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ABSTRACT: Synthesis of large-area transition-metal dichalcoge-
nides (TMDs) with controlled orientation is a significant challenge
to their industrial applications. Substrate plays a vital role in
determining the final quality of monolayer materials grown via the
chemical vapor deposition process by controlling their orientation,
crystal structure, and grain boundary. This study determined the
binding energy and equilibrium distance for tungsten diselenide
(WSe,) monolayers on crystalline and amorphous silicon dioxide
and aluminum dioxide substrates. Differently oriented WSe, monolayers are considered to investigate the role of the substrate in the
orientation, binding strength, and equilibrium distance. This study can pave the way to synthesizing high-quality two-dimensional
(2D) materials for electronic and chemical applications.
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1. INTRODUCTION specific thickness control, including WSe,.”'"~"? This
technique involves the formation of solid materials from
gaseous precursors, which interact either in the vapor phase or
on a substrate’s surface. The final structure’s layer count, size,
and orientation can be precisely tuned by manipulating various
process parameters, including substrate type and orientation. A
wide array of computational approaches, including finite
element alnellysis,24_26 atomistic simulation,””*® and first-
principles method,” has been harnessed to provide insights
into the synthesis of 2D material.’*~>* While the majority of
these investigations primarily center around first-principles/
density functional theory (DFT) calculations, their scope
remains limited in analyzing larger atomic systems found in
TMDs exhibiting specific rotation angles. Consequently, it
becomes imperative to employ alternative simulation techni-
ques such as molecular dynamics (MD),*>*® phase-field,*”**
or multiscale models”~* to gain a comprehensive under-
standing of the underlying mechanisms governing their growth.

Prior studies have emphasized the significant influence of
substrates on the distribution and orientation of 2D
materials."”** During the synthesis of 2D materials, substrates
play a pivotal role in three fundamental aspects: adsorption of
source materials, facilitation of material nucleation, and

In recent years, two-dimensional (2D) materials have attracted
significant attention because of their exceptional behaviors and
characteristics resulting from atomically thin structures, with
promising applications in solar cells"” and flexible elec-
tronics.”" Transitional metal dichalcogenides (TMDs) are
among the most studied 2D materials since they can be
tweaked for unique functionalities. In particular, atomically
thin monolayer tungsten diselenide (WSe,) is of interest
because of its tunable electric and optical properties, sizable
bandgap, thermo-mechanical stability, and a wide range of
applications, including electronics,” transistors,’ gas sensors,’
photoelectronics,8 piezolectronics,9 and light-emitting diodes
(LEDs)."° Leveraging the distinctive characteristics of WSe, at
an industrial scale necessitates consistent large-area synthesis,
underscoring the importance of comprehending the underlying
growth mechanisms.''~

Monolayer WSe, comprises a layered configuration charac-
terized by a W atom layer sandwiched between two Se atom
layers, featuring robust covalent bonds between W and Se
layers, with weak van der Waals forces governing the bonding
in bulk WSe, layers.'* The synthesis of WSe, can be achieved
through two primary approaches: mechanical exfoliation,
commonly referred to as top-down methods,'*'® and chemical
vapor deposition (CVD) techniques, which fall under the
bottom-up synthesis methods.”"”~" Mechanically exfoliated
WSe, has found utility in Na-ion battery applications,™
transistor fabrication,*' photon emitters,”” and gas sensors.”
Conversely, the CVD process offers a controlled and scalable
route for producing defect-free, large-scale 2D materials with
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Figure 1. Morphology of as-grown WSe, monolayers on crystalline (top row) and amorphous (bottom row) substrates. Epitaxial growth, where the
morphology follows the pattern of the substrate, is detected for growth on crystalline substrates. However, only agglomerates of WSe, and

nonepitaxial growth of WSe, on amorphous substrates were detected.

promotion of material epitaxial development.*>*® This

influence extends to the shaping of the island size and
orientation, achieved by modifying nucleation processes,
precursor species diffusion, and thermodynamic driving forces.
The interaction between as-grown 2D materials and the
substrate significantly affects the uniformity of monolayer film
growth. Several substrate properties, including thermal
expansion coeflicient, catalytic effects, and lattice mismatch
with the desired material, profoundly affect the quality of the
resulting 2D materials. Divergence in thermal expansion
coeflicients leads to inconsistent deformations, ultimately
affecting the structural integrity of the deposited material.
Catalytic effects, on the other hand, effectively reduce the
activation energy, facilitating the necessary reactions.

This investigation delves into the impact of substrates on the
orientation of as-grown single-layer WSe, monolayers through
a comprehensive blend of experimental and theoretical
methodologies. The study entails the growth of WSe,
monolayers on four distinct substrate types, with a focal
point on elucidating the atomistic mechanisms responsible for
morphological variations in the as-grown monolayers employ-
ing reactive molecular dynamics (MD) simulations. Among the
substrate materials examined, crystalline and amorphous
Al, O3, as well as SiO,, represent prevalent types. The research
is specifically tailored to analyze binding energy, equilibrium
distance, and energy landscape attributes of differently oriented
WSe, monolayers situated on these substrate surfaces. The
outcomes of this investigation are expected to lay the
groundwork for enhancing the controllability of the CVD
process for WSe, monolayers, enabling precise orientation
control to cater to diverse applications.

2. MATERIALS AND METHODOLOGY
2.1. MOCVD WSe, Film Synthesis. WSe, growth is achieved in a

custom-built Kurt J. Lesker vertical cold wall reactor chamber
following the growth model depicted in Figure S1 in the Supporting
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Information. Four substrate types were considered, i.e., (i) crystalline
SiO, (z-plane quartz), (ii) crystalline Al,O5 (c-plane sapphire), (iii)
amorphous SiO,, and (iv) amorphous Al,O;. The amorphous AL,O,
substrate was prepared using the ALD technique by depositing Al,O;
on z-cut quartz and c-plane sapphire. The ALD of Al,O; is performed
in a Kurt J. Lesker Company ALD-150LE under a substrate
temperature of 200 °C. N, gas is used as the process gas to maintain
a process pressure of 0.7 Torr. H,O and AL(CH,)¢ precursors are
sequentially injected into the chamber at a flow rate of 75 sccm and
separated by N, purge steps with flow rates of 150 sccm. The ALD
cycle consists of: (1) 0.03 s Al,(CH,)4 dose, (2) 10 s purge, (3) 0.10's
H,O dose, and (4) 10 s purge.

To grow WSe, on c-plane sapphire and z-cut quartz, initially, a 10
min anneal is performed at 350 °C to remove any volatile surface-
bound species. Afterward, the temperature is increased to 800 °C at a
ramp rate of 50 °C/min. Once the temperature reaches 800 °C, both
W(CO), and H,Se reactants are introduced to the growth chamber
for 10 min at controlled flow rates of 5.1 X 107> standard cubic
centimeters per minute (sccm) and 78 sccm, respectively. Then,
W(CO); flow is shut off while hydrogen selenide flow continues at 78
sccm for another 10 min to ensure the removal of any W compound
and dangling bonds.*” Finally, the chamber is cooled at a rate of 30°/
min and the H,Se flow is shut off at 300 °C.

We also grow WSe, on the amorphous substrates—i.e., substrates
(iii) and (iv)—following a process similar to the growth on crystalline
substrates with the exception that the growth and postgrowth anneal
temperature is lowered to 600 °C. It has been reported that chalcogen
hydride reactants (i.e., H,S, H,Se) react with SiO, and AL, O; to form
ultra-free-standing silica and interfacial AlX, (X =, Se) compounds,
respectively. Hence, to address safety concerns, the temperature must
be kept below 600 °C when using these amorphous substrates.

The WSe, domains are on the order of 50—400 nm, making it
difficult to observe their morphology with lower-magnification
techniques like optical microscopy. Thus, the morphology of the as-
grown samples was characterized using atomic force microscopy
(AFM). AFM micrographs were acquired using a Bruker Dimension
Icon AFM instrument, capturing images at scan sizes of S X 5 and 2 X
2 pum* The micrographs were obtained employing a ScanAsyst-Air
(with a spring constant, k = 0.4 N/m) tip on the same Bruker
Dimension Icon apparatus. PeakForce Tapping mode was selected for
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Figure 2. Differently oriented WSe, and WSe,/substrate structures. Unit cells of (a) 0°, (b) 7°, (c) 11°, (d) 14°, (e) 19°, (f) 23°, and (g) 30°
rotated WSe,. Supercells of WSe, monolayer on crystalline (h) Al,O; and (i) a SiO, substrate.

AFM imaging to ensure optimal image resolution without causing
damage to the film. The acquisition parameters were set with a tip
scan rate of 0.5 Hz, maintaining a peak force set point of 1.00 nN and
a peak force frequency of 2 kHz, ensuring the generation of high-
quality micrographs. The images were captured at a resolution of 498
lines per image and a scan rate of 0.9 Hz. The results are shown in
Figure 1, while the height analysis is shown in Figures S6 and S7 in
the Supporting Information, evidencing a substrate-to-film height of
around 0.7 nm,*® which is the height for monolayer films. Thus,
revealing the atomically thin structures of the WSe, films grown on
crystalline sapphire and quarts.

Our experimental observations reveal the formation of WSe,
islands with distinct characteristics on various substrates. Specifically,
on c-plane sapphire and z-cut quartz substrates, the WSe, islands
exhibit a preferred orientation, assuming a triangular morphology (as
depicted in Figure 1, top row). In contrast, when grown on
amorphous Al,O; substrates, which were deposited using the atomic
layer deposition (ALD) technique on both c-plane sapphire and z-cut
quartz, as well as on fused silica substrates, the WSe, islands exhibit a
random orientation (as illustrated in Figure 1, bottom row).

The triangular shape of the WSe, islands on sapphire substrates is
characterized by sharp edges, displaying growth orientations of 0 and
60°. Conversely, on quartz substrates, the islands exhibit no
discernible orientation preference and feature rounded edges. This
disparity in edge geometry can be attributed to differences in the
edge-to-surface diffusion ratio of precursor species on quartz and
sapphire substrates. Furthermore, the size of WSe, islands on quartz
substrates is consistently smaller than that on sapphire, indicating
potentially slower growth kinetics on quartz. This disparity under-
scores the influence of substrate material on the growth process.

On amorphous substrates (Figure 1, bottom row), the monolayer
WSe, islands exhibit a notably high density of small islands. This high
density is indicative of a smaller critical nucleus size and a heightened
nucleation rate. The slow growth kinetics observed can be associated
with the lower growth temperatures enforced on amorphous
substrates to avoid the formation of hazardous substances at elevated
temperatures. Additionally, the monolayers grown on amorphous
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substrates lack a preferred growth morphology, as these substrates
lack a defined crystalline direction. The higher surface roughness of
amorphous substrates may contribute to reduced interactions
between the as-grown film and the substrate.

2.2. Computational Model. The experimental findings presented
in this study reveal the substantial influence of substrate character-
istics on the distribution and orientation of the WSe, triangular
islands, as illustrated in Figure 1. On quartz substrates, the synthesized
WSe, triangular islands exhibit arbitrary orientations, whereas those
grown on sapphire substrates display a preference for 0° orientations.
The uniform orientation distribution of these islands is intricately
linked to the interplay between the as-grown 2D materials and the
substrate. This dynamic interaction plays a pivotal role in shaping the
islands in terms of their size and orientation, exerting influence over
the nucleation process and growth-driving forces. To further
understand the atomistic mechanisms governing the growth of
WSe, monolayers on different substrates, we used reactive MD
simulations.

Our investigation delves into the influence of in-plane orientation
angles of atomically thin WSe, structures in relation to the substrate’s
normal, focusing on the variations in binding energy and equilibrium
distance. To comprehensively assess this effect, we have employed
four distinct substrate materials, namely, crystalline and amorphous
AL, O; and SiO, substrates.

The procedure entails the creation of unit cells for WSe,, each
possessing different in-plane rotation angles with respect to the
substrate. Specifically, we considered rotation angles for WSe, were 0,
7, 11, 14, 19, 23, and 30° (Figure 2). The selection of these
orientation angles aligns with the intrinsic 3-fold rotational symmetry
exhibited by 2D WSe,, ensuring that structures within the 0—30°
range are representative, while also acknowledging that structures at
60°- 0 angles represent mirrored counterparts.

Taking the unit cell dimension of rotated WSe, and the substrate as
(arpbror) and (ag,by,), respectively, the lattice mismatch decreases
as N 8ot — Ngp-Aggl and lmo.b o, — mgy.by | approaches zero, where
Moy Ny Mpoy and mgy, are integers that represent the number of
replications of the unit cell in the supercell, determining the size of the
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simulation cell. Figure 3 represents the lattice mismatch for 11°
rotated monolayer WSe, on crystalline Al,O; with the number of unit
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Figure 3. Lattice mismatch percentage (LM) vs number of unit cells
(Nyc) for 11 oriented monolayer WSe, and AL O; substrate. The
number of unit cells in the supercell is chosen by considering the
minimum lattice mismatch and size of the supercell. The remaining
lattice mismatch present in the supercell is removed by straining the
monolayer WSe, supercell.

cells in planar directions ([100] and [010]). To maintain minimal
misfit strain between the substrate and the as-grown 2D material, the
orientation angle limits the unit cell’s size (additional details are
available in the Supporting Information). These specific orientation
angles were chosen to ensure the computational feasibility of the
simulation cell sizes. Subsequently, a supercell with minimal lattice
mismatch was created for each of the rotated WSe,-substrate cell
configurations. The unit cell dimensions of 0° oriented WSe, and
substrates are shown in Table S1 in the Supporting Information. The
dimensions of rotated WSe, structures (Table S2) and the final
supercell of the WSe,/Al,O5 (Table S3) and WSe,/SiO, (Table S4)
system are provided in the Supporting Information. In order to
eliminate the minor lattice mismatch between the WSe, supercell and
the substrate supercell, the WSe, supercells were subjected to the
necessary strain.

All MD simulations were conducted using the open-source Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software package.*” A uniform time step of 0.25 fs was employed for
all simulations. In the simulations, periodic boundary conditions were

applied in the planar directions (x and y), while a nonperiodic
boundary condition was implemented in the out-of-plane direction to
prevent interference with the mirrored structure. To capture the
interactions within the system, we utilized the ReaxFF force field*” to
model WSe,”" and Al,03,** while the Tersoff potential®> was applied
for modeling SiO,. The interactions between WSe, and the substrates
were described using the Lennard-Jones (LJ) potential, with specific
parameters provided in Table SS. For comprehensive details regarding
structure preparation and an in-depth discussion of the force field,
refer to the Supporting Information.

2.2.1. Preparation of Amorphous SiO, Substrate. Amorphous
SiO, samples were made by randomly introducing silicon and oxygen
atoms in a stoichiometric ratio in a simulation box. The dimensions of
the simulation box were tailored to match those of the WSe,
structure. The total number of SiO, atoms was determined under
the assumption that the amorphous structure possessed the same
density as a crystal structure of an equivalent size. Initially, geometric
optimization of the simulation cell was conducted, utilizing the
conjugate gradient method to alleviate atom overlapping. Sub-
sequently, the cell was subjected to heating, reaching 8000 K within
an NVT ensemble and maintained at this temperature for 1 ns.

Then, the reaction was quenched to 300 K at a cooling rate of 10"
K/s. A similar cooling rate*** has been used in many studies to
create amorphous silica. Following quenching, the structure under-
went relaxation under NPT conditions at 300 K and atmospheric
pressure for 0.1 ns. Temperature and pressure damping coeflicients
were set at 100 and 5000 fs, respectively. The resulting structure
exhibited a density of approximately ~2.145 g/cm® Ten distinct
samples were generated by varying the initial velocities within the
simulation, each converging to a final structure with a density of
~2.145 g/cm’.

2.2.2. Preparation of Amorphous Al,O; Substrate. A method
similar to that for creating amorphous SiO, is utilized to generate the
amorphous Al,O; structures. Initially, a simulation box was
constructed mirroring the process for amorphous SiO,. Subsequently,
the structure underwent geometric minimization through a conjugate
gradient algorithm to mitigate atom overlapping. Later, the structure
was heated to 5000 K using an NVT ensemble for 5 ps. This was
succeeded by a cooling phase, during which the temperature
decreased to 3000 K at a cooling rate of 3.3 X 10" K/s, and the
structure relaxed at this temperature for 5.5 ps. Finally, the substrate
underwent a final cooling phase, reaching 300 K at a cooling rate of
3.6 x 10" K/s, with relaxation occurring at that temperature under
atmospheric pressure using an NPT ensemble. Temperature and
pressure damping coefficients were set at 100 and 5000 fs,
respectively. This approach closely resembled a previously applied
method for the creation of amorphous.®® Ten separate samples were
generated by employing different initial seed velocities, resulting in
final structures with a density of approximately 3.4 g/cm’.
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Figure 4. Energy landscape for differently oriented WSe,/Al,O;: (a) 0°, (b) 14°, and (c) 30° rotated WSe,. The color bar represents energy (J).
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2.2.3. Binding Energy and Energy Landscape of WSe, on
Different Substrates. We conducted a comprehensive assessment of
the binding energy and energy landscape associated with monolayer
WSe, interfacing with a variety of substrates. To facilitate this analysis,
we positioned the WSe, monolayers at a vertical distance beyond the
predefined cutoff radius for van der Waals interactions, which adheres
to the parameters set by the Lennard-Jones potential, specifically, 10.5
A.

The process of obtaining the equilibrium structure encompasses
several distinct phases. Initially, we employed a conjugate gradient
algorithm to minimize the entire structural configuration. Sub-
sequently, the structure underwent relaxation at a temperature of 1
K, using the NVE ensemble, with velocity rescaling applied to the
thermostat. This was followed by a subsequent relaxation step at 1 K
and atmospheric pressure under the NPT ensemble. It is worth noting
that our choice of parameters included a temperature-damping
coefficient of 100 fs and a pressure damping coeflicient of 5000 fs.

The determination of binding energy and equilibrium distance,
pertaining to the interaction between the monolayer WSe, and the
substrates, was carried out by gradually displacing the WSe,
monolayer toward the substrate at a constant speed of 2.5 A/fs.
The binding energy values for differently oriented WSe, structures on
quartz and sapphire substrates can be found in Figures S2 and S3 in
the Supporting Information.

To construct the energy landscape, we initiated the process by
situating WSe, monolayers at their equilibrium distance from the
substrate. Subsequently, we systematically conducted a parallel scan of
the WSe, monolayer along the substrate’s surface. This scanning
procedure was executed by displacing the WSe, monolayer initially by
1/20 of the W—W bond length in the b-crystallographic direction
([010]). Subsequent steps involved sequential movements of 1/20 of
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the W—Se bond length in the a-crystallographic direction ([100]).
These incremental steps facilitated the detailed capture of intricate
interactions occurring along each bond.

3. RESULTS AND DISCUSSION

Figure 4 illustrates the energy landscape concerning three
distinct orientations of WSe, monolayers on a crystalline Al,O,
(sapphire) substrate. The energy well and peak regions,
represented by alternating blue and red segments, portray an
eggshell potential energy landscape. Notably, this distinctive
energy landscape pattern is consistent across all orientations of
WSe, on sapphire, as demonstrated in Figure S4.

This type of energy landscape effectively confines the WSe,
nuclei formed on the substrate, thus promoting a favored
growth orientation. Consequently, it suggests the feasibility of
nucleation and growth of WSe, islands with varying
orientations. Among the various orientations examined, the
saddle point between adjacent minima is smallest for a 0°
misorientation angle between the WSe, structures. This
observation indicates a higher likelihood of coalescence
among nuclei formed with a 0° misorientation angle. This
finding aligns with the experimental results presented in Figure
1, which illustrate the growth of WSe, monolayers charac-
terized by preferential 0 and 180° orientations.

Figure S presents the binding energy and equilibrium
distance characteristics of WSe, monolayers on both crystalline
and amorphous Al,O; substrates. The lowest binding energy is
evident when the WSe, monolayer is oriented at 0°, followed
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Figure 7. Interaction between differently oriented WSe, and crystalline/amorphous SiO, substrates. (a) Binding energy, €* (J/m?®) and (b)
equilibrium distance, 6* (A) vs rotation angle, & (deg) of 2D WSe,. For amorphous substrates, a singular WSe, structural configuration was
analyzed in conjunction with 10 distinct substrate variations, given that orientation angles are indeterminate for amorphous materials. The shaded
region depicted within the graphical representation corresponds to the error margin attributed to the inclusion of various amorphous structures.

by a gradual increase in binding energy as the orientation angle
progresses up to 11°. Subsequently, the 14° orientation
exhibits the second-lowest binding energy, with a subsequent
gradual increase before reaching the maximum binding energy
at a 30° orientation. Exact analytical analysis is not feasible
considering the complexity of the combined WSe,/Al,0,
structure and mismatch strains. However, the presence of
this local minimum could be because both WSe, and sapphire
have hexagonal symmetries, with a rotational symmetry angle
of 8 = 60°, where 14° & 6/4. In terms of equilibrium distance,
the highest value is observed at a 19° rotation angle, whereas
the lowest equilibrium distances are associated with
orientations at 0, 7, and 30°, with 30° representing the
minimum. Notably, there is an increasing trend in equilibrium
distance from 7 to 19°, followed by a decreasing trend from 19
to 30°.

The binding energy and equilibrium distance observed for
the WSe, monolayer on an amorphous Al,O; substrate (Table
S6) are measured at 0.052 + 0.0065 ]/m2 and 2.968 + 0.079
A, respectively. These values are smaller than the crystalline
system (Figure 5), a phenomenon that can be attributed to the
absence of a well-defined crystalline structure in the substrates.
This condition of low binding energy, coupled with the lack of
crystalline structure, promotes the growth of polycrystalline
monolayer WSe,. Additionally, the lower binding energy
facilitates the effortless detachment of the grown WSe, from
the substrate, offering potential advantages for practical
applications.*”*”

For the crystalline SiO, (quartz) substrate, as illustrated in
Figures 6 and S5, the energy landscape exhibits a stark contrast
compared with that observed on a sapphire substrate.
Specifically, the eggshell potential phenomenon manifests
exclusively in the case of 0° rotated WSe, configurations,
where energy minima are distinctly separated by formidable
energy barriers, effectively impeding the coalescence of nuclei
formed by 0°-oriented WSe,. In contrast, the energy landscape
for rotated WSe, structures portrays a striped energy profile,
indicating the absence of energy barriers along the stripes for
atomic coalescence and a minor energy barrier for the merging
of different stripes on the substrate. Consequently, variously
oriented WSe, monolayers can materialize on the quartz
substrate, aligning with the experimental findings presented in
Figure 1. Specifically, the lowest and highest energy barriers are
encountered for 11 and 19° oriented WSe, on the quartz
substrate, respectively.
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The binding energy and equilibrium distance for WSe, on
crystalline and amorphous SiO, are shown in Figure 7. The
binding energy exhibits extrema at 0 and 7° orientations of
WSe,, with a gradual decrease from 7° to a secondary
minimum at 19°, followed by a gradual increase up to the 30°
orientation. Regarding equilibrium distance, the highest value
occurs at 0° orientation, while lower values are observed at 14°
orientation. The configurations at 19, 23, and 30° orientations
fall between the minimum and maximum values.

The binding energy and equilibrium distance of WSe,/
amorphous SiO, (Table S7) are 0.051 + 0.008 J/m? and 3.379
+ 0.218 A, respectively. In a manner similar to the behavior
observed on amorphous Al,O; substrates, the binding energy
of WSe, with a fused silica substrate is found to be lower than
that with a quartz substrate. However, it is noteworthy that the
equilibrium distance between WSe, and fused silica exceeds
that with quartz, and this difference is reduced with an increase
in the misorientation angle. The equilibrium distance plays a
pivotal role in the selection of suitable intercalating species,
with significant implications for the choice of exfoliating
agents, functionalizing agents, and confinement heteroepitaxy
strategies.”® Hence, the judicious selection of the substrate is
instrumental in facilitating seamless postgrowth processes,
thereby directly influencing the quality of the final synthesized
material and the performance of the resulting devices.

The binding energy and equilibrium distance in relation to
various rotation angles, as depicted in Figures S and 7, are
calculated by matching the unit cell size of the rotated WSe, to
the underlying substrate while minimizing strain due to
mismatch. Unlike simple biatomic systems where higher
binding energy usually corresponds to a smaller equilibrium
distance, the complex structure of the supercell and the
presence of different elastic energies stemming from distinct
mismatch strains make it challenging to establish a direct
correlation between binding energy and equilibrium distance
across different rotation angles.

The melting temperatures of quartz and sapphire are 1820
and 2044 °C, respectively, significantly higher than the growth
temperature of 800 °C. As a result, the influence of
temperature on the substrate’s structure and energy landscape
is deemed negligible. At the specified growth temperature of
800 °C, the thermal energy (kzT) equates to 1.48 X 1072 J.
The binding energies between WSe, and sapphire and quartz
substrates measure approximately 0.3 and 0.1 J/m? respec-
tively. By considering the dimensions of differently oriented
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WSe, unit cells on these substrates, as outlined in Tables S3
and S4, it becomes evident that the WSe,—Al,0,/SiO,
debonding energy exceeds the thermal energy at the growth
temperature by an order of magnitude. Consequently, the
impact of the growth temperature on the orientation of the
resulting WSe, monolayers is deemed negligible if the initial
WSe, nucleus has the same size as the WSe,—Al,0,/SiO, unit
cells.

In contrast, if the initial WSe, nucleus forming on the
substrate were equivalent to a single standalone WSe, unit cell,
which has an area of 132 A2 the debonding energies
associated with AlL,O; and SiO, substrates would be
approximately 3.96 X 1072° and 1.32 X 107 J, respectively.
In such a scenario, while thermal fluctuations would not
significantly affect the growth orientation of WSe, on sapphire,
they could lead to debonding of the WSe, unit cell grown on a
quartz substrate. This, in turn, would result in growth with
arbitrary orientations, aligning with our experimental observa-
tions.

4. CONCLUSIONS

The comprehensive set of results presented in this study
enhances our insights into the growth mechanisms governing
the synthesis of 2D materials. Specifically, it sheds light on the
critical role of the substrate in influencing the quality and
uniformity of monolayer films, which are of paramount
importance for large-scale industrial applications spanning
various sectors, including electronics and defense. Our
experimental findings corroborate the computational predic-
tions, notably the preferential growth orientation of WSe,
monolayers on sapphire substrates compared to the lack of
orientation preference on quartz substrates. This behavior is
attributed to the distinct energy landscapes of differently
oriented WSe, monolayers and the potential debonding events
driven by thermal energy during growth.

Notably, our findings underscore the profound influence of
the substrate structure on the growth orientation of WSe,
monolayers. Specifically, we observed that sapphire substrates
facilitate the formation of 0° rotated WSe, monolayers,
enabling the synthesis of highly uniform monolayer films.
This effect is attributed to the presence of eggshell surface
potential with a minimal energy barrier at the saddle point for
the 0° misorientation angle between WSe, and sapphire,
facilitating the coalescence of nuclei and the formation of large-
area WSe, monolayers with a preferred growth orientation.
Furthermore, our investigations revealed the existence of a
striped energy landscape between quartz and WSe, monolayers
for all rotation angles between the substrate and monolayers
except for the 0° misorientation. This energy landscape implies
a seamless coalescence of WSe, nuclei along the stripes,
suggesting the absence of a distinct preferred growth
orientation for WSe, grown on quartz, as corroborated by
our experimental findings.

Our investigation reveals that WSe, exhibits a higher binding
energy when interfacing with crystalline substrates compared
to that of amorphous substrates, encompassing both SiO, and
Al Oj; substrates. This observation suggests that WSe, growth
on amorphous substrates may offer enhanced transferability.
However, it is noteworthy that the absence of any distinct
energy landscape features between WSe, and amorphous
substrates implies the formation of a polycrystalline morphol-
ogy, aligning with our experimental findings. Here, we have
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considered perfect crystalline WSe, and plan to consider the
role of defects™ in our future studies.

Furthermore, our results elucidate a reduction in the spacing
between the Al,O; substrates and WSe, monolayers following
amorphization. In contrast, such amorphization leads to an
increase in spacing for quartz substrates. These findings carry
significant implications for the selection of substrates in
postsynthesis processes, including functionalization, transfer,
and device fabrication. The results carry implications for
controlling the substrate’s placement relative to the flow
direction. In scenarios characterized by varied energy land-
scapes, islands with energy gradients perpendicular to the
growth orientation are more likely to thrive. This hypothesis
can be validated by examining island morphology on substrates
cut along diverse crystalline planes and positioned at the same
angle with respect to the flow direction, such as in horizontal
CVD furnaces. Alternatively, substrates cut along the same
crystalline direction but oriented differently with respect to the
flow direction, as seen in vertical CVD growth chambers, can
provide equivalent insights.

Additionally, our findings underscore the influence of the
growth temperature on island orientation. Higher temperatures
can supply sufficient thermal energy to disrupt bonds between
the initial monolayer nucleus and the substrate, thereby
encouraging growth along alternative orientations. However, it
is crucial to note that the temperature exerts a multifaceted
impact on monolayer growth. It affects the critical nucleus size,
which, in turn, impacts the binding energy with the substrate
due to variations in the bonded area. Simultaneously, an
elevated thermal energy promotes debonding. Consequently,
rigorous experimental investigations are necessary to execute
growth at temperatures approximating the debonding energy
between monolayers and the substrate. Temperature variations
also influence precursor diffusion and nucleation rates,
necessitating adjustments to growth conditions.
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