including indium hydride (InH), methane, ethane, ethene, and
propane.

Simulation#1

In the initial 8.2 ps of this simulation, the trimethylindium
(CH3);In (TMIn), precursor impinges on graphene on five
occasions without reacting. During this time, however, the TMIn
molecule remains near (bounces on) the graphene surface. This
is probably due to the unoccupied electrophile sp® indium
orbital, which temporarily accepts electrons from graphene n
states or unsaturated carbon sp® orbitals (note that some gra-
phene C atoms are bonded to Si). TMIn/graphene interactions -
either of van der Waals type or direct molecule/surface collisions
- excite vibrational states of the molecule which ultimately
activate the first TMIn reaction. The sequence of events illu-
strated in Fig. 2 occurs for a timeframe of ~5 ps. The reactions
start with H" detachment from a methyl group, Fig. 2a, which
produces a (CH;),In” = CH, negative gas ion and protonation
of graphene, Fig. 2b. Then, a methyl group detaches from the
central indium atom to attach to the CH, group (Fig. 2c). The
reaction, interpreted in Fig. 3a and b, is the result of various
electron-transfer events. A pair of electrons - one transferred
from the n In(p,)-CH,(p,) HOMO state and the other from the ¢
In(sp*)-Methyl(sp®) state — forms a CH,(sp®)-Methyl(sp®) bond,
thus producing a H;C-In"-CH,-CH; ion. The intramolecular
transfer of a methyl group leaves two free electrons on indium.
In principle, each of these electrons may occupy an individual
non-bonding sp® orbital to minimize Coulombic repulsion.
However, due to vicinity of a proton (adsorbed on graphene)
the electrons pair up in one of the sp® dangling orbitals, as
shown in Fig. 2b. The free electron pair attracts the proton,
which thus desorbs from the graphene surface and bonds with
the indium atom (Fig. 2c, 3c and d). The process leads to the
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Fig. 2 (Simulation#1) Sequence of trimethylindium (CHz)zIn reactions on
graphene/SiC (0001) as observed in AIMD simulations at 3500 K. The
dynamic bonds have cutoff lengths of 2.2 A.
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Fig. 3 (Simulation#1) Trimethylindium (CHs)sIn/graphene reactions lead
to formation of indium hydride and propane gas molecules.

formation of a H;C-InH-CH,-CH; neutral molecule, with all
orbitals hybridized sp®, Fig. 3d. Soon after (<1 ps), however, the
H;C-InH-CH,-CH; species dissociates into H;CInH and
CH,CHj; radical molecules (see Fig. 3e, f and 2d). After tempora-
rily (= 0.5 ps) bonding to graphene (Fig. 2€), the CH,CH; radical
attacks the methyl group of H;CInH, Fig. 3g. The reaction leads
to the formation of indium hydride (InH) and propane (C;Hj)
molecules as shown in Fig. 3h, which float away from the surface
as shown in Fig. 2f and g.

To gain insights into the reactivity of an InH gas molecule
(Fig. 4a) with graphene, the simulation is extended for ~4.5
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Fig. 4 (Simulation#1) Indium hydride InH and propane reactions on
graphene/SiC (0001) as observed in AIMD simulations at 3500 K. The
reactions end with formation of an In™ adspecies. The dynamic bonds have
cutoff lengths of 2.2 A. The distance of the In™ monomer from the closest
C atoms of graphene is typically within the range of 2.3-2.5 A. The entire
sequence of events — from InH arrival on graphene (a) to formation of In™
and H* adspecies, H, and CzHg gas molecules (i) — occurs over a time-
frame of ~2 ps.

additional ps. After two InH molecule bounces, the proton of
the InH molecule is attracted by the m electron cloud of
graphene (Fig. 4b) and detaches from the In ion (In"). Both
the proton and In~ ion remain on graphene as adspecies
(Fig. 4c). After a fraction of ps, the propane gas molecule
(previously formed, see Fig. 2f and g) approaches the In™
adspecies and donates a proton from one of its terminal methyl
groups. The reaction produces an InH admolecule (Fig. 4d and e),
while the electron pair formerly occupying the C-H bond transfers
to a non-bonding sp® carbon orbital of the CH;CH,C H, mole-
cule (Fig. 4e). Then, within one ps, the sp® electron pair of ¢~
takes a proton from the central CH, group (Fig. 4f), thus produ-
cing CH;C ™ HCH; (Fig. 4g). Accidentally, the CH;C™HCH; species
flies near the InH admolecule. The H atom of the central C-H
bond detaches from the molecule and bonds to the proton of InH
(Fig. 4g). The reaction leads to the elimination of a H, gas
molecule and an In~ monomer is formed again (Fig. 4h). This
process also produces a highly reactive CH;~C-CH; molecule,
which quickly transforms in a CH,CH,CH, double radical via
intramolecular hydrogen transfer (Fig. 4i).

Simulation#2

In this simulation we observe three collisions of TMIn onto
graphene for 8.5 ps. The remaining 3.5 ps of this simulation
reveal several intricate reaction pathways which ultimately lead
to the formation of an In” monomer or an InH admolecule on
graphene.

The first relevant reaction event of Simulation#2 starts with
a hydrogen molecule hitting a methyl group of TMIn (Fig. 5a
and b). The momentum transfer causes bending of methyl-In-
methyl chemical bonds, thus leading one methyl group to

This journal is © the Owner Societies 2023
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Fig. 5 (Simulation#1) Trimethylindium (CH3)sIn/graphene reactions lead
to formation of indium hydride and propane gas molecules.

rapidly approach, and to react with another methyl (Fig. 5c).
This process produces an ethane molecule (C,H¢) and a
methyl-In molecule (Fig. 5d and e). In Fig. 5 and 6, we observe
several intra- and inter-molecular proton transfer events which
are mediated by indium.

Starting, for example, from the configuration shown in
Fig. 5e, the indium atom of the CH;In molecule takes a proton
(to later give it back) from the underlying ethane molecule.
Due to these frequent proton exchanges, the ethane molecule
transforms back and forth into a C"H,CH; species, which is
relatively strongly bonded to graphene.

Then, we observe a rapid proton exchange between the two
molecules: an H' leaves a methyl group of ethane to attach to
the In atom, thus temporarily forming a CH;In"H molecule
(figure not shown). After 0.2 ps, the proton returns to its former
position, assisting detachment of the ethane molecule from
graphene (Fig. 5e and 6a). The subsequent approach of C,Hg
to InCH; induces intramolecular proton transfer within the
ethane molecule (H" jump indicated by arrow in Fig. 6b). The
reaction is interpreted as described by Fig. 7. The electron pair
on In overlaps with the antibonding o* sp*(C)-sp®(C) molecular
orbital of ethane (represented by orange lobes in Fig. 7a).
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The electron occupation of the o* state weakens the C-C
bond and assists proton transfer from one carbon to the other
(Fig. 7b). The reaction ultimately leads to formation of methane
and H,C—InCH; molecules (Fig. 7c and d), which rapidly leave
the graphene surface (Fig. 6¢ and d).

During the subsequent 0.5 ps, the H,C—=InCH; molecule
undergoes several transformations, as illustrated in Fig. 8.
Within 0.1 ps, we observe two back-and-forth proton exchanges
from the methyl group to the In atom, temporarily forming a
CH,InHCH, double radical (not shown). After ~0.2 ps, however,
a proton permanently leaves the methyl group (Fig. 8a and b),
thus producing CH, and a H,C=InH molecules (Fig. 8c). The

How, 2_’.3,, ~H H H = %—g ~"
H” 6.6 © H \,ﬂ" Hm/O O H
0-0 = o
H f") s H;\C/‘C-/_In\ P _ ethene q
\ M J *in @

H\C\,/ *\_{I H @ /
| /CG— o, C— H indium
"o /(‘c hydride
7° (@) (b) d (©

Fig. 7 (Simulation#2) Formation of methane and H,C—InCHsz due to
methyl-In reaction with ethane.
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Fig. 8 (Simulation#2) AIMD snapshots of reactions leading to the for-
mation of InH, In~, and H™ adspecies.

highly reactive CH, molecule quickly attacks a graphene carbon
atom (indicated as Cg in Fig. 8d) to form a C-Cg bond. We
attribute the formation of this bond to both C and Cg atoms
contributing one electron each, which produces a free radical
electron on the admolecule. The dangling CH, group is prone to
react with the near H,C—=InH gas molecule. Indeed, the sub-
sequent ~0.1 ps of the simulation shows that: first, the
H,C—InH molecule bonds to the CH, group attached on
graphene (Fig. 8e); then, the two CH, groups form an ethene
molecule which rapidly desorbs, leaving an InH admolecule on
graphene (Fig. 8f and g). The atomistic pathways shown in
Fig. 8e-g are rationalized by the reaction diagram of Fig. 9.
The C atom of the CH, radical attached on graphene attacks the
© orbital of the H,C—InH molecule (Fig. 9a). The transition state
depicted in Fig. 9b evolves into HC—CH and InH products
(Fig. 9c). However, while ethene leaves the surface, the InH
molecule remains adsorbed on graphene for the remaining part
(~2 ps) of the simulation. During this timeframe, we repeatedly
(three events) observe InH admolecule splitting followed by In™
and H' adspecies recombination (Fig. 8h and i). Likely due to
electrostatic attraction, In~ and H' adspecies remain within few
A from each other.

@ H (b) H
T chs| T chs
H=C H Cj )
&\ RN
CH3In:j H CHaln H

CHg + H20—I {CH3 CH4 + H2C=InCH3

Fig. 9 (Simulation#2) Interpretation of reactions between a CH; radical
adsorbed on graphene and a H,C=InH gas molecule leading to the
formation of InH.
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Simulation#3

The first relevant TMIn reaction occurs in the gas phase, at a
simulation time of =3 ps, when a H, molecule hits TMIn
(Fig. 10b). The impact assists detachment of a methyl group
(Fig. 10c), which adsorbs on graphene for ~1 ps, while the
(CH3),In molecule remains in the gas phase (Fig. 10d). Note
that TMIn dissociation induced by collision with a H, molecule
may be an artefact of the very high temperature used in the
simulations. At a simulation time of ~4.1 ps, the methyl
radical desorbs from graphene (Fig. 10e) attaches to graphene
and further reacts with a hydrogen molecule (Fig. 10f and g),
thus producing methane (CH,) and atomic hydrogen (Fig. 10h).
Nearly at the same time, TMIn adsorbs on graphene (Fig. 10i).
The interaction with the surface excites vibrational modes
which promote the detachment of a methyl group (Fig. 10j).
Both the methyl and CH;In molecules remain adsorbed and
migrate on graphene. However, after 0.7 ps, the methyl radical
flies away from the surface (Fig. 10k). Finally, the CHzIn
admolecule reacts further by eliminating the remaining methyl
group. The latter reaction leaves a neutral In adatom which
migrates on graphene during the remaining simulation time of
~2 ps (Fig. 101). Conversely, the CH; adspecies diffuses on the
surface for 0.4 ps and then desorbs (Fig. 101).

Simulation#4

The first TMIn/graphene collision (Fig. 11a and b) - which
occurs &1 ps after thermal equilibration of the gas/substrate
system - leads directly to the elimination of a methyl radical

()
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Fig. 10 (Simulation#3) Sequential elimination of methyl groups from
TMIn leads to the formation of an electrically neutral In adatom on
graphene.
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Fig. 11 (Simulation#4) After 4.1 ps, all reactions have occurred and the
methyl-In remains as the admolecule for the remaining 9.2 ps of the
simulation.

from TMIn (Fig. 11c). The In(CHj;), molecule remains adsorbed
on graphene (Fig. 11d). However, after ~1.5 ps, the interaction
with graphene’s surface causes elimination of an additional
CH; group (Fig. 11d and e). The methyl molecule attaches
and diffuses on graphene for ~2.3 ps. Then it desorbs from
the surface (Fig. 11f). It is worth noting that the methyl gas
molecule exchanges a proton with a H, molecule which flies
nearby (figure not shown). The transition state of the exchange-
reaction is a molecular complex formed of methane and atomic
hydrogen. During the remaining 9.2 ps of Simulation#4, the
methyl-indium admolecule bounces on the surface 5 times
without dissociating.

To summarize, relevant intermediate and final products of
TMIn + H, reactions on graphene/SiC (0001) in Simulation#1 are:
InH gas molecules (Fig. 2f and g) and admolecules (Fig. 4a and f),
charged In~ and H" adatoms (Fig. 4¢, d and h), H, (Fig. 4h) and
propane (Fig. 2f and g) gas molecules. Simulation#2 also yields
InH admolecules - that dissociate (and recombine) in In~ + H'
adspecies Fig. 8h and i) - as products of TMIn/graphene/SiC(0001)
reactions. However, at variance with Simulation#1, the first reac-
tion of Simulation#2 is triggered by a collision between a H,
molecule and TMIn in the gas phase (Fig. 5a and b).

In addition, Simulation#2 evidences the formation of ethane
(Fig. 6a), methane (Fig. 6d), and ethene (Fig. 8g) gas molecules.
Simulation#3 shows the formation of electrically neutral In
adatoms on graphene (Fig. 101). In this case, formation of an In
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adatom stems from sequential elimination of methyl-group
radicals from the TMIn molecule. Analogous to Simulation#2,
transformation of TMIn initiates (first detachment of a CH;
group) in the gas phase due to collision with a H, molecule
(Fig. 10b and c). The graphene layer catalyzes elimination of the
other two CHj-groups (Fig. 10i-1). In addition, it is worth
underlining a gas-phase reaction between a CHj; radical (for-
merly part of the TMIn precursor) and a H, molecule which
produces methane and atomic hydrogen (Fig. 10g and h).
In Simulation#4, TMIn reacts only on the graphene surface.
The simulation shows two relatively rapid (within 4.1 ps)
eliminations of CH; groups (Fig. 11). In this case, however,
the remaining methyl-In admolecule diffuses on the graphene
surface without reacting for the remaining part of the simula-
tion (~9.2 ps).

Since the MOCVD process involves the trimethylindium
precursor in the presence of molecular hydrogen, in this work
both species are considered for achieving realistic descriptions
of reactions in the gas phase and on the surface. At variance
with what was observed during TMAI® and TMIn reactions on
self-standing defect-free graphene (see the ESIt), our present
simulation model that includes H, gas molecules allows us to
gain insights into the effects of hydrogen in the MOCVD
processes of TMIn on graphene. AIMD simulations show that
TMIn reactions are mediated not only by the graphene surface,
but in some occasions, TMIn reactions are also triggered in the
gas phase by the energy transfer provided through collision
with a hydrogen molecule (Fig. 5b-d and 10b, c). These events
underline the role of hydrogen in providing the energy needed
for precursor molecules to enter into a transition state. The
contribution of hydrogen to the reactivity of TMIn on graphene
is also indicated by transfer of a proton (previously adsorbed on
graphene) to In-containing molecules that fly proximate to the
surface (see, e.g., Fig. 2b-d). Proton bonding to indium is
observed to facilitate the elimination of organic functional
groups (Fig. 2d).

Generally, it is observed that indium exhibits relatively high
affinity for protons. An example is provided in Fig. 8b, in which
the indium atom of a Hz;CIn—CH, molecule takes a proton
from the vicinal methyl group, thus leading to formation of a
CH, double radical and an HIn=CH, molecule (Fig. 8¢). It is
also worth noting that due to its larger size (extended valence
electron shells, with 4d'°5s>5p" configuration), indium is a softer
ion in comparison to gallium or aluminum. Thus, indium can
relatively easily charge as In~ both as an isolated anion or as a
molecule. This explains the stronger propensity of In (in relation
to Al) to form indium-hydride functional groups in a molecule
(Fig. 2c and d) or form individual InH admolecules (Fig. 4e and f)
and gas molecules (Fig. 2f). Accordingly, InH molecules are
prone to or donate protons (Fig. 4¢ and h) or dissociate into
In~ ad-anion and H' adproton on the surface (Fig. 4b, ¢ and 8h, i).
Analogous arguments suggest that In-C bonds are weaker than
Al-C bonds. Plausible implications of different In vs. Al (ref. 9)
reactivity with carbon are (i) relatively quick stripping of the TMIn
molecule of its methyl groups (see Fig. 10 and 11), which
contributes to the formation of hydrocarbons in the gas phase;
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Table 1 Summary of the stable and intermediate reaction products of TMIn in a H, gas on graphene/SiC(0001) at 3500 K and TMiIn reactions on free-
standing graphene at 4300 K (simulations are described in the ESI). Note that the reported values of reaction products are indicative, not statistically

meaningful

Stable or intermediate products

Simulation In InH InCH; CH,4 C,H, C3Hg HC—CH H, H* H
TMIn + H, @ graphene/SiC(0001) m X X X X X
3500 K #2 X X X X X X X X
#3 X X X
#a X
TMIn @ graphene #S1 X X X X X
4300 K #S2 X X X X X X X X X
#S3 X X X X X X X
(ii) more rare formation of new In-C bonds in comparison to the Acknowledgements

formation of new Al-C bonds observed previously (see Fig. 6 in ref. 9).

Before conclusions, we briefly discuss the results of our
simulations in relation to previous experimental observations
of TMIn pyrolysis in a hot-wall flow-tube reactor (see ref. 23).
The experiments were carried out in various chemical environments
and temperatures ranging between 573 and 723 K. Consistent with
our results, ref. 23 reports relatively large concentrations of CH,
and C,H, hydrocarbons as final products of TMIn decomposition
(a summary of reaction products recorded during AIMD simula-
tions is given in Table 1). However, the experiments indicated that
formation of methane is considerably less frequent than formation
of C,H¢ when the reactor does not contain H, gas. Despite the
absence of H,, our AIMD simulations of TMIn on free-standing
graphene described in the ESIf show the formation of methane
in 3 out of 3, and of ethane in 2 out of 3, cases (see Table 1).
The discrepancy with experiments may be due to much higher
temperature used in AIMD simulations and to low confidence
on the statistical relevance of competing reactions. Among other
relevant similarities with experimental results, we highlight the
frequent formation of methyl radical groups as well as of longer
chain radicals C,H, and Cs;H,. In addition, also in experiments,
TMIn exhibited higher reactivity in the presence of H,, thus
confirming the chemical affinity between In and hydrogen species.

Conclusions

We carry out ab initio molecular dynamics simulations of TMIn
on graphene supported by SiC in a H, atmosphere and on free-
standing graphene. The simulations reveal the atomistic path-
ways for TMIn transformations which ultimately lead to the
formation of isolated In or InH species on graphene. More
specifically, we clarify the role played by H, in promoting TMIn
reactions, show that collisions of TMIn with the graphene
surface can activate sequential elimination of methyl radical
groups, and illustrate mechanisms for the formation of hydro-
carbons as methane, ethane, ethene, and propane. Our results
are of relevance to interpret or guide experiments that involve
MOCVD of TMIn on graphene, or possibly other surfaces.
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