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An analysis of Schottky barrier in silicene/Ga2SeS
heterostructures by employing electric field and
strain†

R. Caglayan,a H. E. Gulera and Y. Mogulkoc *b

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/Ga2SeS heterostructure has a critical impact on

the tuning of the Schottky barrier height. The findings such as the variation of the electronic band gap,

interlayer charge transfer, total dipole moment, and n-type/p-type Schottky barrier transitions of the

silicene/Ga2SeS heterostructure under external effects imply that the device performance can be

adjusted with Janus 2D materials.

I 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,1–4 photocatalysis,5–7 gas sensors,8–10 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.11 Nevertheless, 2D Janus MoSSe
and WSSe which are considered pioneering Janus materials have
been studied experimentally with different approaches.12–14

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.15–19 It has been demonstrated that
these materials are suitable for optoelectronic applications due
to their indirect band gaps19,20 and high photoresponsivity.21

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.22–25

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,26–30 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.31 The buckling in silicene occurs due to the
pseudo-Jahn–Teller distortion, which results in the mixed
sp2–sp3 hybridization. Also, the buckling provides not only
stability but also freedom in adjusting the electronic properties
of silicene.32,33

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.34–38 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.39 Hence, this has given rise to the idea that
Schottky contacts can be used as gas sensors. From this, Quang
et al.40 have shown that a graphene/SnO2 Schottky contact-based
gas sensor displays a low operating temperature of 150 1C with an
enhanced response/recovery time. Further, Kwon et al.41 have
revealed that the carrier mobility of MoS2 increased with the
lowering of Schottky barrier height (SBH). Moreover, He et al.42

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.43–47 In addition, it has been
shown by Le et al.48 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 Ga2SeS on the Schottky barrier height in this
study. Moreover, we examine the electronic properties of the
silicene/Ga2SeS 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 Ga2SeS is highly sensitive to
external effects and that changing the magnitudes of the
electric field and strain can improve the device performance.

II Method

The first principles calculations based on density functional
theory (DFT) were performed using the projected augmented
wave (PAW) method49 implemented in the Vienna ab initio
simulation package (VASP).50–53 The generalized gradient
approximation (GGA) formulated by Perdew–Burke–Ernzerhof
(PBE)54 was taken as the exchange–correlation functional.
To obtain a more accurate energy band gap, a Heyd–Scuseria–
Ernzerhof (HSE06)55,56 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 method57 with
a 16 � 16 � 1 k-point mesh. To describe the effect of
vdW interactions between two layers, the DFT-D2 method58

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 Å�1. The energy
convergence criterion between two sequential steps was taken
to be 10�8 eV. The vacuum spacing along the z-direction to
prevent interactions between adjacent layers was employed as
25 Å. The Bader charge analysis developed by Henkelman
et al.59–61 was performed to investigate the charge transfer
between two layers. The phonon spectrum was determined by
using the PHONOPY62 code based on density functional per-
turbation theory (DFPT) with employing a 4 � 4 � 1 supercell
approximation. The thermodynamic stability of the silicene/
Ga2SeS heterostructure was further investigated by using
ab initio molecular dynamics (AIMD) simulations. The system
has been regarded as a canonical ensemble, with a 4 � 4 � 1
supercell and the Andersen thermostat. The temperature was

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:63

m ¼ e�h3C2D

kBTm�mdE1
2

(1)

where e, h�, kB, 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* = h�2 [q2E/q2k]�1 and md = (mxmy)1/2

is the average effective mass. E1 is the deformation potential and
is defined by the formula: E1 = Eedge/(de), where Eedge represents
the energy shifting of the conduction band minimum and
valence band maximum in the presence of strain. C2D denotes
the in-plane stiffness and is defined by the formula: C2D =
2[q2Etot/qe

2]/S0, where Etot is the total energy and S0 is the total
area of the unit cell.

III Results and discussion
A Structural analysis and electronic properties of the pristine
heterostructure

We first perform the structural optimization of pristine silicene
and Ga2SeS monolayers. The lattice parameters of silicene and
Ga2SeS are 3.87 Å and 3.73 Å, respectively, which are compatible
with previous studies.25,64,65 We also calculated the cohesive
energy (Ecoh), which is a crucial parameter indicating the
synthesis feasibility of monolayer Ga2SeS.66 The cohesive
energy is calculated by using the formula: Ecoh = [nGaEGa +
nSeESe + nSES � EGa2SeS]/ntot, where EGa2SeS is the total energy of
the system ESe and ES are the single atom energies of Se and S
atoms, respectively. nGa, nSe, and nS are the numbers of Ga, Se,
and S atoms, respectively, and ntot is the total number of atoms
in the unit cell. We first calculated the Ecoh 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.19 After
that, we have found that the Ecoh value of Ga2SeS is 2.591 eV,
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 Ga2SeS 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.67 We, therefore, calculate
the binding energies of the stacking patterns which is expressed
by Eb = Esilicene/Ga2SeS � Esilicene � EGa2SeS where Esilicene/Ga2SeS,
Esilicene, and EGa2SeS represent the total energies of the structures.
All stacking patterns are negative proving the structural stability,
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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/Ga2SeS heterostructure
is shown in Fig. 2(a). The lattice parameter of the silicene/Ga2SeS
heterostructure is 3.75 Å, 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/Ga2SeS 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 (dSi–Si)
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 Ga2SeS mono-
layers are presented in Fig. 4. As also given in Table 2, silicene is
a semi-metal, and Ga2SeS is an indirect semiconductor with a
band gap value of 2.02 eV (3.18 eV) for PBE (HSE06) approxi-
mation. The silicene/Ga2SeS 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/Ga2SeS heterostructures, we take into
account charge densities, electrostatic potential, and dipole

moments. In Fig. 5(a), we plot the plane-averaged charge
density difference along the z-direction by using the formula:

Dr(z) = rsilicene/Ga2SeS � rsilicene � rGa2SeS (2)

where rsilicene/Ga2SeS, rsilicene, and rGa2SeS denote the plane-
averaged charge density values of silicene/Ga2SeS, silicene
and Ga2SeS, respectively. The charge is accumulated in Ga2SeS
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 Ga2SeS 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 Ga2SeS. 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
Ga2SeS monolayer, was found to be �0.016 eÅ (�0.077
Debye).68 The negative sign denotes that the intrinsic electric
field is directed from Se to S. Likewise, the silicene/Ga2SeS
heterostructure has a dipole moment correlated to the inter-
layer charge transfer and the intrinsic electric field. For the
silicene/Ga2SeS heterostructure, the total dipole moment is in
the same direction as the interlayer charge transfer. Never-
theless, the intrinsic dipole moment of the monolayer Ga2SeS
strengthens the total dipole moment of the silicene/Ga2SeS
heterostructure (see Table 2).

Moreover, in Fig. 6, we present the layer-dependent projected
electronic band structure and the band alignment of the silicene/
Ga2SeS 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/Ga2SeS 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

Fig. 1 The possible stacking patterns of silicene/Ga2SeS vdW heterostructures: (a) AA1, (b) AA2, (c) AB1, (d) AB2, (e) AB3, and (f) AB4.

Table 1 Binding energies of silicene/Ga2SeS heterostructures for the AA1,
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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structures is taken into account using the formula fw = Evac � EF.
Here Evac and EF indicate the vacuum and the Fermi energies,
respectively. The work functions of silicene, Ga2SeS, and the
silicene/Ga2SeS heterostructure are given in Fig. 6(b), and the
results are consistent with previous studies.25,65 It is known that
the band alignments of vdW heterostructures are defined by the

contributions of the layers to the VBM and CBM.69 Thus, type-I
band alignment occurs at the interface, as silicene contributes to
both the CBM and VBM in the silicene/Ga2SeS heterostructure.
We also study the phenomenon which emerges in metal/semi-
conductor heterostructures called SBH. Based on the Schottky–
Mott39 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:
fB,p = EF � ESC

V and fB,n = ESC
C � EF, respectively, where EF is the

Fermi energy, ESC
C is the conduction band offset (CBO) of the

semiconductor, and ESC
V is the valence band offset (VBO) of

the semiconductor. We found the fB,p (fB,n) SBHs for the sili-
cene/Ga2SeS heterostructure to be 0.923 eV (0.841 eV), indicating
that the heterostructure is an n-type Schottky contact. The potential
step (DV) of the interface is determined by the formula: DV =
jsilicene/Ga2SeS� jsilicene. The potential step at the interface is related
to the charge transfer between the layers, i.e., greater charge
transfer means a higher potential step. The potential step (DV)
across the interface of the silicene/Ga2SeS heterostructure is 0.26 eV
(in Fig. 6(b)), which is similar to that of GaSe/graphene.43 Electron
affinity (w) 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/Ga2SeS heterostructures, which are given in
Fig. 6(b), by using the formulas wGa2SeS = Evac � ESC

C and IPGa2SeS =
Evac � ESC

V , respectively.70

The carrier mobility is a parameter that is essential for efficiency
in electronic,71–73 photovoltaic74,75 and photocatalytic76–78 applica-
tions. However, most semiconductors have low carrier mobilities,79

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 Ga2SeS and the silicene/Ga2SeS

Fig. 2 (a) Top and side views, (b) phonon spectrum, and (c) electronic band structure of silicene/Ga2SeS heterostructures.

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).
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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

structures of orthogonal pristine Ga2SeS and the silicene/Ga2SeS
heterostructure are presented in Fig. S1 (ESI†). We have calculated
the effective electron ðm�eÞ and hole ðm�hÞ 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, i.e., a small (high) effective
mass indicates a high (small) carrier mobility.76,78 We listed the
essential parameters required to find carrier mobility (effective
mass (m*) and deformation potential (E1)), and in-plane stiffness
(C2D,x) in Table 3. For monolayer Ga2SeS, 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 ESI†) in both directions.
The in-plane stiffness values of x and y directions are found to be
74.836 and 74.840 N m�1, respectively, as presented in Fig. S2
(ESI†). Besides, as also depicted in Fig. S3 (ESI†), 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 B500 (B200) cm2 V�1 s�1,
which is comparable to previous results of monolayer GaSe.80–82

Besides, it is well known that silicene has superior electron and
hole mobility, around 2 � 105 cm2 V�1 s�1 83 at room temperature.
For the silicene/Ga2SeS heterostructure, the electron and hole
effective masses are much lower than those in the Ga2SeS 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/Ga2SeS
heterostructure. In comparison to the pristine Ga2SeS case, the
electronic band structure of the silicene/Ga2SeS heterostructure is
less responsive to strain. In addition, the in-plane stiffness of
the silicene/Ga2SeS 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 Ga2SeS 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/Ga2SeS heterostructure in the presence of
an external electric field. The layer decomposed electronic band
spectrum of the silicene/Ga2SeS 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

Table 2 Structural parameters of silicene, Ga2SeS and the silicene/Ga2SeS heterostructure (lattice constant (a), buckling height (d, Å), interlayer distance
(D), binding energy (Eb), bond lengths (d), electronic band gap (E), interlayer charge transfer (DQ), and total dipole moment (m))

a (Å) d (Å) D (Å) Eb (eV) dSi–Si (Å) dGa–Ga (Å) dGa–S (Å) dGa–Se (Å) EPBE (eV) EHSE (eV) DQ (|e|) m (eÅ)

Silicene 3.868 0.468 — — 2.271 — — — SMa 0.034 — 0
Ga2SeS 3.731 — — — — 2.438 2.372 2.452 2.392b 3.180b — �0.016
Silicene/Ga2SeS 3.746 0.597 2.978 �0.139 2.244 2.442 2.396 2.476 0.165 0.215 0.024 �0.017

a Semi-metallic. b Indirect band gap.

Fig. 4 The electronic band structures of pristine (a) Ga2SeS and (b)
silicene in both PBE and HSE06 methods.

Fig. 5 (a) Plane-averaged charge density difference (the inset shows the
isosurface with a charge density difference between silicene and Ga2SeS
layers of 0.002 eÅ�3; the yellow and blue colors indicate electron accu-
mulation and depletion, respectively), (b) plane-averaged electrostatic
potential of the silicene/Ga2SeS heterostructure, and (c) and (d) band-
decomposed charge-density differences.
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gap decreases (increases) with a retained direct band gap.
However, at �0.9 V Å�1, the heterostructure becomes metallic,
and the free electron-like parabolic band occurs at G, 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.84 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.85 The comparison of
electronic band structures calculated with PW- and AO-based
programs is presented in Fig. S4 (see the ESI†). The electronic
band structures in the presence of the electric field are nearly
the same for all-electric field magnitudes, except for�0.9 V Å�1,
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 Å�1, the CBO and VBO of silicene

slightly decrease, while the CBO and VBO of Ga2SeS 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/Ga2SeS heterostructure. The external positive electric field
in the silicene/Ga2SeS 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 Ga2SeS decreases as the
electric field magnitude changes from �0.9 V Å�1 to 0.6 V Å�1,
and when it reaches 0.9 V Å�1, 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 Ga2SeS are essential to determine SBHs.
Hence, as the CBO and VBO of Ga2SeS vary under the external
electric field, the Schottky barrier type of Ga2SeS 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

Fig. 6 (a) The layer decomposed projected electronic band structure and (b) the illustration of band alignment of the silicene/Ga2SeS heterostructure.

Table 3 Calculated effective mass m* (m0), deformation potential E1 (eV), in-plane stiffness C2D,x (N m�1) and carrier mobility (�m) (103 cm2 V�1 s�1) of
electrons and holes in the zigzag (x) and armchair (y) directions at room temperature (300 K) for monolayer Ga2SeS and the silicene/Ga2SeS
heterostructure

m�x m�y E1,x E1,y C2D,x C2D,y �mx �my

Electron
Ga2SeS 0.210 0.193 8.908 8.906 74.836 74.840 0.479 0.522
Silicene/Ga2SeS 0.148 0.169 3.806 3.784 142.108 141.942 14.664 7.943
Hole
Ga2SeS 1.767 2.231 1.629 1.976 74.836 74.840 0.212 0.115
Silicene/Ga2SeS 0.159 0.182 2.951 2.964 142.108 141.942 12.684 11.172
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positive direction, the SBH of the silicene/Ga2SeS hetero-
structure changes instantly from n-type to p-type. Except for
�0.9 V Å�1, where the silicene/Ga2SeS 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/Ga2SeS is different from that of the graphene/Ga2 SSe
heterostructure.86 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/Ga2SeS
heterostructure under biaxial strain. We apply biaxial strains
from �4% to 8% at 2% intervals, by using the strain formula:
e = (a0 � a)/a0, where a0 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

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/
Ga2SeS 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/Ga2SeS becomes metallic.
We also study the dipole moment variations in the presence of
biaxial strain. The evolution of total dipole moments is

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).

Table 4 The evolution of structural parameters in the presence of biaxial
strain (strained lattice constant (a0), buckling height (d), interlayer distance
(D),bond lengths (d), and bond angles (+))

e (%) a0 (Å) d (Å) D (Å)
dSi–Si

(Å)
+Si–Si
(1)

dGa–S

(Å)
+Ga–S
(1)

dGa–Se

(Å)
+Ga–Se
(1)

�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 3.971 0.400 2.995 2.327 117.107 2.464 107.363 2.542 102.688
8 4.046 0.369 2.971 2.365 117.610 2.487 108.847 2.567 104.017
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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/Ga2SeS is tunable in the presence of
the biaxial strain. When compressive strain is applied to the
silicene/Ga2SeS heterostructure, the CBO and VBO of Ga2SeS 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
Ga2SeS 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 Ga2SeS on the Schottky barrier formed in the silicene/Ga2SeS
heterostructure. In the pristine case, although the n-type
Schottky barrier is formed, which is similar to the silicene/GaSe

heterostructure, the SBH is altered. This can be attributed to
the intrinsic electric field in Ga2SeS. Further, we investigate
whether the Schottky barrier height of the silicene/Ga2SeS
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/Ga2SeS
heterostructure under external effects. With an applied
positive electric field to the silicene/Ga2SeS 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 Å�1 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/Ga2SeS hetero-
structure. Eventually, the effect of the external electric field
and biaxial strain on the silicene/Ga2SeS heterostructure has a
critical impact on the tuning of Schottky barrier height and
hence the device performance.
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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/Ga2SeS heterostructure under biaxial strain.
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R. B. Pontes and R. H. Miwa, et al., Metal Chalcogenides
Janus Monolayers for Efficient Hydrogen Generation by
Photocatalytic Water Splitting, ACS Appl. Nano Mater.,
2019, 2(2), 890–897, DOI: 10.1021/acsanm.8b02135.

8 R. Chaurasiya and A. Dixit, Defect engineered MoSSe Janus
monolayer as a promising two dimensional material for
NO2 and NO gas sensing, Appl. Surf. Sci., 2019, 490,
204–219. Available from: https://www.sciencedirect.com/
science/article/pii/S016943321931743X.

9 D. Wang, T. Lan, J. Pan, Z. Liu, A. Yang and M. Yang, et al.,
Janus MoSSe monolayer: a highly strain-sensitive gas sen-
sing material to detect SF6 decompositions, Sens. Actuators,
A, 2020, 311, 112049. Available from: https://www.sciencedir
ect.com/science/article/pii/S0924424720303083.

10 K. Pang, Y. Wei, W. Li, X. Zhou, Y. Jiang and J. Yang, et al.,
Highly sensitive gas sensing material for polar gas molecule

based on Janus group-III chalcogenide monolayers: a first-
principles investigation, Sci. China Technological Sci., 2020,
63(8), 1566–1576. Available from: https://link.springer.com/
article/10.1007/s11431-020-1616-9.

11 D. B. Trivedi, G. Turgut, Y. Qin, M. Y. Sayyad, D. Hajra and
M. Howell, et al., Room-Temperature Synthesis of 2D Janus
Crystals and their Heterostructures, Adv. Mater., 2020,
32(50), 2006320. Available from: https://onlinelibrary.wiley.
com/doi/abs/10.1002/adma.202006320.

12 A. Y. Lu, H. Zhu, J. Xiao, C. P. Chuu, Y. Han and M. H. Chiu,
et al., Janus monolayers of transition metal dichalcogen-
ides, Nat. Nanotechnol., 2017, 12(8), 744–749. Available
from: https://www.nature.com/articles/nnano.2017.100.

13 J. Zhang, S. Jia, I. Kholmanov, L. Dong, D. Er and W. Chen,
et al., Janus Monolayer Transition-Metal Dichalcogenides,
ACS Nano, 2017, 11(8), 8192–8198, DOI: 10.1021/acsna-
no.7b03186, PMID: 28771310.

14 Y. C. Lin, C. Liu, Y. Yu, E. Zarkadoula, M. Yoon and
A. A. Puretzky, et al., Low Energy Implantation into
Transition-Metal Dichalcogenide Monolayers to Form Janus
Structures, ACS Nano, 2020, 14(4), 3896–3906, DOI: 10.1021/
acsnano.9b10196.

15 Y. Ma, Y. Dai, M. Guo, L. Yu and B. Huang, Tunable
electronic and dielectric behavior of GaS and GaSe mono-
layers, Phys. Chem. Chem. Phys., 2013, 15, 7098–7105, DOI:
10.1039/C3CP50233C.

16 G. W. Mudd, S. A. Svatek, T. Ren, A. Patanè, O. Makarovsky
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