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ABSTRACT: The controlled growth of thin films plays a crucial role in tailoring material properties for diverse applications.
Overcoming challenges in thin film fabrication, such as island growth modes and morphological irregularities, is essential for
optimizing overall material and device performance. Here, we report the atomic-level investigation of the controlled nucleation of
SnSe on a MgO(001) substrate through molecular beam epitaxy, using ReaxFF reactive molecular dynamics simulations. Using
graphene masks for selective area nucleation, we explore the effects of mask usage and mask thickness on the morphology of the
deposited SnSe material. A key finding is that a single-layer graphene mask promotes the formation of the crystalline P3m1 phase of
SnSe, during nucleation. Additionally, by using multiple thermostats in our simulations we can mitigate gas-phase Sn,Se, clustering

P4

and ensure a more accurate representation of molecular beam epitaxy conditions. The incorporation of multiple thermostats in the
simulations contributes to a deeper understanding of the nucleation mechanism. Overall, this study provides atomic-level insight into
the selective area nucleation technique for thin film deposition processes.

1. INTRODUCTION

Tin-based binary chalcogenides, particularly SnSe, have
attracted considerable scientific interest due to their wide
range of applications, from electronic devices to energy
harvesting systems.'~* The Pnma phase of SnSe has a layered
orthorhombic structure characterized by a large in-plane
anisotropy.” This anisotropy leads to an exceptional ratio of
carrier mobility (~5.8), setting a new record for high
anisotropic mobility among 2D materials.”” The anharmo-
nicity of vibrational modes in the SnSe lattice contributes to
the ultralow thermal lattice conductivity, giving SnSe a high
figure of merit and making it a promising thermoelectric
material*’ Known for its suitable band gap (~0.9—1.5 eV),
high optical absorption coefficient (~10° cm™), earth
abundance, and low toxicity, SnSe is also being explored as a
candidate absorber material for next-generation solar
cells.'"™ "

SnSe thin films exhibit high sensitivity to deposition and
growth conditions, impacting crucial material properties such
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as band gap, carrier concentration, and carrier mobility."’ To
date, various deposition techniques including atomic layer
deposition (ALD),'*"* thermal evaporation,'® hot wall
epitaxy,'” chemical vapor deposition (CVD),'®"” and spray
pyrolysis””*" have been employed for the synthesis of SnSe.
Growth parameters such as substrate type, growth temper-
ature, precursor concentration ratio, and deposition rate play a
critical role in controlling the film composition, uniformity,
thickness, surface morphology, and crystallinity, which are the
common factors determining the quality of SnSe.”””**
Furthermore, achieving optimal device performance is
intricately linked to the precise control of all these parameters,
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which requires an atomic-level understanding of the growth
mechanism. To gain deeper insight into the synthesis of SnSe,
a material extensively used for various applications as
mentioned above, it is clear that there is a need for an
investigation to unveil its growth mechanism under specific
conditions using computational tools.

In a recent study, Chin et al. used molecular beam epitaxy
(MBE) to grow SnSe thin films on a MgO(001) substrate with
a wide range of precursor flux ratios.”> They observed that the
films feature large lateral grains with a pyramidal growth habit
rather than the desired layer-by-layer growth mode, with
additional computational insight into the initial stages of
growth in the absence of a substrate. The growth of SnSe
epitaxial films on MgO substrates exhibited a high density of
twin boundaries with square symmetry, leading to degeneracy
between SnSe 90° domain orientations.”” Frezza et al.
observed the growth of a monolayer of -SnSe (space group
Cmcm) on an Au(111) substrate, followed by the subsequent
formation of islands of a-SnSe (space group Pnma) on top of
the monolayer.”” Zhang et al. demonstrated the adaptability of
SnSe, thin films to either a quasi-layered or island growth
mode, depending on the chemical nature of the substrate.”®
These observations underscore the significant challenges in
epitaxial growth, where surface energy, interfacial interactions,
and adatom mobility collectively contribute to undesirable
island growth modes and hinder the desired coalescence into
uniform and continuous films.

To address nonuniformity in thin films, a mask can be used
to facilitate selective area nucleation and growth. This method
involves shielding specific regions of the substrate from
precursors, thereby confining nucleation sites to predetermined
areas. The goal is to mitigate variations in nucleation sites and
growth rates in order to prevent nonuniformity in thin films.
Such an approach facilitates the controlled growth of a single
grain within a specific region around which a device can be
patterned, thereby eliminating grain boundary scattering. This
technique has been successfully applied to the MBE growth of
various III-V semiconductor nanostructures and thin
films.”™*' However, an atomic-level understanding of the
controlled nucleation and growth of SnSe is currently missing.
To fill this knowledge gap, we selected molecular dynamics as
our approach to study the formation of the initial layers of
SnSe on a substrate for the first time, within a computationally
reasonable time scale. Specifically, we chose the ReaxFF
reactive force field,* which has been shown to effectively
model bond formation and breaking, to observe the precursors
during growth as they deposit onto a MgO(001) substrate
using a graphene mask. Due to its chemical inertness, the
graphene mask was selected to reduce surface interactions with
precursors during deposition. This approach effectively
confined the nuclei within the holes formed in the graphene,
promoting more controlled and localized nucleation. The
chemically inert nature of graphene prevented unwanted
reactions with the precursors, ensuring that the nucleation
process was confined to the predefined areas. Additionally, to
accurately simulate the conditions observed in experimental
MBE setups, mixed thermostats were employed in the
simulations. This strategy helped to mitigate undesired gas-
phase clustering in a vacuum environment, replicating the
thermal conditions that prevent precursor aggregation and
ensuring uniform nucleation and growth of SnSe structures.

2. METHODS

2.1. ReaxFF Force Field. ReaxFF*** employs a bond
order formalism, enabling the simulation of bond breakage and
formation over the course of the simulations. Consequently,
the ReaxFF force fields have proven to be a practical tool for
simulating the nucleation and growth of thin film materials,
addressing gas-phase and surface interactions influenced by the
surrounding chemical environment, and facilitating the
prediction of effective growth protocols.**

2.2, Force Field Development. We extended the ReaxFF
force field framework developed by Chin et al.*® to Sn/Se/
Mg/O/C interactions to explore the atomic-level nucleation
process of SnSe thin films on (001) MgO substrates (space
group Fm3m) with a graphene mask. The training data set
from ref 25 includes heats of formation and equations of state
for various condensed phases, such as bulk alpha-Sn,
orthorhombic (Pnma) SnSe, cubic (Fm3m) SnSe, and trigonal
(P3m1) SnSe,. It also includes binding energies of various
Sn,Se, clusters with different Sn/Se ratios. We augmented this
data set with density functional theory (DFT) data on the
binding energies of Sn and Se atoms to three distinct
adsorption sites on MgO. Then, in addition to refining the
existing parameters, we carried out optimization on parameters
related to Sn—0O, Se—0O, Sn—Mg, Se—Mg associated bonds,
off-diagonal elements, angles, and torsions during the training
process against the DFT-based data set. In this training, the
Mg/O related parameters were adopted from the Na/Ca/Mg/
C/O/H force field developed by Dasgupta et al.”> The
parameters pertaining to the C—C and C—O bond, valence
angle and dihedral angle interactions were taken from ref 46.
For the C—Se, C—Sn and C—Mg pairs, we only considered
nonbonded Coulomb and van der Waals interactions—the
covalent bond interactions between these atoms were switched
off. As such, in this study, the edges of a graphene mask would
not chemically interact with Se, Sn, or Mg.

DFT calculations were carried out using the Vienna Ab
initio Simulation Package (VASP)*' ™" employing projector
augmented wave method pseudopotentials.””" The general-
ized gradient approximation (GGA) of Perdew—Burke—
Ernzerhof (PBE)>” was utilized to describe the exchange
correlation function. Plane-wave expansions were truncated at
an energy cutoft of 500 eV, and the electronic loop threshold
was set at 0.1 meV. Structural relaxations incorporated dipole
corrections to the total energy and electrostatic potential in the
out-of-plane direction, ensuring that the remaining forces were
within 0.01 eV A™". Gaussian smearing with a broadening of
0.02 eV was applied, and van der Waals interactions were
addressed using the semiempirical correction of Grimme (zero
damping DFT-D3).*’ Brillouin zone samplings were per-
formed with a I'-centered Monkhorst—Pack scheme on grids
featuring k-point densities equivalent to a 4 X 4 X 1 grid fora 1
X 1 c-plane MgO unit cell. To minimize spurious interactions
of periodic repetitions, a vacuum layer of 20 A was introduced
normal to the surface.

2.3. ReaxFF Molecular Dynamics Simulations. We
performed ReaxFF molecular dynamics (MD) simulations
using the newly developed force field with the AMS software
platform.”* The dimensions of the simulation boxes were 21 A
X 63 Ax 90 and 21 A X 63 A x 120 A, with periodic boundary
conditions applied in all three dimensions. A free-standing
graphene mask with 1—4 layers was positioned on MgO with a
distance of 3.2 A between the mask and the substrate. A hole
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Figure 1. (a) Illustration of Se atoms occupying the hollow position in an MgO lattice, on top of O, and on top of Mg, shown in top and cross
views. (b) Comparative ReaxFF and DFT binding energies for Sn and Se atoms at different positions. Similar binding sites were employed for Sn

atoms, although only Se atoms are shown in (a) for clarity.

was introduced into the graphene by removing 24 C atoms
from its center. The whole system was then exposed to Sn and
Se precursors, adopting the Sn/Se ratio of 1:4 commonly used
in experiments.25 (See Supporting Information, Figure S1).

After energy minimization, the system was heated to 500 K
in an NVT ensemble. The velocity Verlet algorithm was
employed with a time step of 0.25 fs or smaller to integrate the
Newton equations of motion. The total simulation time was set
to 50, 125, 250, and 1000 ps for different simulations. The
Berendsen thermostat was used to control temperature
fluctuations, and two different thermostat setups were studied
in our simulations: a single thermostat and a mixed thermostat,
which aimed to mimic experimental setups of MBE systems.

In simulations with a single thermostat, a temperature
damping parameter of 100 fs was applied to ensure strict
temperature control throughout the system. In contrast, in
mixed thermostat simulations, the bottom 12 layers of the
substrate (bulk MgO) were heated with a temperature
damping parameter of 100 fs, while the precursors, the
graphene layer, and the first 4 layers of the substrate surface
were subjected to a very weak thermostat with a temperature
damping parameter of 107 fs. This methodology was chosen
based on the placement of substrates inside an MBE chamber,
where the back side of the substrate is in direct contact with
the heater, effectively reaching the target temperature. On the
other hand, the upper part of the substrate, the mask, and the
precursors are away from the heater, resulting in diminished
thermal control in these areas.

3. RESULTS & DISCUSSION

3.1. Force Field Development for Sn/Se Interactions
with MgO. Figure lab depict the geometries and ReaxFF
predicted binding energies of three distinct adsorption sites:
the top of magnesium (Top-Mg), the top of oxygen (Top-O),
and the hollow site. According to the ReaxFF results, the top-
O site and hollow site are the most thermodynamically
favorable sites for the binding of Se and Sn atoms to the
surface, respectively. Furthermore, the top-Mg site is a
thermodynamically less stable adsorption site for both Se
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and Sn atoms. These results are in good agreement with those
obtained at the DFT level in Figure 1b.

3.2. Nucleation of SnSe on MgO with and without a
Graphene Mask. Recent experimental studies have high-
lighted challenges in SnSe thin film growth.m’%’55 These
challenges include issues such as nonuniformity in the SnSe
crystal phase, complex stoichiometry control, 3D island
nucleation, and the resulting formation of noncoalesced thin
films.””*° Here, adatom mobility is a crucial factor in
facilitating the free movement of precursor atoms across the
substrate surface to form a coalesced thin film. However, when
adatom mobility is insufficient, films do not grow in a
coalesced manner, leading to island-like growth on the surface.

In line with the experimental observations, the ReaxFF
simulations showed that the nucleation of SnSe on a bare MgO
substrate resulted in surface nonuniformity where a random
distribution of nucleation sites was observed, and the size of
the domains nucleated on the surface remained uncontrollable
(Figure 2a). The Sn,Se, clusters formed on the surface did not
have a discernible crystal structure. Additionally, the high-
lighted section in the middle of Figure 2a revealed the out-of-
plane diffusion of an oxygen atom from the substrate, which
participated in bonding interactions with Sn and Se. This
behavior has been reported in experiments where diffusion at
the film—substrate interface has been observed.”> Overall, our
observation is consistent with experimental findings, high-
lighting the challenges associated with achieving high-quality
SnSe structures.

The system in Figure 2a was further exposed to additional
gas phase precursors consisting of 40 Sn and 160 Se atoms,
resulting in the MgO surface being covered by SnSe structure.
Similar to Figure 2a, the formed structure lacked distinct
crystalline phases (Supporting Information, Figure S2). In
addition, the precursors tended to cluster in an irregular
manner on the MgO surface. This irregular deposition of SnSe
is of concern as it deviates from the controlled nucleation
process that is essential for achieving high quality thin films.
These findings underscore the critical need to address and
rectify such irregularities during the nucleation phase to
improve the quality of the resulting thin films.

https://doi.org/10.1021/acs.jpcc.4c03096
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Figure 2. (a) Snapshots taken from the final frame of an MD
simulation with 10 Sn and 40 Se atoms deposited on MgO, after 125
ps at 500 K. SnSe nucleation on a bare MgO substrate revealed island-
like formations with no discernible crystalline preference. (b)
Exposure of the surface to additional precursors complicated the
SnSe formation and resulted in an amorphous phase. This figure
illustrates the atoms chemically bonded to the substrate, while
unreacted atoms and clusters in the vacuum are intentionally excluded
from the depiction. This convention is consistently followed in all
subsequent simulations presented in this study.

To enhance our understanding of the early stages of
nucleation and to investigate the impact of confining
nucleation to a specific region, we used a graphene mask
with a hole placed on the top of MgO. This hole was created
by removing 24 carbon atoms to form a circular shape (about
1.5 nm in diameter) as depicted in Figure 3. The entire system
was then exposed to gas phase precursors consisting of 10 Sn
and 40 Se atoms.

During nucleation, the confined area of MgO within the hole
served as nucleation sites for precursors. This facilitated the
migration of monatomic and diatomic gas-phase species
toward the graphene hole, subsequently leading to the
chemisorption of Sn,Se, species onto the MgO surface through
the vacancy (Flgure 3) Another noteworthy result is that in
the early stage of the simulation, Se-rich conditions always
drove the surface passivation by Se atoms, followed by the Sn
interactions with the first Se layer (Figure 3). Under local
metal-rich conditions, Sn atoms attached to the surface first.
However, the subsequent deposition of Se atoms displaced the
Sn atoms from the MgO surface, as shown in Figure 3g. The
DFT and ReaxFF calculations in Figure 1 provide additional

support for this observation, showing that Se exhibited
stronger binding strength to the substrate in comparison to
Sn, supporting the favorable selection of Se as the initial layer.
Eventually, the confinement of the MgO surface within the
hole drove the transition from an amorphous Sn,Se, cluster
formed in vacuum to the layer-by-layer nucleation of the SnSe,
structure shown in Figure 3h. The crystal structure of the
grown domain within the hole was characterized by a P3ml-
like phase, in agreement with experimental observations where
XRD results highlighted the prevalence of the P3ml crystal
phase during the nucleation stage.”” This pattern was
reproduced in ten additional simulations (See Supporting
Information, Figure S3), with the SnSe, structure featuring a
Sn layer sandwiched between two Se layers when the local
precursor density was sufficiently high to form a multilayer
structure. It is also noteworthy that, due to the high local
concentration of selenium, the resultant SnSe, structure in
Figure 3h showed the binding of excess selenium atoms to the
grown SnSe, structure. Furthermore, in the nucleation process,
Se showed a thermodynamic preference for attaching on the
top of the O atom of MgO, as confirmed by the DFT
calculations illustrated in Figure 1. This analysis of masked
SnSe, nucleation contributes to an underlying atomistic-level
understanding of the challenges associated with controlled
nucleation.

3.3. Increased Density of Precursors. To investigate the
influence of the precursor concentration on nucleation, we
introduced an increased number of precursors comprising 20
Sn and 80 Se atoms into a 21 X 63 X 120 A%; simulation box.
The inclusion of additional precursors led to the formation of
larger amorphous clusters in vacuum, as shown in Figure 4a.
These clusters then adhered to nuclei on the MgO surface, as
shown in Figure 4b,c. Subsequently, the confined nucleation
sites on the MgO surface assisted in guiding the partial
structural transformation of the Sn,Se, amorphous cluster to a
more crystalline form on the surface (Figure 4c). This
transformation continued over time (Figure 4d,e), resulting
in the first layer composed of Se atoms. As evident in Figure 4f,
this evolved structure displays a resemblance to the P3ml
phase of SnSe,, similar to the observation in Figure 3.
However, the parts of the Sn,Se, cluster far from the surface
retained their amorphous character due to the absence of
interactions from the MgO surface and the mask. This signifies
the confinement effect of the graphene mask and the potential
catalytic role of surface chemistry in the structural trans-
formation of SnSe into a crystalline form. Similar nucleation
mechanisms have been reported in previous studies.”®™*

3.4. Multiple Layers of Graphene Mask. Previous
studies have demonstrated that modifying the thickness of a
mask is an effective way to manipulate the structure of
semiconductor thin films grown on a substrate, and therefore
the fabrication of nanowires using a multilayer mask has
attracted increasing attention. 59-62 In this section, we
investigated the relationship between mask thickness and the
structure of the resulting Sn,Se, clusters nucleated within the
graphene mask. Our approach employs a graphene mask with
2, 3, and 4 layers, as shown in Figure Sa—e, in a simulation box
with dimensions of 21 X 63 X 120 A In the case of masks
with 2 and 3 layers (Figure Sa,b), SnSe nucleation on MgO
followed a layer-by-layer nucleation mechanism, resulting in a
P3ml-like phase of SnSe,, similar to the monolayer graphene
models discussed in previous sections. However, with
increasing mask thickness, Sn,Se, underwent vertical growth

https://doi.org/10.1021/acs.jpcc.4c03096
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Figure 3. 10 Sn and 40 Se atoms were used as precursors for SnSe, nucleation with a graphene mask. The growth temperature was set at 500 K
with a total duration of 125 ps. The use of the mask confined the nucleation to a selective area, and the nucleation extended as wide as the hole
created in the graphene. The snapshots, labeled from “a” to “h”, were arranged in chronological order, with the corresponding simulation time listed

below each frame.
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Figure 4. 20 Sn atoms and 80 Se atoms were placed in vacuum as precursors. A single layer of graphene mask was used, and the simulation time
was S0 ps. (a—f) A large cluster formed in the vacuum fell through the hole, and the previously amorphous structure gained crystallinity as it
formed bonds with the substrate. The parts of the structure that were not in direct contact with the substrate remained amorphous.

within the hole, adopting an amorphous island, as shown in
Figure Sc—e. Despite the rod-like growth, the evolving
configuration could not be attributed to any particular crystal
structure.

Comparative analysis shows that a single layer of graphene
stands out as a more favorable mask for the nucleation of 2D

14298

crystalline SnSe, structures compared to multilayer graphene
masks. The use of multiple layers of graphene poses a distinct
challenge in achieving the desired crystalline quality. The use
of multiple layers tends to promote the growth of 3D rod-like
phases that lack crystalline features. This limitation might have
arisen from the hindered direct access of the growing structure

https://doi.org/10.1021/acs.jpcc.4c03096
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Figure 5. (a) Two and (b) three layers of graphene were used for simulations with 10 Sn and 40 Se atoms as precursors at 500 K. (c,d), and (e)
show simulations with four layers of graphene, where (d) continued from (c) with an additional 10 Sn and 40 Se atoms, and (e) continued from
(d) with another 10 Sn and 40 Se atoms. In (a,b), layer-by-layer SnSe growth was observed. This pattern continued in the initial stages of (c,d), but
after forming three atomic layers of SnSe, amorphization occurred. In (e), rod-like growth was observed, with the amorphous structure extending
beyond the masks to the top graphene layer. The frames represent the results of simulations at 330, 266, 50, 228, and 342 ps, respectively.

to the substrate, impeding the precise attachment of precursors
at appropriate angles. As a result, the observed transition from
2D to 3D growth with increased mask thickness suggests a
fundamental change in the growth mechanism. This transition
highlights the importance of mask design in semiconductor
fabrication, where achieving a balance between mask thickness
and desired film properties is crucial for experimental setups.

3.5. Strong and Weak Thermostat Effect. In scenarios
that require the use of highly reactive precursors such as Se,
heating of Se sources induces the formation of Se clusters that
subsequently reach the substrate surface during growth. This in
turn degrades the precision of atom-by-atom growth.®®
Conversely, the sticking coeficients of Se decrease at elevated
temperatures, posing a si§niﬁcant challenge to maintaining a
stable flow of atomic flux.”* The cracker stage, implemented in
effusion cells, serves as a flux controller in MBE systems by
cracking the sources and clusters before they flow onto the
substrate.”> Additionally, the extremely dilute concentration of
gas phase molecules in the MBE chamber prevents the
formation of large Sn,Se, clusters. In simulations, thermostats
serve as an effective tool to control temperature and thus
energy fluctuations within systems. This control, in turn,
influences the cluster size, enabling us to mimic MBE
conditions in simulations.

In this section, we investigated the effect of thermostat
settings on clustering by using strong and weak thermostats in

gas phase simulations, as shown in Figure 6ab. In these
simulations, the box dimensions were fixed at 21 X 63 X 120
A%, Note that all other parameters were kept the same in the
two simulations; the only variation was in the temperature
damping parameters, which were set to 100 fs for a strong
thermostat in Figure 6a and 107 fs for a weak thermostat in
Figure 6b.

Keeping both systems at 500 K for 125 ps, our simulations
revealed distinct outcomes depending on the strength of the
thermostat applied. In Figure 6a, the use of a strong thermostat
led to pronounced clustering in a vacuum, whereas the system
subjected to a weak thermostat exhibited a significant
reduction in both the size and number of clusters in Figure 6b.

The corresponding plot in Figure 6¢ provides a more
detailed insight into the scenario shown in Figure 6a,
emphasizing the formation of diverse molecular species,
including 1 Sn;, 3 Se;, 1 Se, 1 SnSe, 3 Se;, 1 SnSe,, 1
Sn,Ses;, and 1 SnSey. In contrast, the system subjected to the
weak thermostat yielded a distinctly different outcome in
Figure 6d, producing mostly atomic species, including 5 Sny,
11 Se;, 3 Se,, 1 SnSe, and 2 Ses;, with the notable absence of
most Sn,Se, clusters in Figure 6¢c. In this context, the
thermostat setting significantly influences the size and
distribution of the clusters. A weak thermostat setting results
in a relatively mild impact on the system temperature, achieved
by minimizing energy exchange with an external reservoir.
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Figure 6. 6 Sn and 24 Se atoms were randomly placed in both simulation boxes shown in (a,b). In (a), a temperature damping parameter of 100 fs
was used for the thermostat, while in (b) the temperature damping parameter was set to 10 fs. The plots in (c,d) highlight the distribution of

clusters formed in the vacuum at the end of 125 ps for each case.

This, in turn, leads to less constrained local temperature
fluctuations. In the case of an exothermic reaction such as Sn—
Se bond formation, the increase in local temperature reduces
the thermodynamic driving force for further reactions—in
particular bond dissociation. Consequently, the implementa-
tion of a weak thermostat resulted in a significant reduction of
clustering throughout the simulation. On the other hand, a
stronger thermostat maintains the system temperature more
strictly through frequent energy exchange with a heat bath,
allowing more reactions to occur in vacuum due to the rapid
removal of kinetic energy generated by exothermic reactions.
Although the simulations presented here are relatively small,
they were performed multiple times to ensure reproducibility.
Future work will include larger-scale simulations to further
validate our findings.

This observation demonstrates the effectiveness of using a
weak thermostat to create optimal conditions similar to the
MBE technique. The strategic use of a weak thermostat not
only leads to a significant reduction in clustering within the
system, but also promotes the prevalence of single atomic
species. The interplay between the weak thermostat setting and
the resulting MD in the vacuum environment suggests a more
controlled and ordered growth scenario during MBE processes.
This favorable outcome, characterized by minimized clustering
and the predominance of single atomic species, is consistent
with the objectives of achieving precise control over material
deposition and enhancing the quality of thin film growth.
Strategic modulation of the thermostat strength emerges as a
key factor in tailoring the growth conditions, highlighting its
potential as a valuable parameter in optimizing MBE processes
for advanced materials fabrication.

Motivated by the impact of weak and strong thermostats on
gas phase dynamics, we extended this approach to explore the
SnSe nucleation mechanism on MgO. As illustrated in Figure
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7a, the simulation was divided into four different zones, each
subjected to distinctive thermostat settings. The yellow zone
represents the precursors, the green zone corresponds to the
graphene mask, and the pink zone denotes the first 4 layers of
the MgO surface, all of which were subjected to a weak
thermostat with a temperature damping parameter of 10’ fs. In
contrast, the bulk MgO in the purple zone was subjected to a
stronger thermostat with a temperature damping parameter of
100 fs. This distinction mimics practical considerations in
MBE systems, where the lower part of the substrate is heated
directly by the heater to reach the target temperature.
Consequently, stricter temperature control is required in the
lower part of the substrate to match the experimental
conditions, while a weak thermostat setting in other regions
allows the rest of the system to be heated through the
substrate, similar to MBE experimental setups.

In this simulated system, 10 Sn and 40 Se atoms were
randomly positioned in vacuum above the masked substrate
and the system temperature was set to 500 K, resulting in a
layered SnSe structure after 250 ps, as illustrated in Figure 7b.
Toward the end of the simulation, small clusters formed near
the graphene layer. These clusters were mainly physisorbed to
the pristine regions of the graphene mask by weak van der
Waals interactions and then bounced off. Later, Se dimers and
two small clusters were observed in vacuum.

In Figure 7¢, we monitored the temperature profiles of each
zone, including all four regions. The temperature of the
kinetically energetic gas-phase precursors exhibited significant
fluctuations, varying between 500 and 4500 K. Although the
graphene layer was subjected to a weak thermostat, its
proximity to the substrate allows heat transfer with the
substrate, leading to cluster formation near its surface.
Additionally, the temperature fluctuations are typically lower
in the condensed phase (graphene layer and MgO substrate)
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Figure 7. Simulation box was divided into 4 zones to illustrate the use of multiple thermostats in the simulation. The precursors (yellow zone), the
graphene mask (green zone), and the first 4 layers of the bulk MgO substrate (pink zone) were all subjected to a temperature damping parameter of
107 fs. Only the bottom bulk MgO (purple zone) was set to 100 fs. (a) 10 Sn atoms and 40 Se atoms were randomly placed to observe their
nucleation on MgO through the mask. (b) The layer-by-layer nucleation of SnSe after 250 ps simulation. (c) Temperature profiles of all regions as
a function of time. (d) Temperature profiles of graphene, MgO surface, and bulk MgO. The precursors are not included in this plot for clarity.

than in the gas phase (precursors). In the condensed phase, the
particles are more densely packed and have higher thermal
transfer than the gas phase species. As a result, the graphene
and the MgO surface, both subjected to a weak thermostat,
exhibited relatively negligible temperature variations. This is
because they are in condensed phases and close to the bulk
MgO, which is under strong thermostat control. Their
temperature profiles are highlighted in an additional plot in
Figure 7d for clarity.

The use of multiple thermostats in a single simulation offers
a transformative computational approach that is particularly
critical for simulating the MBE nucleation and growth of thin
films from the gas-phase precursors, where avoiding clustering
in vacuum is a challenge. This challenge is particularly
pronounced in MD simulations, where the time scales studied
are typically in the nanosecond range. To capture meaningful
events on this scale, a conventional approach is to increase the
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density of the gas-phase precursors. However, such an increase
in density inevitably leads to clustering, which deviates from an
accurate representation of the MBE conditions. The
introduction of weak thermostats for gas phase precursors,
which effectively mitigate cluster formation and thus allow a
more accurate representation of atomic spraying methods in
MBE systems, promises to provide deeper insights into the
intricacies of thin film nucleation dynamics in MD simulations.

4. CONCLUSION

By addressing the inherent challenges of SnSe epitaxial growth,
such as island formation and nonuniformity, this study
presents innovative solutions involving the use of masks for
selective area nucleation. This method effectively confines
nucleation to predetermined areas, resulting in more crystalline
phases compared to nucleation on a bare substrate. The
investigation also explores the effect of mask thickness,
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revealing a preference for a single-layer graphene mask that
facilitates the growth of crystalline SnSe structures.

Additionally, the influence of thermostat strength in Sn/Se
gas phase simulations was investigated. The results suggest that
the use of a weak thermostat for precursors prevents clustering.
This approach was further applied to simulate SnSe nucleation
systems, demonstrating the effectiveness of multiple thermo-
stats to mimic experimental MBE setups.

In conclusion, this work contributes atomic-scale insights
into the mechanisms governing SnSe nucleation. The proposed
methods involving masks and thermostat control offer
innovative strategies for achieving controlled nucleation and
improved film quality in SnSe thin film synthesis, which hold
promise for diverse applications.
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