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ABSTRACT: Chemical vapor deposition is a well-established bottom-up
technique to produce a high-quality single-crystal MoS2 film. In this
technique, the substrate (e.g., silica) plays a crucial role in the segregation
and chemical interaction of precursors to form grain-sized MoS2.
However, the mechanisms of the surface interactions that influence the
properties of MoS2 during growth are still poorly understood. Here, we
combine ReaxFF reactive molecular dynamics simulations, density
functional theory (DFT) calculations, and experimental growth of
MoS2 to provide an atomic insight into the coupling between the surface
chemistry and the MoS2 nucleation and growth on a silica surface. Our
experimental results show that the dehydroxylated surface stays mainly
inert during the MoO3 flow, while the presence of hydroxyl groups leads
to MoO3 nucleation on the substrate. ReaxFF and DFT simulations
further confirm that the reaction between MoO3 and the hydroxylated
surface is both thermodynamically and kinetically driven, indicating that hydroxyl groups formed on silica enhance the chemical
reactivity of the surface toward MoO3 molecules and promote the growth. Additionally, the MoS2 growth on the hydroxylated silica
support initiates with MoO3 nucleation followed by the chalcogen−surface interactions. Moreover, the existence of the substrate
catalyzes the growth by lowering the growth temperature, providing an effective way for energy saving and cost reduction. These
results demonstrate the intricate role of surface engineering in controlling and promoting large-area MoS2 growth.

1. INTRODUCTION
MoS2 is one of the most studied transition metal dichalcoge-
nides, owing to its exceptional electronic and optoelectronic
properties.1−5 Atomically thinMoS2 experiences weak interlayer
van derWaals interactions but strong in-plane covalent bonding;
therefore, it can be synthesized either by top-down6−9 or
bottom-up approaches.10−15 Top-down approaches essentially
rely on breaking van der Waals bonds between interlayers to
exfoliate a single or few-layered two-dimensional (2D) material
from the bulk form, which comes at the cost of sacrificing crystal
quality. Alternatively, bottom-up approaches are well-advanced
growth techniques, which utilize precursors in either the gas or
solid phase, to grow large-area high-quality single-crystal MoS2.
With bottom-up techniques, atomic or molecular precursors
react to form individual crystal grains and then coalesce into a
single layered thin film. Chemical vapor deposition
(CVD)11,14−20 is one of the most used bottom-up growth
techniques to produce a thin layer of 2D MoS2. This technique
makes use of a substrate whose surface chemistry and
orientation play a crucial role in the segregation and chemical
interaction of precursors to form 2D MoS2. The existence of
high adsorption sites on the surface drives precursor/surface
interactions that lead to the growth of 2D domains on the

surface.21,22 Additionally, the sulfurization of metal-oxide or
organometallic precursors in the CVD environment has been
adopted as a common approach to produce an atomically thin,
large-area MoS2. MoO3 has been regarded as a suitable metal
oxide precursor owing to its moderate melting and vaporization
points.11,14,23−28

Due to its high melting temperature, low cost, and high
surface quality, previous works have demonstrated that silica is
an ideal substrate for the growth of MoS2.

14,16,29−31 Addition-
ally, progress in the synthesis of MoS2 on silica has revealed the
impact of the surface chemistry of the substrate on the growth of
MoS2, which has directed attention toward the surface
engineering of the substrate to enhance the growth and crystal
quality of MoS2.

14,16,32,33 In particular, Bartolucci et al.14

demonstrated that Ga+ ion bombardment is an effective way
to generate isolated surface hydroxyl groups. The Ga-treated
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surface resulted in higherMoS2 nucleation compared to the non-
Ga-treated surface due to the increase in the concentration of
−OH functional groups attached to the surface.14 However, it is
also reported that Ga+ ion beam irradiation induces surface
damage and contamination with Ga residues, which can affect
the nucleation and growth of MoS2.

34 All these scientific
improvements have resulted in the need for an atomic-level
understanding of the surface interactions between MoS2 and
silica and thus have prompted the development of cost-effective
multiscale models. Tsafack et al.35 uncovered the molecular
mechanism of the MoO3 sulfurization at the DFT level. They
proposed reaction pathways for the formation of experimentally
observed intermediates of MoS2O and MoO2S, which are
expected to lead to the end product of MoS2. As a follow-up
study, Tsafack et al.36 also reported a joint ReaxFF and DFT
investigation of the chemical reactions of S2 and/or S3 with
MoO3, but they demonstrated that the ReaxFF potential37 lacks
information required for understanding the CVD growth of
MoS2 from MoO3 and S2 or H2S precursors.
Using the combination of analysis of experimental growth of

MoS2, ReaxFF MD simulations, and density functional theory
(DFT) calculations, this work studied the impact of the surface
chemistry of silica on theMoS2 growth. To accurately model the
phenomenon observed in experiments, we developed a ReaxFF
potential, which is capable of simulating the CVD growth of
MoS2 from MoO3 and S2 or H2S precursors and other chemical
reactions. The details of the force field development can be
found in the Supporting Information (SI).

2. THEORETICAL SECTION
2.1. ReaxFF Reactive Force Field. ReaxFF, originally

developed by van Duin et al.,39 is a bond order and charge-
dependent potential force field. It updates interatomic distance
and bond order at each iteration, thereby creating a chemically
reactive environment. Since the CVD growth of materials
requires high energy and a chemically reactive environment,
ReaxFF provides the accurate description of bond breaking and
formation. The simplest form of the ReaxFF formalism can be
given as below, and a detailed and most up-to-date form can be
found in ref 40

= + + + + +E E E E E E Esystem bond angle tors Coulomb vdW over

where Ebond, Eangle, and Etors are energy terms related to bond
formation, three-body valence angle strain, and four-body
torsional angle strain, respectively. The energy term Eover is
used to prevent the overcoordination of atoms. The energy
terms ECoulomb and EvdW are associated with electrostatic and

dispersive contributions, respectively. In the ReaxFF formalism,
the force and energy contributions of bond order-dependent
interactions such as the valence angle and dihedral angle
disappear upon bond dissociation. The nonbonded terms
associated with van der Waals and Coulomb interactions are
computed at each molecular dynamics (MD) step regardless of
connectivity. AMorse potential is employed in conjunction with
a shielding term to accurately describe van der Waals
interactions and prevent excessively high repulsion between
atom pairs. For electrostatic energies, ReaxFF utilizes a shielded
Coulomb potential. An electronegativity equalization41 polar-
izable charge model allows the force field to derive atomic
charges dynamically at each iteration to produce accurate and
geometry-dependent charge distributions. To date, the ReaxFF
method has been applied to a wide range of 2Dmaterials.37,42−50

2.2. Molecular Dynamics Simulations. The ReaxFF force
field used in this work was trained against a well-defined DFT-
based training set, which describes the CVD growth of MoS2
from MoO3 and S2 or H2S precursors besides other chemical
reactions. The force field development details can be found in
the SI. MD simulations were run with a time step of 0.25 fs with
periodic boundary conditions imposed in all three directions. A
Berendsen thermostat51 was utilized with a temperature
damping constant of 100 fs with an NVT ensemble. In all MD
simulations, the Verlet velocity algorithm was adopted to
integrate the Newton equations of motion. ADF/ReaxFF
simulation software52 was deployed, and the simulation
snapshots were generated with use of Open Visualization Tool
(OVITO)53 and VESTA.54 For the preparation of amorphous
silica with/without OH groups: 150 SiO2 molecules were placed
in a cubic simulation box with the dimension of 50 Å, then
heated up to 1000 K with the rate of 0.005 K/ns, and
equilibrated at 1000 K for 1 ns. After the equilibration, SiO2
molecules condensed into an amorphous silica material, which
consisted of nonpassivated oxidized (Figure 1a,e) and fully
passivated siloxane (highlighted with blue dashed circles in
Figures 1a, b, and f) regions. Then, the amorphous silica
acquired from the last framework of the aforementioned
simulation was exposed further to the H2 gas-phase pressure at
1000 K for 1 ns after inserting 200 H2 molecules into the
simulation box with the dimension of 50 Å to obtain a
hydroxylated silica surface (Figure 1b,g). For this, the vacuum
around the amorphous silica was filled by H2 molecules.

2.2.1. Treatment of Silica Only in MoO3. Three models were
constructed by exposing each silica substrate in Figure 1a−c to
50 MoO3 gas-phase molecules in a simulation box with a
dimension of 30 Å. Upon the structural minimization, each

Figure 1. Ga+ ion beam-induced MoS2 growth. (a) SEM image of patterned growth of MoS2, where the region indicated by the yellow rectangle was
irradiated with a Ga+ ion dose of 4.58 × 1015 ions/cm2. (b) Outside the Ga-treated pattern (enclosed by the blue rectangle) where there are no
discernable features except for a few crystals of MoS2 on the substrate (highlighted with black circles).
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model was heated up to 1000 Kwith a heating rate of 0.005 K/ps
and then equilibrated for 1 ns. For treatment of silica only in S2
or H2S, two models were established by exposing the
hydroxylated silica surface in Figure 1c to 200 S2 and H2S gas-
phasemolecules separately, in a simulation box with a dimension
of 30 Å. Upon the structural minimization, each model was
heated up to temperatures varying within the range of 1000−
2000 K with a heating rate of 0.005 K/ps and then equilibrated
for 2.5 ns. For treatment of silica in MoO3 and S2 or MoO3 and
H2S together, 200 MoO3 gas-phase molecules were inserted in a
system that was exposed first to 200 S2 and 200 H2S, separately,
at 1000 K for 2.5 ns in a simulation box with the dimension of 30
Å. Then, the mixed system was annealed further at the same
temperature for 2.5 ns. For transition state searching, to explore
the transition state of O3Mo-OHSi(OH)3, the bond length
restraints were employed for bond O−H where atom O is from
MoO3 and H is from Si(OH)4, for bond Mo−O with atom Mo
fromMoO3 and atom O from Si(OH)4, and for one H−O bond
from Si(OH)4 to drive the reaction duringMD simulation to the
structure of the product obtained from DFT.
2.3. DFT Calculations. Nonperiodic calculations of S2 and

H2S molecules were performed via Jaguar55 with the B3LYP
functional and the LACV3P**++ effective core potential. The
reaction path and the transition state between O3Mo-OHSi-
(OH)3 and (OH)O2Mo-OSi(OH)3 were explored using the
nudged elastic band method implemented in SCM/AMS.52,56

The calculations were performed with the general gradient
approximation (GGA) with the PBE exchange and correlation
functional.57

The binding energies of MoO3 to three silica surfaces (Figure
S3) were computed via VASP58 with the use of projected
augmented wave potentials.59,60 The generalized gradient
approximation in the scheme of Perdew−Burke−Ernzerhof57,61

was paired with the zero-damped D3 dispersion correction.62 A

30 × 30 × 30 Å3 simulation box with a vacuum layer of 15 Å was
inserted along the three directions to avoid spurious interactions
between replicas. The energy and force thresholds were set to
0.1 meV and 0.01 eV/Å. An energy cutoff of 400 eV and a
Gaussian smearing width of 0.05 eV were used in the
calculations.

3. EXPERIMENTAL SECTION
An FEI Helios Nanolab 600i dual-beam FESEM/ion beam was
used to image and pattern the silicon with a 300 nm thermally
grown oxide layer (University Wafer). Electron beam imaging
was conducted at 10 kV. For patterning, the Ga+ ion beam was
operated at 30 kV at various beam currents. The ion dosage was
calculated using the beam current, time, and area of the pattern.
Two patterned regions with a lower (5 × 1015 ions/cm2) and
higher ion dosage (1.44 × 1016 ions/cm2) were fabricated.
Samples were typically exposed to ambient for several hours
before MoO3 growth. A microprocessor-controlled tube furnace
(model 55053, BlueM, Thermo Scientific) with a one inch (25.4
mm)-diameter quartz tube was used for molybdenum trioxide
seeding. The patterned wafer pieces were placed on a quartz
boat facing down with 10 mg of MoO3 powder (Sigma-Aldrich,
>99.5%) placed at the upstream end of the boat. Argon was
allowed to purge the tube for 20 min prior to heating. During
growth, the argon flow was controlled at 20−50 sccm. The
furnace temperature was set to 750 °C with a heating rate of 25
°C/min. The furnace temperature was held at 750 °C for 1 min
and then allowed to cool slowly to room temperature. For S
powder and H2S treatment, the sulfur powder experiment was
conducted with the same furnace parameters as described above
except with the absence of MoO3 powder and a soak time of 15
min. In addition, a second quartz boat filled with 0.5 g of sulfur
powder (Acros, 99.5%) was placed on the upstream side of the

Figure 2. ReaxFF-computed amorphous silica (a) before and (b) after H2 exposure and (c,d) associated total bond order distributions. (e) Magnified
views of a nonpassivated oxidized silica surface (with a red dotted rectangle in a), (f) fully passivated siloxane (with a blue dashed circle in a and b), and
(g) hydroxylated region (with a red dotted rectangle in b). Red, blue, and white balls represent O, Si, and H atoms, respectively.
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samples in the quartz tube under the heating tape. The heating
tape was not turned on until the center of the furnace had
reached 300 °C and was heated to 195 °C. In the H2S exposure
experiment, the Ga-implanted patterned SiO2 sample was
annealed in an MOCVD system by heating it up to 750 °C in
N2 ambient, then exposing the sample to 400 sccm H2S gas flow
with soaking for 5 min, and cooling down in N2 to room
temperature.

4. RESULTS AND DISCUSSION
Earlier studies14,38 demonstrate that the hydroxylation of the
silica surface drives MoS2 nucleation. Ga+ ion beam irradiation
produces surface hydroxyl groups through a suggested
mechanism by Bartolucci et al.,14 which serve as points for
volatile precursors to attach to the surface. As also depicted in
Figure 1a, the region treated with the Ga-focused ion beam
resulted in the MoS2 growth, while no discernable feature was
observed in the untreated regions. It is noteworthy that the
sparse nucleation outside the pattern can likely be attributed to
background levels of isolated hydroxyl groups, which provide
some active sites for the MoS2 nucleation (Figure 1b).

To uncover the association of the surface hydroxylation with
the MoS2 growth, an amorphous silica surface was first modeled
by annealing of SiO2 gas-phase molecules at an elevated
temperature in the ReaxFF MD environment (Figure 2). This
consists of the dehydroxylated region with Si−Odangling bonds
(Figure 2a,e) and fully passivated siloxane (Figure 2a, b, and f).
Then, the hydroxylated silica model (Figure 2b,g) was obtained
by exposure of the amorphous silica surface in Figure 2a to H2
gas molecules to passivate the O dangling bonds. As evident
from Figure 2c,d the total bond orders of Si, O, and H atoms are
accumulated around 4, 2, and 1, respectively, in both surfaces
with and without hydroxylation, indicating that all atoms are
fully coordinated and that the system does not have any radical
sites.
The dehydroxylated and hydroxylated silica substrates were

further treated (i) only with MoO3, (ii) only with sulfur or H2S,
and (iii) in MoO3 and sulfur (and H2S) together as discussed in
the following sections.

4.1. MoO3 Nucleation on Silica. The scanning electron
microscopy (SEM) image of the sample that was exposed only to
MoO3 shows that the Ga+ ion-dosed region (with the red
rectangle in Figure 3a,b) is densely covered withMo species, but

Figure 3. (a) Electron microscopy image of the Ga+ ion-dosed silica surface and tube furnace growth at 750 °C for 1 min at the peak temp. with MoO3
powder only.Maginifed views of (b) the rectangular pattern region created with an ion dosage of 5× 1015 ions/cm2 (indicated by the red rectangle in a)
and (c) outside the pattern (highlighted with the blue rectangle in a). The ReaxFF snaphots taken from the simulations of MoO3 exposed (d)
hydroxylated and (e) fully passivated and dehydroxylated silica surfaces at 1000 K for 1 ns. The gray circle background in d highlights the MoOx
nucleation on the hydroxylated silica surface.

Figure 4. (a) MoO3-exposed OH-silica surfaces at 1000 K for 1 ns and the partial radial distribution functions of H-OMo (O in a MoO3 molecule) and
H-OSi (O on the silica surface) (b) before and (c) after MoO3 exposure at 1000 K and H-OMo after exposure. (d−f) Protonation of MoO3 in the
proximity of the surface by H migration from the silanol group of the silica to MoO3.
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the outside of the pattern indicated by the blue rectangle in
Figure 3a,c shows no discernable feature. These results are
consistent with ReaxFF simulations, which further confirm that
the hydroxylated support is densely covered with MoO3
molecules owing to the existence of OH groups on the surface
(Figure 3d), while the fully coordinated siloxane surface remains
inert during the MoO3 flow over the course of the simulation
(Figure 3e).
On the basis of the ReaxFF simulations, silanol groups formed

on the surface after the Ga ion bombardment interact with
MoO3, leading to the reaction MoO3 + Si(OH)4 → (OH)-
O2Mo-OSi(OH)3. As illustrated in Figure 4d, MoO3 approach-
ing the surface interacts with H of the OH group, forming a
transition state (Figure 4e). Then, the H atom leaves an O−Si
dangling bond (OSi) behind and intercalates intoMoO3, leading
to the increase in the number of O−H in MoO3 (OMo−H), as
evidenced by the partial radial distribution functions in Figure
4b,c. This triggers the evolution of the Mo+6 state into Mo+5
(Figure 4f). Finally, the higher intermediate Mo+5 state interacts
with O of the O�Si(OH)3 group, thus initiating the nucleation
of MoO3 on the silica surface.
As seen from Figure 5a, such a reaction between MoO3 and

the hydroxylated silica surface is thermodynamically driven with

the Gibbs free energy of −26.2 kcal/mol at the ReaxFF level. In
addition, the H transfer from silanol to MoO3 requires
overcoming a kinetic barrier of 7.08 kcal/mol and is practically
irreversible with a reverse barrier of 33.28 kcal/mol, which are in
a good agreement with the results from DFT calculations
(Figure 5b), indicating that the synthesis of MoS2 on

hydroxylated silica can be also kinetically driven at room
temperature.
Another interesting result drawn from SEM images is that the

extent of the MoO3 growth is directly impacted by the Ga+ ion
beam dosage (compare regions I and II with 1.44 × 1016 and 5 ×
1015 ions/cm2, respectively, in Figure 6a). This result is
connected to the ReaxFF simulations, which confirm that the
surface reactivity toward MoO3 is tunable and depends on the
concentration of terminal OH groups (Figure 6b). The higher
terminal OH group concentration yields the higher surface
coverage rate by MoO3 (compare Figure 6b-I with a high OH
concentration of 0.84 mole/nm3 to Figure 6b-II with a low OH
concentration of 0.47 mole/nm3). These results show the
benefit of surface patterning for controlling and promoting the
MoS2 growth by generating Si−OH bond active sites on the
surface forMoOx absorbents, thereby initiating the nucleation of
the MoS2 epilayer. ReaxFF simulations further reveal that the
non-Ga-treated silica surface utilized in the experiments should
exhibit nonreactive character toward MoO3 (Figure 3e), while
O-terminated dehydroxylated silica is found chemically
responsive to MoO3 precursors only in the presence of dangling
O−Si bonds on the surface (Figure S2e) as also confirmed by
the DFT calculations presented in Figure S3. The MoO3
interaction with the nonpassivated oxidized surface is the
strongest with a binding energy of 3.78 eV (Figure S3c) followed
by that with the hydroxylated surface with a binding energy of
3.05 eV (Figure S3b). The MoO3 binding to the fully passivated
siloxane is found the weakest with a binding energy of 1.77 eV
(Figure S3a). All these results together indicate that the surface
prior to the Ga treatment should compose of mainly 2-fold
coordinated O atoms, which should be connected to each other
by 4-fold coordinated Si atoms as in Figure 2f in order to
maintain nonreactive character toward the precursors.

4.2. S2 and H2S Interactions with OH-Functionalized
SiO2. Our experimental results show that in the case of treating
the silica surface only in a chalcogen precursor (S powder or
H2S), the surface reactivity of silica toward S powder alone is not
influenced by the Ga treatment since no ion beam feature is
observed on both untreated (light gray) and treated (dark gray)
regions in Figure 7a and Figure S4. This observation is explained
by ReaxFF simulations in Figure 7c,d where the light gray-
colored dehydroxylated and hydroxylated SiO2 surfaces are
featureless because S2 molecules stay inert at 2000 K and do not
incorporate in the substrate regardless of the surface
hydroxylation as also illustrated in Figure 7e,f. This is evidenced

Figure 5. (a) ReaxFF and (b) DFT-based reaction pathway of MoO3
protonation in the proximity of the silanol group. Note that the plot in
(a) does not display the first 4000 iterations for a better comparison of
ReaxFF with DFT.

Figure 6. (a) SEM image of the silica surface with two areas treated with Ga+ ion (highlighted with yellow rectangles) and tube furnace growth at 750
°C for 1 min at the peak temp. with MoO3 powder only. The dark gray rectangle regions I and II (highlighted with yellow rectangles) are treated with
the Ga+ ion doses of 1.44 × 1016 and 5 × 1015 ions/cm2, respectively. (b) ReaxFF-predictedMoO3 nucleation on the surface with high (I) and low (II)
−OH concentrations of 0.84 and 0.47 mole/nm3, respectively, where the surface atoms (Si, O, and H) are colored with light gray and the precursors
(MoOx) are represented with dark gray balls as in SEM images.
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by the partial radial distribution functions in Figure 7k where
there is no O−S signal observed at T = 2000 K.
However, after 5 min of H2S treatment, the surface

morphology inside the Ga-implanted patterns is altered (see
the details in the Supporting Information (SI) and methods
section, Figure 7b and Figure S4c) and exhibits a bumpy texture
under the secondary electron mode compared to the relatively
smooth area outside of the patterns, while the fully passivated
dehydroxylated silica surface stays inert under H2S exposure
(Figure 7g,i), indicating the modification of the Ga-implanted
silica surface under H2S. Compared to S2, the relatively low
dissociation temperature of H2S on the hydroxylated silica

surface (i.e., 1500 K, Figure 6h where the HS pattern formation
is highlighted with a dark gray color and Figure 7j) can be
attributed to the fact that the S2 dimer is a much more stable
molecule in this chemical environment than the H2S molecule.
The energy required to break the S−S bond is higher than that
for the HS−H bond (Figure 7n).
The ReaxFF predicted elemental steps of the HS pattern

formation on the silica surface as follows: H2S molecules stay
inert at 1000 K as depicted by the partial radial distributions in
Figure S5b. They start to decompose to HS− radicals at T =
1500 K (Figure 7l,m). In the meantime, the surface migration of
H occurs between O atoms on the silica surface (Figure 8a−c).

Figure 7. FESEM image of the samples that are exposed to (a) sulfur powder only showing no growth and (b)H2S only showing features. Note that the
color difference is only charge contrast in the SEM. Regions with/without Ga+ ion irradiation in a and b are indicated with blue and red rectangles,
respectively. Comparative ReaxFF MD snapshots of (c, e, g, and i) dehydroxylated siloxane and (d, f, h, and j) hydroxylated silica surfaces exposed to
(c−f) S2 at 2000 K and (g−j) H2S at 1500 K for 2.5 ns. Note that, in c, d, g, and h, silica surfaces and S pattern formation are colored with light and dark
gray, respectively, tomatch SEM images. (k,l) Partial radial distribution functions of bonds of interest in systems in f and j and (m)magnified portion of
the graph in l. (n) Comparative S−S and H−SH bond breaking in S2 and H2S, respectively, at ReaxFF and DFT levels.

Figure 8. (a−d) Deprotonation of the silica surface resulting in water release, (e) proximal H2S to the surface, and (f) HS− radical binding at 1500 K.
(g) Radial distribution functions of the H2S and MoO3 system at 1500 K.
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This leads to the water release by breaking the Si−Obond on the
surface, resulting in an increase in the concentration of surface Si
dangling bonds (Figure 8d), as also supported by the partial
radial distribution function in Figure 8g. Then, the deprotona-
tion of the silica surface is followed by the HS incorporation in
the silica surface at 1500 K (Figure 8e).
4.3. Catalytic Effect of the Substrate on MoS2

Nucleation. As shown in Figure 7 and Figure S1 and discussed
in the previous section, chalcogen precursors (i.e., H2S and S2)
are unable to attach to the silica surface at moderate
temperatures (<1500 K) regardless of hydroxylation. In the
case of simultaneous exposure of the hydroxylated surface to
MoO3 and chalcogen precursors, the surface functionalization
by theMoOx groups is followed by chalcogen binding, leading to

the MoS2 nucleation at moderate temperatures such as 1000 K
(Figure 9a,b).
The comparative partial radial distribution functions at 1000

K (Figure 9c,d) further justify that no S−OSi signal is achieved
from the simulations, as also shown in Figure S5c,d, signifying
that there is no S incorporation into the hydroxylated silica
surface while the Mo−OSi andMo−S bond formations occur on
the surface (Figure 9e,f). This indicates that theMoS2 growth on
the hydroxylated silica support initiates with the MoO3
nucleation; in other words, the MoOx-functionalized silica
surface is a crucial factor in the chalcogen−surface interaction
that triggers the growth of MoS2. As highlighted by the potential
elementary steps of the MoS2 nucleation process in Figure 10, a
S2 molecule approaches to the MoOx-functionalized silica

Figure 9.Hydroxylated silica surfaces exposed to (a) MoO3 and S2 and (b) MoO3 and H2S molecules at 1000 K in the ReaxFF MD environment and
their partial radial distribution functions: (c) MoO3 and S2 and (d)MoO3 and H2S and (e,f) magnified portions of graphs in c and d showing theMo−
O and Mo−S bond distribution after annealing.

Figure 10. ReaxFF-predicted elementary steps of the MoS2 nucleation process where (a) an S2 molecule approaches the MoOx-functionalized silica
surface and (b−h) interacts with the Mo surface atoms.

Figure 11. Gas-phase reactions of MoO3 with S2 in the presence of silica at (a) 1000 K and (b) in the absence of silica at 2000 K. (c) Representative
ReaxFF MD snapshot of a MoO3 and S2 gas-phase system (without silica), which is annealed at 2000 K for 2.5 ns.
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surface (Figure 10a) and interacts with the Mo surface atoms.
Then, the S transfer occurs between S2 surface groups, which
leads to the Mo−S−Mo bond formation (Figure 10h). This
indicates that the nucleation of MoS2 is ruled by the chemical
reactions occurring at the interface of the MoS2 epilayer and the
underlying substrate.
Figures 9−11 together also illuminate the catalytic role of

silica in the reaction of metal and chalcogen precursors on the
surface. The presence of silanol groups on silica promotes the
surface reactions, leading to the MoS2 nucleation at lower
temperatures, as much as 1000 K, as confirmed by partial radial
distribution functions in Figures 9c,d and 11a. However, S2
precursors stay inert and do not interact with MoO3 even at
2000 K in the absence of the substrate (Figure 11b,c). This
signifies that the utilization of a substrate during the growth
provides an effective way for energy saving and cost reduction in
the MoS2 fabrication, also driving the 2D nature of a material
grown on a substrate.

5. CONCLUSIONS
In summary, using ReaxFF simulations, DFT calculations, and
experimental growth, this work provides insights into the
interplay between the surface chemistry and MoS2 nucleation.
We characterized and quantitatively demonstrated the intricate
role of surface patterning in the MoS2 nucleation. Our results
show that owing to the tunable surface chemistry of silica, the
surface reactivity can be interchanged between a reactive and
nonreactive character depending on the concentration of the
OH functional group. The fully saturated non-Ga+-treated
surface stays inert during exposure of metal and chalcogen
precursors, while the Ga+ treatment profoundly enhances the
MoS2 nucleation as a result of the presence of isolated Si−OH
groups that occur in the thermally grown silicon oxide at a low
density. The −OH groups formed after Ga+ exposure generate
active sites on the surface for metal reactants (e.g., MoO3),
kinetically and thermodynamically driving surface interactions
between silica and precursors, signifying the benefit of surface
engineering for controlling growth. Additionally, the reaction of
the surface with MoO3 initiates the nucleation of the MoS2
epilayer, which is evidenced also by the partial radial distribution
functions. Additionally, we find that the MoOx-functionalized
silica surface is an essential step to the chalcogen−surface
interaction to initiate the MoS2 growth. The conclusions drawn
in this work provide a fundamental understanding of patterning
nucleation sites on a silicon dioxide substrate to promote the
spatial growth of large-area monolayer MoS2.
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