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An analysis of Schottky barrier in silicene/Ga,SeS
heterostructures by employing electric field and
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Two-dimensional materials are leading the way in nanodevice applications thanks to their various
advantages. Although two-dimensional materials show promise for many applications, they have certain
limitations. In the last decade, the increasing demand for the applications of novel two-dimensional
materials has accelerated heterostructure studies in this field. Hence, restoring the combination of two-
dimensional heterostructured materials has been reported. In this paper, we show that the effect of the
external electric field and biaxial strain on the silicene/Ga,SeS heterostructure has a critical impact on
the tuning of the Schottky barrier height. The findings such as the variation of the electronic band gap,
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| Introduction

Janus two-dimensional (2D) materials are constructed by breaking
the out-of-plane symmetry of the parent material. The broken
symmetry reveals the exceptional electronic and optical properties
of materials. Therefore, Janus 2D materials are considered
as promising candidates for many applications such as photo-
voltaics,"™ photocatalysis,”” gas sensors,® ' batteries, and so on.
Since Janus 2D materials do not exist in nature, the preparation
procedure is still challenging due to their limited material quality
and thermodynamic instability.'"" Nevertheless, 2D Janus MoSSe
and WSSe which are considered pioneering Janus materials have
been studied experimentally with different approaches.’>**

In the last decade, group III dichalcogenides also known as
MX-type (M = Ga, In; X = S, Se, Te) materials have been studied
extensively in the literature.">° It has been demonstrated that
these materials are suitable for optoelectronic applications due
to their indirect band gaps®*° and high photoresponsivity.**
Moreover, breaking the out-of-plane symmetry of group-IiI
dichalcogenides’ structure can enhance the physical properties
compared to the constituent material. Therefore, recently novel
Janus group-III dichalcogenides materials have been proposed.** >
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The study of novel Janus group-III materials by combining them
with different 2D graphene-like structures began to be studied after
such studies.

Silicene, which has been successfully synthesized by using
various substrates and approaches,**=° is a silicon analog of
graphene that has low buckling and massless Dirac-fermion
charge carriers, having a band structure similar to that of
graphene.®® The buckling in silicene occurs due to the
pseudo-Jahn-Teller distortion, which results in the mixed
sp’>-sp® hybridization. Also, the buckling provides not only
stability but also freedom in adjusting the electronic properties
of silicene.*>*?

The formation of vdW heterostructures is one of the prominent
methods for effectively tuning the electronic properties of 2D
materials. For this reason, vdW heterostructures of 2D materials
are widely used for applications that can be easily integrated into
nanoscale materials.**® In particular, with the formation of metal/
semiconductor vdW heterostructures, a phenomenon called
Schottky barrier emerges. The Schottky barrier is crucial because
it has a critical effect on device performance, e.g, the Schottky
barrier is strongly affected by the absorption of chemical and
biological species.®® Hence, this has given rise to the idea that
Schottky contacts can be used as gas sensors. From this, Quang
et al.*® have shown that a graphene/SnO, Schottky contact-based
gas sensor displays a low operating temperature of 150 °C with an
enhanced response/recovery time. Further, Kwon et al** have
revealed that the carrier mobility of MoS, increased with the
lowering of Schottky barrier height (SBH). Moreover, He et al.*?
studied the characteristics of the vertical and lateral interfaces
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between monolayer SnSe and metals which represent the electrode
selection for monolayer SnSe based FET devices.

Accordingly, to improve the device performance of 2D metal/
semiconductor vdW materials, it is essential to modify the SBH.
The SBH can be adjusted by utilizing external stimuli such as
an external electric field and strain.**"*” In addition, it has been
shown by Le et al.*® that an n-type Schottky contact is formed
with a small SBH in the silicene/GaSe heterostructure. It raises
the question of whether the SBH can be modified using the
Janus counterpart of the corresponding material. In accordance
with this question, we investigate the effect of the intrinsic
electric field of Ga,SeS on the Schottky barrier height in this
study. Moreover, we examine the electronic properties of the
silicene/Ga,SeS heterostructure under electric field and strain
to gain deep insight into the tunable Schottky barrier for Janus
2D materials. We analyze the strain and electric field effects on
this heterostructure through the determination of SBH and
interlayer charge transfer, and observe that the SBH changed
from n-type to p-type or an ohmic contact. As a result, we
conclude that the SBH of Janus Ga,SeS is highly sensitive to
external effects and that changing the magnitudes of the
electric field and strain can improve the device performance.

Il Method

The first principles calculations based on density functional
theory (DFT) were performed using the projected augmented
wave (PAW) method*® implemented in the Vienna ab initio
simulation package (VASP).°°*® The generalized gradient
approximation (GGA) formulated by Perdew-Burke-Ernzerhof
(PBE)>* was taken as the exchange-correlation functional.
To obtain a more accurate energy band gap, a Heyd-Scuseria-
Ernzerhof (HSE06)°>°° screened hybrid functional was applied
on top of the DFT-PBE. The plane wave cut-off energy was set to
800 eV. The Brillouin zone (BZ) integration was performed
using the gamma-centered Monkhorst-Pack method®” with
a 16 x 16 x 1 k-point mesh. To describe the effect of
vdW interactions between two layers, the DFT-D2 method’®
was employed. To optimize the atomic positions and lattice
constant, the conjugate gradient method was used. In the
geometrical optimization, the maximum Hellmann-Feynman
force acting on each atom is less than 0.05 eV A™*. The energy
convergence criterion between two sequential steps was taken
to be 10™® eV. The vacuum spacing along the z-direction to
prevent interactions between adjacent layers was employed as
25 A. The Bader charge analysis developed by Henkelman
et al>® " was performed to investigate the charge transfer
between two layers. The phonon spectrum was determined by
using the PHONOPY®* code based on density functional per-
turbation theory (DFPT) with employing a 4 x 4 x 1 supercell
approximation. The thermodynamic stability of the silicene/
Ga,SeS heterostructure was further investigated by using
ab initio molecular dynamics (AIMD) simulations. The system
has been regarded as a canonical ensemble, with a 4 x 4 x 1
supercell and the Andersen thermostat. The temperature was
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set to 300 K within a total simulation time of 4 fs in a 1 fs time
interval.

Further, to gain insight into the rate of migration of
electrons and holes, the carrier mobility has been examined
by utilizing deformation potential theory (DPT) formulated by
Bardeen and Shockley:*?

_ €h3 CQD
r= kg Tm*mgyE2

(1)

where e, i, kg, and T are the electric charge, reduced Planck
constant, Boltzmann constant, and temperature, respectively.
m* is the effective mass along the transport direction and
defined by the formula: m* = 1* [°E/0°k] " and mq = (mum,)"”
is the average effective mass. E; is the deformation potential and
is defined by the formula: Ey = Eegge/(3¢), Where Eeqge represents
the energy shifting of the conduction band minimum and
valence band maximum in the presence of strain. C,, denotes
the in-plane stiffness and is defined by the formula: C,p =
2[0°Ei/0e”]/So, Where Ey is the total energy and S, is the total
area of the unit cell.

Il Results and discussion

A Structural analysis and electronic properties of the pristine
heterostructure

We first perform the structural optimization of pristine silicene
and Ga,SeS monolayers. The lattice parameters of silicene and
Ga,SeS are 3.87 A and 3.73 A, respectively, which are compatible
with previous studies.?**> We also calculated the cohesive
energy (Econ), which is a crucial parameter indicating the
synthesis feasibility of monolayer Ga,SeS.°® The cohesive
energy is calculated by using the formula: E.on = [NgaEga +
NgeEse + NgEs — EGaZSeS]/ntot, where Eg, ses is the total energy of
the system Es. and Es are the single atom energies of Se and S
atoms, respectively. ng,, Nse, and ng are the numbers of Ga, Se,
and S atoms, respectively, and 7, is the total number of atoms
in the unit cell. We first calculated the E.,, for freestanding GaS
and GaSe and found them to be 2.882 and 2.340 eV per atom,
respectively, which are compatible with previous reports.'® After
that, we have found that the E.,, value of Ga,SeS is 2.591 €V,
which is between the values of the binary counterparts. This
cohesive energy is relatively high, which indicates that the atoms
in the system are tightly bonded, and thus it can be concluded
that it is suitable for synthesis. The lattice mismatch between the
silicene and Ga,SeS is approximately 3.62%, which is significant.
However, the buckling of silicene compensates for the intrinsic
strain created by the lattice mismatch. To evaluate the most
convenient configuration for the formation of the heterostructure,
we consider six different stacking patterns, called AA1, AA2, AB1,
AB2, AB3, and AB4, as presented in Fig. 1. To guarantee the most
stable and favorable structure among all six stacking patterns the
binding energies need to be addressed.®” We, therefore, calculate
the binding energies of the stacking patterns which is expressed
by Ey = Esilicene/GaZSeS — Esilicene — EGaZSeS where Esilicene/GaZSeSy
Egilicenes a0 Ega ses represent the total energies of the structures.
All stacking patterns are negative proving the structural stability,
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Fig. 1 The possible stacking patterns of silicene/Ga,SeS vdW heterostructures: (a) AAL, (b) AA2, (c) ABL, (d) AB2, (e) AB3, and (f) AB4.

yet the AB1 stack has the lowest binding energy among all
stacking patterns whose binding energies are listed in Table 1.
The illustration of the optimized silicene/Ga,SeS heterostructure
is shown in Fig. 2(a). The lattice parameter of the silicene/Ga,SeS
heterostructure is 3.75 A, which is in the acceptable range. We
determine the dynamic stability of the system by investigating the
phonon spectrum. As shown in Fig. 2(b), all phonon branches are
positive, indicating that the structure is stable. Also, we examine
the thermodynamic stability of the silicene/Ga,SeS hetero-
structure via AIMD simulations at room temperature (300 K).
In Fig. 3, the energy fluctuation and snapshots of the system at
4 ps total simulation are depicted. From Fig. 3(a)-(d), we notice
that the energy fluctuations are considerably small, and there is
no structural deformation during the total simulation time. In
addition, as shown in Table 2, the bond length of Si-Si (ds;_s;)
decreases, while the bond lengths of Ga-S (dga.s) and Ga-Se
(dga-se) increase with the formation of the heterostructure.

The electronic band structures of silicene and Ga,SeS mono-
layers are presented in Fig. 4. As also given in Table 2, silicene is
a semi-metal, and Ga,SeS is an indirect semiconductor with a
band gap value of 2.02 eV (3.18 eV) for PBE (HSE06) approxi-
mation. The silicene/Ga,SeS heterostructure shows direct semi-
conducting behavior with a 0.18 eV (0.22 eV) band gap value for
PBE (HSE06) (see Fig. 2(c)). The HSE06 method, as expected,
increases the band gap by lifting the conduction band minimum
(CBM) in both pristine and heterostructure electronic band
structures.

In order to describe precisely the interlayer charge transfer
mechanism of silicene/Ga,SeS heterostructures, we take into
account charge densities, electrostatic potential, and dipole

Table 1 Binding energies of silicene/Ga,SeS heterostructures for the AAL,
AA2, AB1, AB2, AB3, and AB4 stacking patterns

Pattern Binding energy (eV)
AA1 —0.063
AA2 —0.058
AB1 —0.139
AB2 —0.129
AB3 —0.055
AB4 —0.064
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moments. In Fig. 5(a), we plot the plane-averaged charge
density difference along the z-direction by using the formula:

Ap(Z) = psilicene/GaZSeS — Prsilicene — pGaZSeS (2)

where Psilicene/Ga,SeSs Psilicenes and PGa,ses denote the plane—
averaged charge density values of silicene/Ga,SeS, silicene
and Ga,SeS, respectively. The charge is accumulated in Ga,SeS
and depleted in the silicene region, as shown in the plane-
averaged charge density (in Fig. 5(a)). In addition, we found
that the charge is transferred from silicene to Ga,SeS with a
value of 0.03 |e| by Bader charge analysis, which is consistent
with the plane-averaged charge density difference. We depict
in Fig. 5(b) the plane-averaged electrostatic potential along the
z-direction. The electrostatic potentials of S and Se differ from
each other, implying the Janus behavior of Ga,SeS. Also, S has a
deeper potential than Se. This is because S (2.5) has a slightly
higher electronegativity than Se (2.4). In the heterostructure
case, the potential drop across the interface is 8.7 eV, which
induces a strong electric field. The dipole moment, which
shows the presence of an intrinsic electric field in the Janus
Ga,SeS monolayer, was found to be —0.016 eA (—0.077
Debye).®® The negative sign denotes that the intrinsic electric
field is directed from Se to S. Likewise, the silicene/Ga,SeS
heterostructure has a dipole moment correlated to the inter-
layer charge transfer and the intrinsic electric field. For the
silicene/Ga,SeS heterostructure, the total dipole moment is in
the same direction as the interlayer charge transfer. Never-
theless, the intrinsic dipole moment of the monolayer Ga,SeS
strengthens the total dipole moment of the silicene/Ga,SeS
heterostructure (see Table 2).

Moreover, in Fig. 6, we present the layer-dependent projected
electronic band structure and the band alignment of the silicene/
Ga,SeS heterostructure. The silicene layer contributes to both the
CBM and VBM, as shown in Fig. 6(a). These results are in
agreement with the highest occupied molecular orbitals (HOMOs)
(valence band) and lowest unoccupied molecular orbitals
(LUMOs) (conduction band) that we show in Fig. 5(c) and (d).
The band edges of silicene/Ga,SeS heterostructures are shown in
Fig. 6(a), where the band alignments are set to the energy of a
stable electron within the vacuum level. The work function of the

This journal is © the Owner Societies 2022
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Fig. 2 (a) Top and side views, (b) phonon spectrum, and (c) electronic band structure of silicene/Ga,SeS heterostructures.
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Fig. 3 The AIMD simulation of the total energy variation during the time
interval of (a) 0-1, (b) 1-2, (c) 2-3, and (d) 3-4 ps at room temperature
(300 K) (the insets in the graphs are snapshots of the corresponding time
intervals).

structures is taken into account using the formula ¢y, = Eyae — Eg.
Here E,,. and Er indicate the vacuum and the Fermi energies,
respectively. The work functions of silicene, Ga,SeS, and the
silicene/Ga,SeS heterostructure are given in Fig. 6(b), and the
results are consistent with previous studies.”>®” It is known that
the band alignments of vdW heterostructures are defined by the

This journal is © the Owner Societies 2022

contributions of the layers to the VBM and CBM.* Thus, type-I
band alignment occurs at the interface, as silicene contributes to
both the CBM and VBM in the silicene/Ga,SeS heterostructure.
We also study the phenomenon which emerges in metal/semi-
conductor heterostructures called SBH. Based on the Schottky-
Mott* formalism, there are two types of SBH called p-type and n-
type. The p-type and n-type SBHs are determined by the formulas:
¢pp = Er — ESC and ¢ = EX — Ey, respectively, where Ef is the
Fermi energy, Eo is the conduction band offset (CBO) of the
semiconductor, and Ey- is the valence band offset (VBO) of
the semiconductor. We found the ¢z}, (¢5,) SBHs for the sili-
cene/Ga,SeS heterostructure to be 0.923 eV (0.841 eV), indicating
that the heterostructure is an n-type Schottky contact. The potential
step (AV) of the interface is determined by the formula: AV =
Qsilicene/Gazses — Psilicene- The potential step at the interface is related
to the charge transfer between the layers, ie., greater charge
transfer means a higher potential step. The potential step (AV)
across the interface of the silicene/Ga,SeS heterostructure is 0.26 eV
(in Fig. 6(b)), which is similar to that of GaSe/graphene.*® Electron
affinity (y) and ionization potential (IP) influence the band align-
ment of heterostructures, which is crucial for device performance.
Thus we have calculated both electron affinity and ionization
potential of silicene/Ga,SeS heterostructures, which are given in
Fig. 6(b), by using the formulas ygasses = Evac — Eor’ and IPgapses =
Evac — BV, Tespectively.”

The carrier mobility is a parameter that is essential for efficiency
in electronic,””* photovoltaic’*”® and photocatalytic’®”® applica-
tions. However, most semiconductors have low carrier mobilities,”®
which restrict their feasibility in nano-electronic applications.
Hence, it is crucial to increase the carrier mobility for applications
in next-generation technologies. Here, we have investigated the
electron and hole mobilities of Ga,SeS and the silicene/Ga,SeS

Phys. Chem. Chem. Phys., 2022, 24,10210-10221 | 10213
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Table 2 Structural parameters of silicene, Ga,SeS and the silicene/Ga,SeS heterostructure (lattice constant (a), buckling height (5, A), interlayer distance
(4), binding energy (Ep), bond lengths (d), electronic band gap (E), interlayer charge transfer (AQ), and total dipole moment ()

a (A) 0 (A) 4 (A) Ep (eV)  dsisi (A) dGa-cGa (A) dga-s (A) dGa-se (A) EPPE (eV) E1SE (ev) AQ(le) u (eA)
Silicene 3.868 0.468 — — 2.271 — — — SM* 0.034 — 0
Ga,SeS 3.731 — — — — 2.438 2.372 2.452 2.3927 3.180" — —0.016
Silicene/Ga,SeS 3.746 0.597 2.978 —0.139 2.244 2.442 2.396 2.476 0.165 0.215 0.024 —0.017

¢ Semi-metallic. ? Indirect band gap.

Energy (eV)

r
(b) Silicene

Fig. 4 The electronic band structures of pristine (a) GasSeS and (b)
silicene in both PBE and HSEO6 methods.
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Fig. 5 (a) Plane-averaged charge density difference (the inset shows the
isosurface with a charge density difference between silicene and Ga,SeS
layers of 0.002 eA~3: the yellow and blue colors indicate electron accu-
mulation and depletion, respectively), (b) plane-averaged electrostatic
potential of the silicene/Ga,SeS heterostructure, and (c) and (d) band-
decomposed charge-density differences.

heterostructure via the DPT within the effective mass approxi-
mation. First, we consider an orthogonal unit cell for applying
uniaxial strain in the range of —2% to 2% with an interval of 0.5%
in the x (zigzag) and y (armchair) directions. The calculated band

10214 | Phys. Chem. Chem. Phys., 2022, 24,10210-10221

structures of orthogonal pristine Ga,SeS and the silicene/Ga,SeS
heterostructure are presented in Fig. S1 (ESIt). We have calculated
the effective electron (m;) and hole (m;) masses by using the
equation presented in the Method section. It is known that the
stronger dispersion of the VBM and CBM denotes small effective
mass or vice versa. Also, there is a negative correlation between
effective mass and carrier mobility, ie., a small (high) effective
mass indicates a high (small) carrier mobility.”*”® We listed the
essential parameters required to find carrier mobility (effective
mass (m*) and deformation potential (E,)), and in-plane stiffness
(Capy) in Table 3. For monolayer Ga,SeS, as expected the hole
effective mass is found to be larger than the electron effective mass
due to the flat-like VBM (see Fig. S1 in the ESIt) in both directions.
The in-plane stiffness values of x and y directions are found to be
74.836 and 74.840 N m™ ', respectively, as presented in Fig. S2
(ESIY). Besides, as also depicted in Fig. S3 (ESIT), the deformation
potentials for electrons and holes are calculated as 8.908 (8.906) eV
and 1.629 (1.976) eV for x and y directions, respectively. Conse-
quently, the electron (hole) mobility is ~500 (~200) cm*V ' s
which is comparable to previous results of monolayer GaSe.**®
Besides, it is well known that silicene has superior electron and
hole mobility, around 2 x 10° em® V"' s # at room temperature.
For the silicene/Ga,SeS heterostructure, the electron and hole
effective masses are much lower than those in the Ga,SeS one.
This is because the silicene layer contributes to the VBM and CBM,
making the dispersion stronger. The deformation potential of
electrons (holes) is decreased (increased) for the silicene/Ga,SeS
heterostructure. In comparison to the pristine Ga,SeS case, the
electronic band structure of the silicene/Ga,SeS heterostructure is
less responsive to strain. In addition, the in-plane stiffness of
the silicene/Ga,SeS heterostructure increased in both directions.
With decreasing effective electron and hole masses, deformation
potentials, and increasing in-plane stiffness, the carrier mobility
increased dramatically. Consequently, it can be concluded that the
carrier mobility of Ga,SeS may be improved by stacking with
silicene, thus widening the application range.

B The electronic properties under external electric field
effects

It is crucial to tune the electronic properties of heterostructures
to propose multi-purpose high-performance devices. We, there-
fore, examine the variation of the electronic properties and
SBHs of the silicene/Ga,SeS heterostructure in the presence of
an external electric field. The layer decomposed electronic band
spectrum of the silicene/Ga,SeS heterostructure under an
external electric field is presented in Fig. 7(a)-(g). By increasing
the magnitude of the positive (negative) electric field, the band

This journal is © the Owner Societies 2022
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(a) The layer decomposed projected electronic band structure and (b) the illustration of band alignment of the silicene/Ga,SeS heterostructure.

Table 3 Calculated effective mass m* (my), deformation potential £; (eV), in-plane stiffness Cop, (N m~%) and carrier mobility (@) (10° cm? Vs of
electrons and holes in the zigzag (x) and armchair (y) directions at room temperature (300 K) for monolayer Ga,SeS and the silicene/Ga,SeS

heterostructure

n, my, Eix Eqy Copx Copy Ly Hy
Electron
Ga,SeS 0.210 0.193 8.908 8.906 74.836 74.840 0.479 0.522
Silicene/Ga,SeS 0.148 0.169 3.806 3.784 142.108 141.942 14.664 7.943
Hole
Ga,SeS 1.767 2.231 1.629 1.976 74.836 74.840 0.212 0.115
Silicene/Ga,SeS 0.159 0.182 2.951 2.964 142.108 141.942 12.684 11.172

gap decreases (increases) with a retained direct band gap.
However, at —0.9 V A, the heterostructure becomes metallic,
and the free electron-like parabolic band occurs at I', which
crosses the Fermi level. In the plane-wave approximation (PW),
the plane-averaged potential diverges due to the periodic
boundary conditions in the excess negative charge injection.
Therefore, the excess electrons created by the negative charge
injection (external negative electric field) are located in free
electron-like bands.** In the atomic orbital (AO) approximation,
local atomic orbitals exist only in atomic regions and hence do
not contain excessive electrons. Hence, the free-electron-like
parabolic bands do not form. Therefore, we have considered
electronic band structures in the presence of the electric field in
the AO-based OpenMX 3.9 package.®> The comparison of
electronic band structures calculated with PW- and AO-based
programs is presented in Fig. S4 (see the ESIt). The electronic
band structures in the presence of the electric field are nearly
the same for all-electric field magnitudes, except for —0.9 VA™",
which is fixed by AO-based calculations.

As presented in Fig. 7(a)-(g), when the applied electric field
varies from —0.9 to 0.9 V A™%, the CBO and VBO of silicene

This journal is © the Owner Societies 2022

slightly decrease, while the CBO and VBO of Ga,SeS gradually
increase. The direction and magnitude of the electric field
affect the variation of the dipole moment. We, therefore,
investigated the evolution of the dipole moment of the sili-
cene/Ga,SeS heterostructure. The external positive electric field
in the silicene/Ga,SeS heterostructure is anti-parallel to the
intrinsic electric field. Herein, the positive electric field weak-
ens the total dipole moment, while the negative electric field
strengthens it without changing its direction. Further, we
present in Fig. 7(i) interlayer charge transfer in the presence
of an external electric field by means of Bader charge analysis.
The charge transfer from silicene to Ga,SeS decreases as the
electric field magnitude changes from —0.9 VA~ to 0.6 VA™?,
and when it reaches 0.9 V A™', the charge transfer direction
changes. Furthermore, we investigate the evolution of SBH
under an external electric field. As we mentioned earlier, the
CBO and VBO of Ga,SeS are essential to determine SBHSs.
Hence, as the CBO and VBO of Ga,SeS vary under the external
electric field, the Schottky barrier type of Ga,SeS is altered.
As depicted in Fig. 7(j), the SBH changes under the applied
external electric field, i.e., with the applied electric field in the
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Fig. 7 (a)-(g) The electronic band spectrum, the variation of (h) band gaps and dipole moments, (i) the interlayer charge transfer, and (j) the Schottky
barrier heights in the presence of a perpendicular electric field (the inset in (h) shows the schematic illustration of the perpendicular electric field).

positive direction, the SBH of the silicene/Ga,SeS hetero-
structure changes instantly from n-type to p-type. Except for
—0.9 VA, where the silicene/Ga,SeS heterostructure alters to
an ohmic contact, the n-type SBH is maintained under the
applied negative electric field. This behavior of the SBH of
silicene/Ga,Ses is different from that of the graphene/Ga, SSe
heterostructure.®® In the graphene case, the SBH changes to
p-type (n-type) with an applied negative (positive) electric field
contrary to the silicene case.

C The electronic properties under biaxial strain

In the quest for modulating the electronic properties of 2D
heterostructures, biaxial strain is one of these. Hence, we have
examined the electronic properties of the silicene/Ga,SeS
heterostructure under biaxial strain. We apply biaxial strains
from —4% to 8% at 2% intervals, by using the strain formula:
¢=(a’ — a)la’, where a' and a are the strained and unstrained
lattice constants, respectively. We have given the evolution of
structural parameters in the presence of biaxial strain in
Table 4. With the increasing magnitude of tensile (compressive)
strain, the buckling height of silicene decreases (increases),
whereas the bond lengths and angles increase (decrease). In the
meantime, the bond lengths and angles of Ga-S and Ga-Se
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increase between 4% and 8% strain magnitudes. Alterations in
structural parameters straightly influence the electronic band
structures as can also be seen in Fig. 8(a)-(g) which show the
layer decomposed electronic band structures of the silicene/
Ga,SeS heterostructure. Between —2% and 6% strain magnitudes,
the CBM and VBM shift towards the Fermi level, resulting in the
evolution of band gaps shown in Fig. 8(h). At the maximum
compressive (—4%) and tensile (8%) strain magnitudes, the
electronic band structure of silicene/Ga,SeS becomes metallic.
We also study the dipole moment variations in the presence of
biaxial strain. The evolution of total dipole moments is

Table 4 The evolution of structural parameters in the presence of biaxial
strain (strained lattice constant (a’), buckling height (9), interlayer distance
(4),bond lengths (d), and bond angles (£))

. . . d§i—Si £ Si-Si dga_s /[ Ga-S dg,a-Se / Ga-Se
e (%) a (A)o(A) 4(8) (&) (0 @w O @ O

—4  3.596 0.762 2.916 2.212 108.781 2.352 99.720 2.439 94.993
-2 3.671 0.673 2.958 2.223 111.255 2.373 101.313 2.457 96.687
0 3.746 0.596 2.978 2.244 113.190 2.396 102.857 2.476 98.297
2 3.821 0.523 2.995 2.267 114.853 2.418 104.363 2.497 99.826
4 3.896 0.455 3.001 2.295 116.182 2.441 105.864 2.519 101.295
6
8

3.971 0.400 2.995 2.327 117.107 2.464 107.363 2.542 102.688
4.046 0.369 2.971 2.365 117.610 2.487 108.847 2.567 104.017
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Fig. 8 (a)—(g) The layer decomposed electronic band structures, the evolution of (i) band gaps and total dipole moments, and (i) the Schottky barrier

heights of the silicene/Ga,SeS heterostructure under biaxial strain.

demonstrated in Fig. 8(h). The total dipole moment decreases
with increasing tensile strain magnitude while being enhanced
with increasing compressive strain magnitude. The variation of
interlayer distances is associated with the dipole moments of the
structure. Therefore, as shown in Fig. 8(h), the total dipole
moment changes with the evolution of interlayer distances under
the biaxial strain, as given in Table 4. We further investigate
whether the SBH of silicene/Ga,SeS is tunable in the presence of
the biaxial strain. When compressive strain is applied to the
silicene/Ga,SeS heterostructure, the CBO and VBO of Ga,SeS shift
upward and downward toward the Fermi level, respectively. As a
result of changes in band offsets, the SBH switches from n-type
to p-type, then to an ohmic contact, as can be seen in Fig. 8(i).
In contrast, when tensile strain is applied, the CBO and VBO of
Ga,SeS shift towards the Fermi level and switch to an ohmic
contact when the SBH strain magnitude reaches 8%.

IV Conclusion

In summary, we examine the effect of the intrinsic electric field
of Ga,SeS on the Schottky barrier formed in the silicene/Ga,SeS
heterostructure. In the pristine case, although the n-type
Schottky barrier is formed, which is similar to the silicene/GaSe

This journal is © the Owner Societies 2022

heterostructure, the SBH is altered. This can be attributed to
the intrinsic electric field in Ga,SeS. Further, we investigate
whether the Schottky barrier height of the silicene/Ga,SeS
heterostructure can be tuned with electric field and strain.
Accordingly, we analyze the variation of the electronic band
gap, interlayer charge transfer, total dipole moment, and
p-type/n-type Schottky barrier height of the silicene/Ga,SeS
heterostructure under external effects. With an applied
positive electric field to the silicene/Ga,SeS heterostructure,
the Schottky barrier instantaneously changes from n-type to
p-type, while, with a negative electric field, the Schottky barrier
remains n-type until —0.9 V A~' which is the value of the
transition from the Schottky contact to an ohmic contact.
Moreover, a transition from n-type to p-type is observed when
compressive strain is applied to the silicene/Ga,SeS hetero-
structure. Eventually, the effect of the external electric field
and biaxial strain on the silicene/Ga,SeS heterostructure has a
critical impact on the tuning of Schottky barrier height and
hence the device performance.
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