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Two-dimensional Janus structures with vertical intrinsic electric fields exhibit many interesting physical
properties that are not possible with symmetric materials. We systematically investigate the structural, electronic,
and transport properties of quintuple-layer atomic Janus Ga2SX2 (X = O, S, Se, Te) monolayers using the
first-principles calculations. The stability of the Janus structures is evaluated via the analysis of their phonon
dispersion curves, cohesive and formation energies, and elastic constants. The existence of a vertical internal
electric field due to the lack of mirror symmetry has resulted in a vacuum level difference between the two
sides of the investigated Janus structures. At the ground state, while the Janus Ga2SO2 is metallic, the other
three configurations (Ga2S3, Ga2SSe2, and Ga2STe2) are semiconductors with indirect band gaps. The electronic
properties of Ga2SX2 monolayers can be altered by strain engineering. In particular, the indirect–direct band gap
and semiconductor-metal phase transitions were observed when the biaxial strain was introduced. The carrier
mobilities of the semiconducting Janus monolayers are directional anisotropic due to their anisotropy of the
deformation potential constant. It is found that all three semiconducting Janus monolayers have high electron
mobility, up to 930.34 cm2/V s, which is suitable for applications in next-generation electronic devices.
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I. INTRODUCTION

The successful exploration of graphene [1] has greatly
spurred both experimental and theoretical studies of two-
dimensional (2D) layered nanomaterials. As a result, a
number of new 2D structures have been found, includ-
ing germanene [2], silicene [3], antimonene [4], bismuthene
[5], transition-metal dichalcogenides [6,7], and monochalco-
genides [8–10]. With many unique physical properties, 2D
layered nanomaterials have become the hottest topic of the
past two decades [11], and in fact, they have been widely
applied in nanoelectronic, optoelectronic, and nanoelectrome-
chanical (NEM) devices. In addition, a new form of 2D
layered nanomaterials, vertical asymmetric Janus structure,
has been reported with extraordinary physical properties
[12,13]. A lot of research has been devoted to the asymmet-
ric Janus monolayers [14,15], particularly the Janus group
III monochalcogenide monolayers [16–20]. With the verti-
cal asymmetric structures, 2D Janus structures possess many
novel physical properties that do not exist in 2D buckled
structures with vertical mirror symmetry.

Recently, different types of 2D five-atom-thick structures
based on post-transition metals and chalcogen elements, such
as Ga2S3 and In2Se3, have been experimentally synthesized
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using various methods [21–25]. In2S3 structure has been in-
vestigated for over 100 years [26]. At the bulk form, In2S3 can
exist in two crystalline phases, namely α-In2S3 and β-In2S3

structures [27]. Recent theoretical works have focused on the
electronic and piezoelectric properties of the 2D structures
of these materials [28–30]. Fu et al. have indicated that the
�2�3 (� = Ga, In; � = S, Se, Te) monolayers are indi-
rect semiconductors with the energy gap decreasing with an
increasing atomic size of the � and � elements [28]. In
particular, these �2�3 monolayers have been confirmed to
serve as photocatalysts in applications for water splitting. In
addition, the band gaps of Ga2S3, Ga2Se3, In2S3, and In2Se3

are highly dependent on the number of layers, and they ex-
hibit very high in-plane piezoelectric properties [30]. More
importantly, strong out-of-plane second-harmonic-generation
properties in Ga2S3, Ga2Se3, In2S3, and In2Se3 structures
have been reported [30]. Due to its vertical asymmetric struc-
ture, the existence of out-of-plane piezoelectricity [31] and
ferroelectricity [32] has also been reported in the In2Se3

monolayer. Further, the coexistence of ferroelectricity and
ferromagnetism in In2Se3-doped transition-metal atoms has
been observed by Zhang et al. [33]. Liao et al. have indicated
that the Ga2O3 monolayer is also an indirect semiconductor
and its band gap depends strongly on the strain engineering
[34]. In particular, the indirect–direct-band-gap transition was
also found in the Ga2O3 monolayer when the strain was in-
troduced [34]. The Ga2O3 monolayer has quite high electron
mobility (about 6 × 103 cm2/V s) and it can be increased
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over 7 × 103 cm2/V s by biaxial strain engineering [34]. It
was found that the Ga2O3 monolayer was predicted to have
excellent dynamic and thermal stability and is expected to be
experimentally synthesized. Very recently, the Ga2O3 mono-
layer was found to have a low lattice thermal conductivity and
extraordinary vibrational properties [35]. With superior phys-
ical properties, the quintuple-layer atomic structures based on
the group III post-transition metals and chalcogen elements
are predicted to have great advantages in applications in next-
generation optoelectronic and power electronic devices.

Janus structures with two different surfaces have recently
emerged as very interesting objects due to their outstanding
physical properties. Although many 2D post-transition-metal
chalcogenide nanosheets have been successfully synthesized
experimentally [9,10,21,22], there are only a few reports
on experimental synthesis of 2D Janus materials [12,13].
Inspired by the unique physical properties of the existing
Janus structures and the recent successful synthesis of Ga2S3

experimentally [21,22], we construct and systematically in-
vestigate the structural, electronic, and transport properties
of the quintuple-layer atomic Janus Ga2SX2 (X = O, S, Se,
Te) monolayers using the density functional theory (DFT).
In this paper, we focus first on the structural properties and
stability of the Janus Ga2SX2 monolayers. The stability of the
Janus monolayer is examined via an analysis of its phonon
spectra as well as a mechanical stability assessment based
on Born’s criteria for mechanical stability. The focus of this
paper is on the electronic and transport properties of the
Janus Ga2SX2 monolayers. In addition, the influence of bi-
axial strain engineering on the electronic properties as well as
the extraordinary characteristics of electron states due to the
vertical asymmetrical structure of Janus monolayers will also
be investigated.

II. COMPUTATIONAL DETAILS

All calculations in this work are based on the DFT method
using the QUANTUM ESPRESSO code [36]. The exchange-
correlation interaction was treated by the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
[37]. We also use the DFT-D2 approach suggested by Grimme
[38] to investigate the long-range weak van der Waals interac-
tions in quintuple-layer atomic Janus Ga2SX2 (X = O, S, Se,
Te) monolayers. In addition, spin-orbit coupling (SOC) was
included in self-consistent calculations for electronic states
of the investigated structures [39]. The projected augmented
wave (PAW) was used in our calculations to investigate the
interaction between nuclei and electrons. The cutoff energy
for the plane-wave basis is selected to be 500 eV (37 Ry),
and a cutoff of 4500 eV (331 Ry) was used for the charge
density and potential. The Brillouin zone was sampled of a
(15 × 15 × 1) k-mesh based on the Monkhorst-Pack scheme.
The convergence criteria for the total energy is selected to
be 10−6 eV, and the optimized atomic structures of the Janus
monolayers were achieved when the forces on all atoms were
less than 0.001 eV/Å. In all calculations, a vacuum spacing of
30 Å was adopted along the z-direction to reduce the interac-
tions between adjacent layers. Dipole correction was included
to treat the errors induced by the periodic boundary condi-
tions in the electrostatic potential calculations of the Janus
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FIG. 1. The top (a) and side (b) views of Ga2SX2 (X = O, S, Se,
Te). (c) Unit-cell of Ga2SX2.

structures [40]. Further, the Heyd-Scuseria-Ernzerhof func-
tional (HSE06) [41] was also used to correct the band
structure of the quintuple-layer atomic Janus Ga2SX2 mono-
layers.

The phonon spectra of the investigated Janus monolayers
are calculated based on the density functional perturbation
theory (DFPT) method [42] through the QUANTUM ESPRESSO

code [36]. We built an 8 × 8 × 1 supercell for calculations of
phonon dispersions. A large supercell can be guaranteed to
converge and yield an accurate result. The Born’s criterion for
mechanical stability was used to evaluate the mechanical sta-
bility of the Janus Ga2SX2 monolayers [43,44]. The mobilities
of the Janus monolayers were calculated via the deformation
potential approximation [45].

III. STRUCTURE AND STABILITY

The optimized atomic structures of Ga2SX2 (X = O, S,
Se, Te) are shown in Fig. 1. The atomic structure of the
Ga2SX2 monolayer consists of five atomic layers stacking
in the order X -Ga-S-Ga-X . Note that when X = S, we get
the structure Ga2S3. Hence, we consider four configurations,
including Ga2SO2, Ga2S3, Ga2SSe2, and Ga2STe2. The unit
cell of Ga2SX2 monolayers contains five atoms, and its lattice
constant varies from 3.31 to 3.99 Å. The lattice constant a
of Ga2SX2 increases when the element X changes from O
to Te. This is because Ga-X bond lengths increase with the
size of the X atoms, and the lattice constant a is proportional
to Ga-X bond lengths. The calculated lattice parameters of
Ga2SX2 monolayers are listed in Table I. Our calculations
for the lattice parameters of Ga2S3 are comparable with the
available data reported by Fu et al. [28]. To date, data for other
monolayers of Ga2SX2 are not yet available for comparison.

To estimate the covalent bond strength in Ga2SX2 mono-
layers, we investigate their cohesive energy Ecoh, which is
expressed as follows:

Ecoh = NGaEGa + NSES + NX EX − EGa2SX2

NGa + NS + NX
, (1)

where EGa, ES, and EX are the single-atom energies of the Ga,
S, and X elements, respectively; EGa2SX2 is the total energy
of the Ga2SX2 monolayer; and NGa, NS, and NX refer to the
number of atoms of Ga, S, and X in the unit cell. It is found
that all four structures of Ga2SX2 are energetically favorable,
and Ga2SO2 is the most energetically stable monolayer with
EGa2SO2

coh = 5.24 eV. The obtained results for the cohesive en-
ergy of Ga2SX2 structures are also summarized in Table I.
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TABLE I. Calculated lattice constant a, bond lengths d , bond angles θ , thickness, cohesive energy Ecoh, and formation energy Ef of the
Janus Ga2SX2 (X = O, S, Se, Te) monolayers (X = S refers to Ga2S3). Ga1 (Ga2) refers to the Ga atoms in the lower (upper) layer, as shown
in Fig. 1.

a dGa1-S dGa2-S dGa1-X dGa2-X φ∠Ga1X Ga2 φ∠X Ga1X φ∠X Ga2X �h Ecoh Ef

(Å) (Å) (Å) (Å) (Å) (deg) (deg) (deg) (Å) (eV/atom) (eV/atom)

Ga2SO2 3.31 2.25 2.53 2.00 2.03 130.85 112.34 109.33 5.15 5.24 −0.83
Ga2S3 3.60 2.21 2.59 2.34 2.39 126.43 100.51 98.09 5.99 4.41 −0.74
Ga2SSe2 3.73 2.22 2.63 2.46 2.51 124.80 98.76 96.18 6.19 4.13 0.28
Ga2STe2 3.99 2.23 2.72 2.65 2.71 122.14 97.69 94.79 6.41 3.77 0.64

To consider the possibility for experimental synthesis, we
also calculate the formation energy E f of Janus Ga2SX2 as
follows [46]:

E f = EGa2SX2 − (
EGa2S3 − 2ES + 2EX

)

NGa + NS + NX
, (2)

where EGa2S3 is the energy of the Ga2S3 monolayer. By this
definition, the investigated monolayers are energetically fa-
vorable when their formation energy is negative. The negative
formation energy demonstrates that the realization of the
Janus structure is exothermic, while the process is endother-
mic when E f is positive. The formation energy of Ga2S3

(reference material), which is evaluated through its total en-
ergy and the chemical potential of elements in its bulk phase,
is found to be −0.74 eV/at. The obtained results for the
formation energy are summarized in Table I. We can see that
the E f of Janus Ga2O3 is the most energetically favorable
structure. In a previous study, Cheng et al. revealed that the
stability of 2D materials can be enhanced by biaxial tensile
strain [47]. In the case of Ga2SSe2 and Ga2STe2 monolay-
ers, our calculated results indicate that their stability is only
slightly enhanced by biaxial tensile strain.

We next calculate the phonon dispersion curves of Ga2SX2

monolayers to evaluate their dynamical stability. The struc-
tures are confirmed to be dynamically stable when their
phonon spectra contain only positive frequencies. In Fig. 2,
we show the phonon spectra of Ga2SX2 monolayers. There are
five atoms in the unit cell of Ga2SX2. Therefore, their phonon
dispersions have 15 vibrational branches. Three acoustic
branches are in the low-frequency regions, and the optical

branches are in the higher-frequency regions. From Fig. 2,
we can see that there is no gap between optical and acoustic
phonon branches, which may lead to the strong optical-
acoustic scattering. The frequencies of the optical branches
decrease as the X element changes from O to Te. The crystal
symmetry of Ga2SX2 monolayers belongs to the C3v group. At
the 	-point, the vibrational modes of Ga2SX2 are decomposed
into 	C3v

= 5A1 ⊕ 5E . In the optical phonon modes, both
nondegenerate and doubly degenerate phonon modes occur
at the high-symmetry 	 point. The nondegenerate phonon
modes are the A1 vibrational modes, and the doubly degen-
erate phonon modes are the E modes. The nondegenerate
phonon modes (A1) represent the out-of-plane optical (ZO)
modes. Meanwhile, the doubly degenerate phonon mode at
the high-symmetry 	 point is a combination of the in-plane
transverse optical (TO) and the in-plane longitudinal optical
(LO) modes. Sohier et al. have also proposed a method to
correct the LO-TO splitting in the 2D structures based on
the DFPT method [48]. More importantly, the absence of
imaginary phonon modes as shown in Fig. 2 confirms that
Ga2SX2 monolayers are dynamically stable. It is also worth
noting that the obtained results for the phonon spectrum are
important information for evaluating the stability of a mate-
rial. Phonon calculations are necessary before synthesizing
materials experimentally. However, several 2D materials are
found to be both dynamically and thermodynamically stable
with the theoretical calculations, but they are stable only with
the supporting metal substrates [49–52].

Further, we examine the mechanical stability of Ga2SX2

monolayers based on an analysis of their elastic constants

FIG. 2. Phonon dispersion curves of Ga2SX2 (X = O, S, Se, Te) monolayers.
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TABLE II. Calculated elastic constant Ci j , Young’s modulus Y2D,
and Poisson’s ratio ν of Ga2SX2 (X = O, S, Se, Te) monolayers.

C11 C12 C66 Y2D

(N/m) (N/m) (N/m) (N/m) ν

Ga2SO2 144.59 64.21 40.19 116.08 0.44
Ga2S3 115.46 43.44 36.01 99.11 0.38
Ga2SSe2 87.33 47.17 20.08 61.68 0.54
Ga2STe2 77.35 27.57 24.89 67.53 0.36

Ci j . From the calculated elastic constants, we can evaluate
the mechanical stability of the investigated materials via a
comparison with Born criteria for mechanical stability. In
principle, we need to calculate four independent elastic con-
stants (C11, C22, C12, and C66). Other elastic parameters,
including Young’s modulus Y2D and Poisson’s ratio ν, can
be deduced from the elastic constants Ci j . However, due to
the symmetric structure (space group P3m1) of Ga2SX2, we
have to calculate only two constants C11 and C12. This is due
to C22 = C11, and C66 can be attained via the expression as
C66 = (C11 − C12)/2. The elastic stiffness coefficients can be
attained by polynomial fitting the uniaxial strain dependence
of the elastic energy. The elastic energy of the investigated
monolayers under uniaxial strains εx and εy along two in-
plane directions is evaluated. In the present paper, the uniaxial
strains εx and εy from −0.02 to 0.02 with a step of 0.005 are
used to estimate the strain dependence of the elastic energy.
This method has been successfully used to evaluate the elastic
coefficients of 2D layered nanostructures [18,53,54].

The elastic parameters Y2D, 2D shear modulus G2D, and ν

along the armchair/zigzag-direction for Ga2SX2 can be writ-
ten as follows [44]:

Y2D = C2
11 − C2

12

C11
, (3)

G2D = C66, (4)

ν = C12

C11
. (5)

The calculated elastic parameters of all four configurations
of Ga2SX2 are presented in Table II. It is demonstrated that
all four structures of Ga2SX2 with elastic constants obey
Born’s criteria for mechanical stability, that is, C11 > 0 and
C2

11 − C2
12 > 0 [44]. This implies that all investigated struc-

tures are mechanically stable. As shown in Table II, the value
of C11 of Ga2SX2 decreases when the X element changes
from O to Te. However, the value of C12 does not follow this
trend as the value C12 of Ga2SSe2 is slightly higher than that
of Ga2S3. This is possible because the difference in atomic
size between Ga and Se is small (compared to the difference
between Ga and O, S, Te) and leads to a larger coefficient of
C12. The Ga–Se bonds are located on the diagonal, as shown
in Fig. 1. This phenomenon has also been found in the Janus
GeSnSe2, where the difference in atomic size between Ge and
Se is also small [55]. Young’s modulus of Ga2SX2 ranges from
20.8 to 116.08 N/m. Young’s modulus of Ga2SX2 is generally
less than that of other typical 2D layered nanomaterials, for
instance, MoS2 (130 N/m) [56] or graphene (340 N/m) [57].
This means that structures of Ga2SX2 have greater flexibility

FIG. 3. Polar diagrams for (a) Young’s modulus Y2D(θ ) and
(b) Poisson’s ratio ν(θ ) of Ga2SX2 (X = O, S, Se, Te) monolayers.

and can withstand deformations with larger amplitudes than
graphene or MoS2.

Depending on the in-plane symmetry, Young’s modulus
and Poisson’s ratio of materials can be different in different di-
rections. The angular dependence of Young’s modulus Y2D(θ )
and Poisson’s ratio ν(θ ) of the monolayers can be written as
the following [58,59]:

Y2D(θ ) = C11C22 − C2
12

C11s4 + C22c4 − s2c2(2C12 − �)
, (6)

ν(θ ) = C12(s4 + c4) − s2c2(C11 + C22 − �)

C11s4 + C22c4 − s2c2(2C12 − �)
, (7)

where � = (C11C22 − C2
12)/C66, c = cos θ , and s = sin θ .

Here, the angle θ defines the investigated direction with re-
spect to the armchair one.

Polar diagrams for Y2D(θ ) and ν(θ ) of Ga2SX2 monolayers
are shown in Fig. 3. It is shown that the angle-dependent
Young’s modulus and Poisson’s ratio shapes are perfectly
circular shapes, suggesting that they are independent of the
angle θ , resulting from the in-plane isotropic structures of
Ga2SX2 monolayers. This is comparable with other isotropic
structures, such as graphene [60] or hexagonal Janus struc-
tures [17,61,62].

IV. ELECTRONIC PROPERTIES

In this section, we examine the electronic properties of
Ga2SX2 monolayers via the DFT calculations. The band struc-
tures of all four Ga2SX2 monolayers are examined using both
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FIG. 4. Band diagrams of Ga2SX2 at the PBE (solid curves) and HSE06 (dashed curves) levels. Small filled circles refer to the CBM and
VBM.

PBE and HSE06 methods. The band structures evaluated by
the PBE and HSE06 approaches are almost the same profile
as depicted in Fig. 4. All four Ga2SX2 monolayers are found
to be nonmagnetic materials. At the ground state, the Janus
Ga2SO2 is metallic while all other configurations (Ga2S3,
Ga2SSe2, and Ga2STe2 monolayers) are indirect semiconduc-
tors. At the PBE, the valence-band maximum (VBM) and
conduction-band minimum (CBM) of Ga2SSe2 and Ga2STe2

monolayers are located at the 	-point and the M-point in the
Brillouin zone, respectively. Meanwhile, the CBM and VBM
of Ga2S3 are located at the 	-point and on the 	M path,
respectively. Note that the difference in energy between the
CBM and the lowest energy of the conduction band at the
M-point (for Ga2S3) or the 	-point (in the cases of Ga2SSe2

and Ga2STe2) is very small. Therefore, the shifting of the
CBM and VBM leading to the indirect–direct-band-gap tran-
sitions can be expected when an external condition such as
mechanical strain or electric field is applied. The band gaps of

Ga2S3, Ga2SSe2, and Ga2STe2 monolayers are calculated to
be 1.77 (2.70), 1.33 (2.08), and 0.45 (1.04) eV at the PBE
(HSE06), respectively. The band gap of Ga2SX2 decreases
with the change of element X from S to Te. Our calculated
result for the band gap of Ga2S3 is comparable with the
previous DFT calculations [28]. It is noted that all four Ga2X3

(X = O, S, Se, Te) monolayers have been previously reported
to be indirect semiconductors [28,34]. However, to the best
of our knowledge, there has not been any report on the Janus
Ga2SX2 (Ga2SO2, Ga2SSe2, and Ga2STe2) monolayers so far.

To get insights into the atomic orbital contributions to the
formation of the electronic bands, particularly the VBM and
CBM, we estimate the weighted bands of all four monolayers
of the Janus Ga2SX2 as shown in Fig. 5. In general, the
orbitals of the Ga atoms have a great contribution to the
conduction band, while the valence band is greatly contributed
by the orbitals of the chalcogen elements. Focusing on the
semiconducting monolayers, we can see that the CBM of the
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FIG. 5. Calculated weighted bands of (a) Ga2SO2, (b) Ga2S3, (c) Ga2SSe2, and (d) Ga2STe2 using the HSE06 functional.
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FIG. 6. Calculated band structures of Ga2SO2 (a), Ga2S3 (b), Ga2SSe2 (c), and Ga2STe2 (d) monolayers using the PBE+SOC method.

Ga2S3 monolayer is mainly contributed by the Ga-s orbitals,
as shown in Fig. 5(b). The S-s orbitals also have a large con-
tribution to the conduction band, although this contribution
is somewhat smaller than that of the Ga-s orbitals. On the
other hand, the valence band near the Fermi level, including
the VBM, of the Janus Ga2S3 is mainly contributed by the
S-p orbitals. The weighted bands of Ga2SSe2 and Ga2STe2

are almost the same as depicted in Figs. 5(c) and 5(d). In
these structures, the conduction band near the Fermi level
is mainly contributed by the Ga-s orbitals. In higher-energy
regions (>4 eV), the contribution of the Ga-p orbitals to the
conduction band is dominant. Meanwhile, the valence bands
of Ga2SSe2 and Ga2STe2 are mainly contributed by the Se-p
and Te-p orbitals, respectively. In addition, the contribution
of the orbitals of the S atoms to the valence bands of both
Ga2SSe2 and Ga2STe2 is quite small compared with that of
Se and Te atoms.

The SOC effect is important in the 2D nanomaterials,
particularly compounds based on heavy elements. Here, we
investigate the influence of the SOC effect on the electronic
properties of the Janus Ga2SX2 monolayers by using the
PBE+SOC method. The calculated band structures along the
K-	-M-K high-symmetry direction of the Janus Ga2SX2 by
the PBE+SOC methods are shown in Fig. 6, from which we
can see that the influence of the SOC on the band structures of
Ga2SO2 and Ga2S3 is negligible. It is found that the metallic
characteristics of Ga2SO2 are preserved, and the band gap
of the Ga2S3 remains unchanged when the SOC is included.
In addition, no band splitting was found in both Ga2SO2

[Fig. 6(a)] and Ga2S3 [Fig. 6(b)] monolayers. However, for the
compounds containing heavier elements, including Ga2SSe2

and Ga2STe2 monolayers, the influence of the SOC on their
electronic properties is significant. As shown in Figs. 6(c)
and 6(d), we can see that, when the SOC was included, the
spin degeneracy at the VBM and CBM is removed and there
is small band splitting in the electronic bands of Ga2SSe2

and Ga2STe2. It is found that the band gap of Ga2SSe2 and
Ga2STe2 is reduced due to the influence of the SOC effect.
Due to containing the heavier element (Te), the effect of SOC
on Ga2STe2 is greater than that of other monolayers. The
calculated band gap of Ga2STe2 by the PBE+SOC method
is found to be EPBE+SOC

g = 0.17 eV, much smaller than that

at the PBE level (0.45 eV). The calculated band gap by the
PBE+SOC method is also summarized in Table III.

One of the most important characteristics of electrons is
the work function. The work function is a quantity used to
evaluate the electron’s ability to escape from the surfaces of
a material. The work function � can be calculated based on
the vacuum level Evac and the Fermi level EF, which can
be determined from electrostatic potential calculations. The
planar average electrostatic potentials of Ga2SX2 monolayers
are shown in Fig. 7. In the vertical symmetric structures,
there is only a single vacuum level. However, for asymmetric
materials, there will be two different vacuum levels on the two
sides of the material. The breaking of the mirror symmetry
led to the formation of intrinsic electric fields inside the Janus
structures [28]. Therefore, it is necessary to use dipole cor-
rection to investigate the Janus asymmetrical structures. The
dipole correction is used to treat the errors induced by the pe-
riodic boundary conditions [40]. The difference in the vacuum
level between two sides �� depends on the electronegativity
difference between atomic layers [63]. It is found that the
vacuum level difference �� decreases when the element X
changes from O to Te, from 1.67 eV for Ga2SO2 to 0.94 eV
for Ga2STe2. This changing trend is consistent with previous
calculations in asymmetrical structures such as Janus group III
monochalcogenide monolayers [19] and M2Y3 (M = Al, Ga,
In; Y = S, Se, Te) monolayers [28]. The calculated results for
�� are listed in Table III. The difference between the vacuum
levels results in two different work functions �1 and �2 on

TABLE III. Evaluated band gaps Eg of the Janus Ga2SX2 mono-
layers using the PBE, PBE+SOC, and HSE06 functionals, Fermi
level EF , vacuum level difference ��, and work functions �1 and
�2. M refers to the metal.

EPBE
g EPBE+SOC

g EHSE06
g EF �� �1 �2

(eV) (eV) (eV) (eV) (eV) (eV) (eV)

Ga2SO2 M M M −2.35 1.67 4.53 6.20
Ga2S3 1.77 1.77 2.70 −2.13 1.66 4.83 6.49
Ga2SSe2 1.33 1.19 2.08 −1.88 1.32 4.57 5.89
Ga2STe2 0.45 0.17 1.04 −0.93 0.94 4.00 4.94
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Fermi level

FIG. 7. Planar average electrostatic potential of Ga2SX2 monolayers. The Fermi level is indicated by the dashed green line. �� is the
difference in the vacuum levels between two surfaces.

the two sides of Ga2SX2. Here �1 and �2 refer to the work
functions on the lower side (XGa1 side in Fig. 1) and the upper
side (XGa2 side), respectively. Our calculated results indicate
that the work functions �1 and �2 of Ga2S3 are smaller than
those of other configurations. They are �

Ga2STe2
1 = 4.00 eV

and �
Ga2STe2
2 = 4.94 eV, respectively. This implies that

electrons can escape more easily from the surfaces of Ga2STe2

than from other configurations. The calculated results for the
work function of the considered structures are also shown in
Table III.

The electronic structure of 2D layered nanostructures is
generally extremely sensitive to the perfection of their atomic

FIG. 8. Band structures of (a) Ga2S3, (b) Ga2SSe2, and (c) Ga2STe2 monolayers under different values of biaxial strain εb.
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FIG. 9. Band gap of Ga2S3, Ga2SSe2, and Ga2STe2 monolayers
as a function of the biaxial strain εb. Filled and open symbols refer
to the indirect and direct band gaps, respectively.

structure. Strain engineering is one of the simplest and most
effective ways to modulate the electron states of 2D nanos-
tructures. Here, we study the influence of a biaxial strain
on the electronic properties of three semiconducting Janus
monolayers, namely Ga2S3, Ga2SSe2, and Ga2STe2. The bi-
axial strain εb is defined as εb = (δ − δ0)/δ0, where δ0 and
δ stand, respectively, for the unstrained and strained lat-
tice constants. In the present calculations, the biaxial strain
ranging from −10% to 10% is applied to the three semicon-
ducting Janus structures. The minus/plus sign indicates the
compressive/tensile strain.

The band structures of Janus monolayers under the biaxial
strains are shown in Fig. 8. It is revealed that the biaxial
strain εb significantly modulated the electronic structure of the
monolayers Ga2S3, Ga2SSe2, and Ga2STe2. When the biaxial
strain is introduced, there is a shifting of the CBM in Ga2SSe2,
and an indirect- to direct-band-gap transition was observed
in Ga2SSe2, as shown in Fig. 8(b). Our calculations reveal
that the tensile strain causes the CBM of Ga2SSe2 to shift
from the M-point to the 	-point, and as a result, Ga2SSe2

becomes a direct semiconductor at εb = +2%. However, if
the tensile strain continues to increase, its VBM tends to leave
the 	-point to reach the K-point. Obtained results show that
the VBM of Ga2SSe2 arrived at the K-point when εb = +6%
[not shown in Fig. 8(b)]. Consequently, Ga2SSe2 returns to
an indirect-band-gap semiconductor with the CBM and VBM
located, respectively, at the 	- and K-point, respectively, when
the tensile strain is greater than or equal to 6%. More inter-
estingly, the strain engineering drastically changes the band
gap of the monolayers, especially in the case of Ga2STe2 as
depicted in Fig. 8(c). It is found that the band gap of Ga2STe2

reduces rapidly when the compressive strain is applied and
the semiconductor-metal phase transition was observed at
εb = −8% as its band gap decreases to zero. Strain-dependent
band gaps of Ga2S3, Ga2SSe2, and Ga2STe2 monolayers are
shown in Fig. 9. We can see that while the band gap of
both Ga2S3 and Ga2SSe2 decreases with the tensile strain,
the band gap of Ga2STe2 increases with tensile strain in the
investigated strain range from 0 to +10%. Phase transition is
also a very important feature of materials. With this feature,

Ga2SX2 monolayers have a great potential for applications in
optoelectronics and nanoelectromechanical devices.

V. TRANSPORT PROPERTIES

The applicability of materials to electronic devices depends
greatly on their transport properties, especially carrier mo-
bility. Here, we only investigate the transport characteristics
of three semiconducting Janus monolayers, namely Ga2S3,
Ga2SSe2, and Ga2STe2. The deformation potential approxi-
mation is one of the most common methods to calculate the
mobility of carriers [45]. The mobility of carriers for the 2D
structures can be calculated as follows [64]:

μ2D = eh̄3C2D

kBT m∗mE2
d

, (8)

where e is the elementary charge, C2D stands for the elas-
tic modulus, Ed refers to the deformation potential constant,
kB and h̄ are, respectively, the Boltzmann constant and the
reduced Planck constant, m∗ and m = √

mxmy stand for the
effective mass and the average effective mass of carriers, and
T = 300 K is the temperature used in these calculations.

The effective mass of the carriers represents their ability to
respond to the external field and directly affects their mobility.
The effective masses of electron (m∗

e ) and hole (m∗
h) can be

obtained by fitting the parabolic function to the band edges
(CBM and VBM) via the expression

1

m∗ = 1

h̄2

∣∣∣∣
∂2E (k)

∂k2

∣∣∣∣, (9)

where E (k) is the wave-vector k-dependence of energy at the
CBM/VBM (in the kxky plane). The characteristics of the
carrier transport are investigated along two different directions
in the reciprocal-lattice space. From Eq. (9), we can see that
the flatter the energy structure around the band edges is, the
larger are the carrier effective masses. This is because the
larger the radius of curvature, the smaller the second derivative
∂2E (k)/∂k2.

The calculated effective masses of electrons m∗
e and holes

m∗
h are tabulated in Table IV. We can see that both m∗

e and m∗
h

are directionally isotropic along the two transport directions.
This is due to the symmetry of the band structures around
the band edges of the Janus Ga2SX2. Our calculated results
demonstrate that m∗

h is much higher than m∗
e in all three inves-

tigated monolayers. This suggests that electrons will respond
to the external field faster than holes and may lead to electron
mobility being higher than that of holes. This result is consis-
tent with the band structures of the monolayers as illustrated in
Fig. 4, with the band structures around the VBM being flatter
than those around the CBM. Also, the electron effective mass
m∗

e of Ga2SSe2 (0.36m0) is slightly higher than that of Ga2S3

(0.25m0) and Ga2STe2 (0.24m0). Here, m0 is the free-electron
mass.

From Eq. (8), we can see that the mobility of carriers
depends not only on the effective masses of carriers but also
on the elastic modulus C2D and particularly the deforma-
tion potential constant Ed . The elastic modulus C2D for 2D
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TABLE IV. Calculated effective mass of carriers m∗, elastic modulus C2D, deformation potential constant Ed , and mobility of carriers μ

along the two transport directions x and y of Ga2S3, Ga2SSe2, and Ga2STe2 monolayers. m0 is the free-electron mass.

m∗
x m∗

y Cx
2D Cy

2D Ex
d Ey

d μx μy

(m0) (m0) (N/m) (N/m) (eV) (eV) (cm2/V s) (cm2/V s)

Electron Ga2S3 0.25 0.25 75.04 75.02 −7.36 −10.09 476.36 253.33
Ga2SSe2 0.36 0.36 63.66 63.65 −8.02 −4.10 87.17 599.29
Ga2STe2 0.24 0.24 51.23 51.27 −7.92 −4.38 152.15 930.34

Hole Ga2S3 0.69 0.69 75.04 75.02 −5.21 −9.54 104.36 82.38
Ga2SSe2 2.67 2.67 63.66 63.65 −7.78 −7.86 4.83 1.56
Ga2STe2 1.32 1.32 51.23 51.27 −8.56 −8.66 9.25 7.79

materials is evaluated by the following formula:

C2D = 1

S0

∂2E

∂ε2
uni

, (10)

where E is the total energy, εuni refers to the uniaxial strain
along the two transport directions x and y, and S0 is the area
of the optimized unit cell. The deformation potential constant
Ed can be expressed as

Ed = �Eedge

εuni
, (11)

where �Eedge stands for the energy shifting of the band edges
with respect to the vacuum level. The positions of band edges
(CBM and VBM) and energy shifting are investigated within
the uniaxial strain range from −1% to 1% along the two trans-
port directions x and y. By fitting the strain-dependent energy
and band energies of the VBM and CBM with respect to the
vacuum energy, we can obtain the elastic modulus and defor-
mation potential constant [64,65]. The energy shifting and the
band-edge positions as a function of the uniaxial strain εuni are
shown in Fig. 10. Our obtained calculations indicate that the
elastic modulus C2D is almost the same along the two transport

directions. The calculated results for the elastic modulus C2D

and the deformation potential constant Ed of the Janus Ga2S3,
Ga2SSe2, and Ga2STe2 monolayers are listed in Table IV. We
can see that the deformation potential constant Ed of Ga2S3,
Ga2SSe2, and Ga2STe2 monolayers is quite anisotropic along
the transport directions. The anisotropy of the deformation
potential constant has also been reported recently in similar
structures, such as Ga2Te3, Al2Se3, or Al2Te3 monolayers
[28]. For example, the ratio of |Ex

d /Ey
d | for electrons in the

Ga2Te3 monolayer is up to 3.87 [28]. This will lead to the
carrier mobility anisotropy along the transport directions.

Based on the calculated results for m∗, C2D, and Ed , we
can estimate the carrier mobilities along the two transport
directions μx and μy as listed in Table IV. It is found that the
carrier mobilities are not only anisotropic between electrons
and holes, but they are also anisotropic in the two transport
directions x and y. The electron mobility along the y-direction
μe

y of Ga2STe2 is the highest, up to 930.34 cm2/V s. The μe
x

of Ga2STe2 is lower than its electron mobility along the y di-
rection, μe

x(Ga2STe2) = 152.15 cm2/V s. This demonstrates
the anisotropy of the electron mobility along the two transport
directions. Such anisotropy of carrier mobility has also been

FIG. 10. (a) The energy shifting and (b) band-edge positions as a function of the uniaxial strain along two transport directions of Ga2S3,
Ga2SSe2, and Ga2STe2 monolayers. The solid lines indicate the fitting curves.
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reported previously in similar materials, such as In2STe2 with
μe

y/μ
e
x = 1.44 [66] or Al2Te3 with μe

x/μ
e
y = 7.16 [28]. The

obtained results also indicate that there is a huge disparity of
mobility between holes and electrons. The hole mobility is
much smaller than the electron mobility because the effective
mass of the hole is much heavier than the effective mass of the
electron and will reduce the hole mobility as mentioned above.
From Table IV, we can see that the investigated monolayers
have high electron mobility [μe

y of all three investigated Janus
monolayers is higher than the electron mobility of the tran-
sition metal dichalcogenide monolayer MoS2 (200 cm2/V s)
[67]], suggesting that they may be potential nanomaterials for
applications in nanoelectronics.

VI. CONCLUSION

In summary, we have considered the structural, stability,
electronic, and transport properties of the Janus Ga2SX2 (X =
O, S Se, Te) monolayers by employing first-principles based
on DFT calculations. At the ground state, while the Janus
Ga2S3, Ga2SSe2, and Ga2STe2 are indirect semiconductors,
the Janus Ga2SO2 exhibits metallic characteristics with both

the conduction and valence band crossing the Fermi level.
Interestingly, when the biaxial strain was introduced, the
semiconductor-metal phase transition is found in the Janus
Ga2STe2 monolayer, and the indirect–direct–indirect-band-
gap transitions are observed in the Janus Ga2SSe2 monolayer.
The electron mobilities of the semiconducting Janus mono-
layers are high directional anisotropic due to the anisotropy
of their deformation potential constant. Also, the mobility
of holes is much smaller than that of electrons. Since the
electronic properties can be easily controlled by strain, and
especially with high electron mobility, the Janus Ga2SX2

monolayers have great potential for applications in nanoelec-
tronics and nanoelectromechanical devices. Our results not
only give a deeper understanding of the physical properties of
novel quintuple-layer atomic Janus Ga2SX2 monolayers, but
they also guide further studies in both theory and experiment.
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