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Prediction of monoclinic single-layer Janus Ga2TeX ( X = S and Se): Strong in-plane anisotropy
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By using density functional theory (DFT) based first-principles calculations, electronic, vibrational, piezo-
electric, and optical properties of monoclinic Janus single-layer Ga2TeX (X = S or Se) are investigated. The
dynamical, mechanical, and thermal stability of the proposed Janus single layers are verified by means of phonon
bands, stiffness tensor, and quantum molecular dynamics simulations. The calculated vibrational spectrum
reveals the either pure or coupled optical phonon branches arising from Ga-Te and Ga-X atoms. In addition
to the in-plane anisotropy, single-layer Janus Ga2TeX exhibits additional out-of-plane asymmetry, which leads to
important consequences for its electronic and optical properties. Electronic band dispersions indicate the direct
band-gap semiconducting nature of the constructed Janus structures with energy band gaps falling into visible
spectrum. Moreover, while orientation-dependent linear-elastic properties of Janus single layers indicate their
strong anisotropy, the calculated in-plane stiffness values reveal the ultrasoft nature of the structures. In addition,
predicted piezoelectric coefficients show that while there is a strong in-plane anisotropy between piezoelectric
constants along armchair (AC) and zigzag (ZZ) directions, there exists a tiny polarization along the out-of-plane
direction as a result of the formation of Janus structure. The optical response to electromagnetic radiation has
been also analyzed through density functional theory by considering the independent-particle approximation.
Finally, the optical spectra of Janus Ga2TeX structures is investigated and it showed a shift from the ultraviolet
region to the visible region. The fact that the spectrum is between these regions will allow it to be used in solar
energy and many nanoelectronics applications. The predicted monoclinic single-layer Janus Ga2TeX are relevant
for promising applications in optoelectronics, optical dichroism, and anisotropic nanoelasticity.
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I. INTRODUCTION

Group-III monochalcogenides (MX, M = Ga, In; X = S,
Se, Te), an important group of layered 2D materials exhibiting
honeycomb lattice, possess intriguing electronic and optical
properties. Monolayer MX crystals absorb light from visi-
ble to far-ultraviolet wavelengths ranging from 1.25 (IR) to
3.05 (UV), high photo current and the power conversion effi-
ciency, hence they are alternative candidates in solar energy
conversion [1,2], nanoelectronics [3,4], and optoelectronic
applications [5–7]. To date, GaS [8,9], GaSe [10,11], GaTe
[12], InSe [13,14], In2Se3 [15], and In3Se4 [16], important
members of group-III chalcogenide monolayers, have been
successfully synthesized and their properties have been ex-
tensively investigated [5,17–19].

Gallium telluride (GaTe) is one of the member of layered
group-III monochalcogenides, which has been successfully
synthesized in high quality by employing a facile chemical
vapour deposition (CVD) technique [20]. It was demonstrated
that the lattice orientation of grown GaTe can be effectively
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controlled by choosing suitable growth mode. Layered GaTe
bulk crystal consists of weakly-interacting monoclinic GaTe
layers having space group of C2/m with in-plane anisotropy.
As a stable free-standing monolayer, GaTe is a semiconductor
with an indirect band gap of 1.43 eV [21]. With its long-
lifetime carriers, single-layer GaTe has been shown to exhibit
remarkable photoresponsivity (above 104 A/W), which is two
orders of magnitude higher than that of the MoS2 photode-
tector [22], low-temperature micro-photoluminescence (PL)
[23], short response time in photodetectors (around 6 ms) [20],
and intense excitonic emission and absorption [24]. In addi-
tion, single-layer GaTe has been reported to be a promising
candidate for thermoelectric devices [25], photocatalysis [2],
phototransistors, photodetector, solar energy [26], and it has
also been considered for detection of γ and x-ray radiation
applications [27,28].

Recent experimental techniques have allowed researchers
to controllably replace a complete layer of chalcogenide atom
in single-layer MoX2 (X = S or Se) in order to form a Janus
structure with a complete out-of-plane asymmetry [29]. It
was theoretically investigated that Janus structure exhibits
an additional degree-of-freedom in piezoelectricity arising
from the broken out-of-plane symmetry [30]. Following the
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synthesis of Janus MoSSe, Janus structures of various 2D
single layers have been predicted by means of first-principles
calculations [31–36]. Among the proposed Janus single lay-
ers, Ga2SeTe and Ga2SSe have been reported to exhibit direct
band gaps of 0.90 and 1.21 eV, respectively, while Ga2STe
was shown to be an indirect band gap semiconductor with
a band gap of 2.02 eV [37]. In addition, the optical ab-
sorption of the predicted Janus structures were shown to
begin in the visible region with absorption coefficients larger
than 104 cm−1, which can be be used as ultraviolet detec-
tors and photovoltaic absorbers. Moreover, single-layer Janus
Ga2SeTe was investigated to possess small effective mass of
electron and hole, implying that the photogenerated carriers
can be quickly transferred to the electrodes after absorption
of photons. Thereby, Ga2SeTe has been proposed as a new
alternative candidate to be used in photovoltaic devices [38].
In another study, Kandemir et al. reported that in contrast to
its analogs, Janus In2SSe is a direct band-gap semiconductor,
which is driven by the induced surface strain [39]. On the
other hand, Zhou et al. reported that the piezoelectric perfor-
mance of Janus group-III chalcogenide monolayers (Ga2STe,
Ga2SeTe, In2STe, and In2SeTe) are up to four times higher
than commonly used single-layer materials [40].

Notably, previous studies have been investigated and re-
ported the in-plane isotropic, hexagonal structures of Janus
M2XY (M = Ga or In; X,Y = S, Se, or Te). However,
it is known that GaTe possesses a layered bulk structure,
which consists of stacked in-plane anisotropic monoclinic
GaTe layers. Therefore, in this study, motivated by the sta-
bility of free-standing monoclinic GaTe single-layer, we have
systematically investigated the stability of monoclinic Janus
Ga2TeSe and Ga2TeS single layers. Our results revealed that
both of the proposed structures exhibit dynamical and thermal
stability and show significant anisotropy in their electronic,
optical, and mechanical properties.

II. COMPUTATIONAL METHODOLOGY

For the first-principles calculations, the plane-wave basis
projector augmented wave (PAW) method was employed in
the framework of density functional theory (DFT) [41]. The
generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE)[42] form was used for the exchange-
correlation potential as implemented in the Vienna ab initio
simulation package (VASP) [43,44]. The kinetic energy cut-
off for plane-wave expansion was set to 600 eV [45]. The
van der Waals (vdW) interaction was included by using the
DFT-D2 method [46]. The Brillouin zone (BZ) integration
was performed by using a �-centered 16×16 × 1 k-point
mesh for the unit cell. The lattice constants and atoms were
optimized without any constraint until the energy difference
between two sequential steps were less than 10−5 eV, and
maximum force on atoms was smaller than 10−3 eV Å−1. The
Gaussian smearing method was employed for the total-energy
calculations and the width of the smearing was chosen as
0.05 eV. The vacuum space of ∼20 Å was inserted along
the out-of-plane direction to avoid the unrealistic interactions
between the repeating layers.

The electronic band dispersions were calculated within
GGA and Heyd-Scuseria-Ernzerhof (HSE06) screened-

nonlocal exchange functional [47]. The spin-orbit coupling
(SOC) was also taken into account. The charge transfers
between the individual atoms were calculated with decompo-
sition of charge density into atomic contributions by applying
Bader charge analysis technique [48].

Phonon band dispersions were calculated by using the
small displacement method as implemented in the PHON code
[49]. The phonon frequencies and the corresponding off-
resonant Raman activities were calculated at the � point
of the Brillouin zone (BZ) using the small displacement
method. Each atom in the primitive unit cell was initially
distorted by 0.01 Å and the corresponding dynamical matrix
was constructed. Then, the vibrational modes were deter-
mined by a direct diagonalization of the dynamical matrix.
The corresponding Raman activity of each phonon mode was
obtained from the derivative of the macroscopic dielectric
tensor by using the finite-difference method. The relaxed- and
clamped-ion elastic stiffness tensors are calculated by using
the small displacement methodology as implemented in VASP.
In addition, the piezoelectric stress coefficients were directly
obtained using density functional perturbation theory (DFPT)
with a sufficiently large k-point sampling and kinetic-energy
cutoff values.

The linear response of the system was described by the
complex dielectric function, ε(ω) = ε1(ω) + iε2(ω), where
the Kramers-Kronig relation was applied to obtain the real
and imaginary parts by using the PBE functional for optical
calculations. Due to the exchange of Te-X atoms in the struc-
tures, the dipole correction was considered in order to remove
effect of induced dipole.

Ab initio molecular dynamics (AIMD) simulations were
carried out to examine the thermal stability of the 1T-distorted
(1T′) structure of Ga2TeX (X = Se, S) single layers by using
96 atoms at 300 K, 500 K, and 700 K with total simulation
time of 6 ps. The time step was set to 2 fs and, to reach a
total simulation time of 6 ps, 1000 steps were realized three
times. Due to the large size of the cell, all the calculations
were performed with each 2 ps [2 fs (1000 steps)]. Each 2
ps interval time step, the simulation was started again and
continued to 6 ps. Starting from 300 K, the temperature was
stepwise increased to 500 K and then 700 K within 6 ps total
simulation time. As can be noticed from the snapshots taken
at the considered temperatures, apart from minor distortions,
the crystallinity of Ga2TeX (X = S and Se) monolayer is
preserved, implying the stability even at high temperatures.

III. RESULTS

A. Structural and vibrational properties

In contrast to hexagonal S- and Se-based Ga-
monochalcogenides, the most stable phase of GaTe exists
in monoclinic structure. The layered monoclinic phase
consists of weakly-stacked in-plane anisotropic GaTe layers.
Single layer of GaTe is composed of two Ga atomic layers
sandwiched between Te atoms possessing the C2/m space
group with 2/m point group symmetry. Single-layer Janus
structure is formed such that Te atoms on one surface of
GaTe are replaced by S or Se atoms. In the simulated
primitive unit cell of a Ga2TeX (X = S or Se) layer, there
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TABLE I. For the single-layer Janus Ga2XTe structures, optimized in-plane lattice parameters, a and b; atomic bond lengths, dGa−Ga,
dGa−X , and dGa−Te; donated amount of charge from Ga to X and Te atoms, �ρX and �ρTe; cohesive energy per atom, Ecoh; electronic band gaps
calculated within PBE and HSE06, EPBE

gap and EHSE
gap ; and valence/conduction band edge locations, VBM/CBM.

a b dGa−Ga dGa−X dGa−Te �ρX �ρTe EPBE
gap EHSE

gap

(Å) (Å) (Å) (Å) (Å) (e) (e) eV eV VBM/CBM

Ga2TeSe 22.45 3.92 2.42 2.46–2.51 2.66-2.70 0.6 0.4 1.64 2.40 �-�
Ga2TeS 22.03 3.85 2.42 2.34–2.41 2.65-2.72 0.8 0.4 1.69 2.41 �-�

are 12 Ga and 12 chalcogenide atoms. The optimized
in-plane lattice parameters reveal the in-plane anisotropy
in both Janus single layers, Ga2TeS and Ga2TeSe. As
listed in Table I, the lattice constants a–b are calculated to
be 22.03–3.85 and 22.45–3.92 Å for single-layer Ga2TeS
and Ga2TeSe, respectively. Two types of Ga-S and Ga-Te
bonds are found to be formed in single-layer Ga2TeS. The
short and long Ga-S bond lengths are found to be 2.34 and
2.41 Å while those of Ga-Te are 2.65 and 2.72 Å, which
indicates the formation of surface strain on the S-side of
the Janus single layer. In the case of single-layer Ga2TeSe,
the Ga-Se bonds are 2.46 and 2.51 Å while Ga-Te bonds
on the Te-side are found as 2.66 and 2.70 Å, respectively. In
addition, the charge-density difference shown in the bottom
panel of Fig. 1(a) indicates the charge asymmetry on the
Janus surfaces.

The dynamical stability of both Janus structures are pre-
dicted by calculating the phonon band dispersions through the
whole BZ. As presented in the Figs. 1(b) and 1(c), Janus single
layers, Ga2TeSe and Ga2TeS, are free from any imaginary
frequencies through the whole BZ, indicating their dynam-
ical stability. The phonon band dispersions show that the
out-of-plane acoustical phonon branch (ZA) has a very low
dispersion in each single layer around the � and Y points.
The extremely low dispersion of ZA branch indicates that
the constant volume heat capacities of the materials scales
with temperature with higher powers. In addition, those low-
dispersive branches reveal the high thermal conductivity of
the predicted single layers. It was reported in 2D materials
that as the quadratic behavior of ZA branch approaches to lin-
ear dispersion, the thermal conductivity decreases [50]. Each
single-layer structure is found to exhibit 69 optical phonon
branches out of the three acoustical phonons. Note that due
to anisotropy of the crystal structure, all the optical phonon
branches are non-degenerate. The highest phonon frequencies
at the � point of the BZ reveal the quite stronger Ga-S bonds
as compared to Ga-Se bond formations. For the stable Janus
single layers, Ga2TeSe and Ga2TeS, we also calculated the
Raman activity of each optical-phonon branch at the � point
[Fig. 2(a)]. The phonon modes labeled from I-to-VI represent
the most prominent Raman active modes. In the Fig. 2(b), the
mode I represents the mostly in-plane vibrations of Ga-S/Se
atoms while the phonon mode II arises from the mixed vibra-
tion of Ga-Te-X atoms dominated by the out-plane vibrations.
For the relatively low-frequency phonon modes, namely from
II-to-VI, Te atoms have also contributions to the atomic vibra-
tions. Apparently, the Raman spectra are key analysis for the
determination of crystal structure of the predicted Janus single
layers. In addition, the atomic vibrations indicated above can
be used to identify the Janus formation since the different

atomic types on different surfaces show distinctive features.
For instance as mentioned above, while some Raman active
modes are dominated only by one type of surface atoms, some
phonon modes possess coupled vibrations of all atoms.

B. Mechanical and thermal stability

Apart from the dynamical stability of the Janus single
layers, the mechanical stability of each structure is also
examined by calculating their elastic-stiffness tensors. Firstly,
it is found that the predicted Janus single layers Ga2TeS
and Ga2TeSe are mechanically stable structures that the
calculated elastic-tensor elements obey the Born criteria,
C11C22 >C2

21. For the mechanically stable Janus structures,
the orientation-dependent elastic parameters are calculated in
order to investigate the linear-elastic properties.

The two independent elastic constants: The in-plane stiff-
ness (C) and Poisson ratio (ν) are expected to exhibit
orientation dependency arising from the monoclinic symme-
try. In order to determine in-plane anisotropy in the elastic
constants, the elastic-strain tensor elements (Ci j) are obtained
and the corresponding C and ν values are obtained in for all
orientations of the lattice using the formulas:

C(θ ) =
(
C11C22 − C2

12

)

C22cos4(θ ) + Acos2(θ )sin2(θ ) + C11sin4(θ )
, (1)

ν(θ ) = C12cos4(θ ) − Bcos2(θ )sin2(θ ) + C12sin4(θ )

C22cos4(θ ) + Acos2(θ )sin2(θ ) + C11sin4(θ )
, (2)

where the numbers A and B are defined as A = (C11C22 −
C2

12)/C66 − 2C12 and B = C11 + C22 − (C11C22 − C2
12)/C66.

The angle θ as the angle of orientation measured from the
AC direction in counterclockwise.

The in-plane stiffness, which is known to be the measure of
the rigidity of a 2D material, is calculated to be 51 and 58 N/m
for the AC and ZZ orientations, respectively, for single-layer
Ga2TeS while two values are found to be 44 and 57 N/m
for Ga2TeSe. Apparently, the stiffness along the AC direction
smaller than that of ZZ direction. This is a direct consequence
of the quasi-1D nature of the crystal lattice. In other words,
the atomic bonds are quite stronger along the ZZ direction.
Similar anisotropy is found for the Poisson ratio, which is
defined as the ratio of the transverse contraction strain to the
longitudinal extension, as presented in Fig. 3(b). Along the
two main orientations, AC/ZZ, the Poisson ratio values are
found to be 0.26/0.30 and 0.22/0.28 for single-layer Ga2TeS
and Ga2TeSe, respectively. The calculated elastic constants,
overall, reveal the soft nature of the predicted Janus single
layers. As shown in Fig. 3(b), the Poisson ratio values are all
positive for all orientations of the predicted Janus structures
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FIG. 1. For the Janus single layers of Ga2TeSe and Ga2TeS;
(a) top and side views and the corresponding charge distribution
on the individual atoms. [(b), (c)] The phonon band dispersions for
Ga2TeSe and Ga2TeS, respectively. The primitive unit cell is denoted
by the red lines by representing the lattice vectors, a and b. The blue
regions represent the zero charge regime while the yellow regions
stand for the charge of 6.4 e/Å3. The green region represents the
charge amount of 1.9 e/Å3 while the maximum charge region, red
region, shows the 6.9 e/Å3.

indicating nonauxetic behavior of the crystals. As reported
in the literature, the auxetic behavior in 2D materials can
be obtained in materials exhibiting puckered structures [51].
The auxetic behavior indicates the stretching of a material in
a direction when stretched along the perpendicular direction
in contrast to most of the materials having positive Poisson

ratio. In our predicted Janus structures, however, the auxetic
behavior is not present.

In addition, the thermal stability are examined by per-
forming ab initio molecular dynamics (AIMD) simulations
using NVT ensemble with fixed particle number, volume, and
temperature and our results are presented in the Supplemen-
tal Material (SM) [52]. For the AIMD simulations, 32-atom
supercell is used for each single layer with a k-mesh of
4×4×1. The dynamical investigations are started with the op-
timized structure of the 1T-distorted (1T′) structure of Ga2TeX
(X = Se, S) single layers at 0 K. Starting from 300 K, the tem-
perature is stepwise increased to 500 K and then 700 K within
6 ps total simulation time. The evolution of free energy for
Ga2TeX (X = Se, S) atomic structures during the simulation
time is shown in Figs. S1 and S2 within the SM [52]. The
time step was set to 2 fs (1000 steps) with a total simulation
time of 6 ps. The structure snapshots are taken at the end of
the each simulation in every 2 ps. As can be noticed from the
snapshots taken at the considered temperatures, apart from
minor distortions, the crystallinity of Ga2TeX (X = Se, S)
atomic structures is preserved, implying the stability even at
high temperatures.

C. Piezoelectric properties

Piezoelectricity is known as the generation of electric
dipole moment as a result of external mechanical stress oc-
curring in noncentrosymmetric materials. In the case of 2D
materials, it was reported that single layers of TMDs exhibit
intrinsic in-plane piezoelectric properties [53] while the buck-
led single-layer forms of group-IV monochacogenides were
shown to possess out-of-plane piezoelectricity arising from
their buckled asymmetric structures [54]. The relaxed-ion
piezoelectric tensor elements ei j are described as the sum of
ionic and the electronic contributions. And the piezoelectric
stress tensor is related to the piezoelectric strain tensor, de-
noted as di j , using the elastic stiffness tensor elements Ci j by
the equation

ei j = dikCk j . (3)

Our results for the tetragonal phase of Janus Ga2XTe reveal
that there exist five nonzero elements of ei j , which are e11,
e12, e24, e31, and e32 constants exhibiting in-plane anisotropy.
Therefore, driving the equation above for the nonzero ele-
ments we have the following relations:

d11 = e11C22 − e12C21

C11C22 − C12C21
, (4)

d12 = e12C11 − e11C12

C11C22 − C12C21
, (5)

d24 = e24

C44
, (6)

d31 = e31C22 − e32C21

C11C22 − C12C21
, (7)

d32 = e32C11 − e31C12

C11C22 − C12C21
. (8)

As given in the Eqs. (4)–(8), the nonzero coefficients e11

and e12 represent the induced polarizations along the AC and
ZZ directions, respectively when the strain is applied along
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FIG. 2. (a) Raman spectra of Janus single layers Ga2TeSe and Ga2TeS. (b) The atomic vibrations in some of the prominent Raman active
modes.

AC direction. On the other hand, e31 and e32 stand for the
induced polarizations along the AC and ZZ directions when
the strain is applied vertically, i.e., along z direction. In ad-
dition, the coefficient e24 specifically represents the induced
polarization along both AC and ZZ directions when the strain
is applied along the ZZ direction.

As listed in Table II, there is an in-plane anisotropy be-
tween the piezoelectric coefficients when the strain is applied
along either AC or out-of-plane directions. When an ex-
ternal electric field is applied along the AC direction, the
induced stress in the structures along AC and ZZ directions are
different. The calculated d11/d12 values are 1.36/–2.89 and
1.75/–4.23 pm/V for single layers of Ga2TeSe and Ga2TeS,
respectively. The minus sign for the ZZ direction means that
as the field is applied, the structures get compressed along
ZZ direction. Similarly, both single layers exhibit negative
response along AC and ZZ directions when the field is applied
along ZZ direction (d24 values are –3.26 and –4.51 pm/V for
Ga2TeSe and Ga2TeS, respectively). The formation of Janus

single layers creates the piezoelectricity in the AC and ZZ
directions when the external field is applied along the out-of-
plane direction. However, it should be noted that when the
field is applied along the out-of-plane direction, the induced
strain along AC direction in both single layers is negligibly
small. In contrast, the induced strain along ZZ direction is
considerable (0.23 and 0.34 pm/V for Ga2TeSe and Ga2TeS,
respectively).

We also mention about the net dipole moments occurring
in the Janus single layers predicted in the present paper. The
net dipole moments along three main directions, namely x, y,
and z directions, are calculated in unit of eÅ. The net dipole
moments along the in-plane directions, x/y, are calculated
to be 17.8/88.6 eÅ and 14.8/86.8 eÅ for single layers of
Ga2TeSe and Ga2TeS, respectively. The formation of Janus
structures results in the creation of net dipole moments along
the out-of-plane directions (0.3 and 0.4 eÅ for Ga2TeSe and
Ga2TeS, respectively). Apparently, the dipole moments along
the out-of-plane direction is very weak as compared to those
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FIG. 3. Orientation-dependent linear-elastic constants for Ga2TeX, (a) in-plane stiffness and (b) Poisson ratio. The two main orientations,
namely x (AC) and y (ZZ), are shown on the crystal structure. The blue and green curves stand for single layers Ga2Tes and Ga2TeSe,
respectively.
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TABLE II. For the single-layer Janus Ga2XTe structures, the elastic stiffness tensor elements, C11, C21 = C12, and C22; the relaxed-ion
piezoelectric stress coefficients, e11, e12, e24, e31, and e32; and the piezoelectric strain coefficients, d11, d12, d24, d31, and d32. Note that the unit
of ei j is given in ×10−10 C/m while that of di j is given in pm/V.

C11 C21 C22 e11 e12 e24 e31 e32 d11 d12 d24 d31 d32

(N/m) (N/m) (N/m) (C/m) (C/m) (C/m) (C/m) (C/m) (pm/V) (pm/V) (pm/V) (pm/V) (pm/V)

Ga2TeSe 47 13 60 0.26 –1.56 –0.45 0.03 0.14 1.36 –2.89 –3.26 0.23
Ga2TeS 55 16 63 0.27 –2.36 –0.75 0.05 0.21 1.75 –4.23 –4.51 0.05 0.34

along in-plane directions as a result of the 2D nature of the
structures. In order to compare our results with those reported
in the literature for other 2D materials, the polarizations are
calculated using the net dipole moments given above. Note
that the polarization is given as the dipole moment per unit
area in 2D structures. Our calculated in-plane polarizations
for the x/y directions are 324/1611 and 279/1634 pC/m
for Ga2TeSe and Ga2TeS, respectively. The values along the
x direction are lower than those reported for single layers
of GeSe (357 pC/m) and GeS (484 pC/m) while greater
than those reported for SnS (260 pC/m) and SnSe (181
pC/m) [55]. Moreover, the induced out-of-plane polarizations
for single-layer Ga2TeSe and Ga2TeS are calculated to be
7×10−3 and 9 × 10−3 C/m2 assuming an effective thickness
of approximately 8 Å for each single layer. As compared to the
out-of-plane polarization of GeSe (1.9 C/m2) [56], our results
for the Janus single layers of Ga2TeSe and Ga2TeS are much
smaller due to the weak out-of-plane dipoles.

D. Electronic and optical properties

The projected band structure of Ga2TeX with the different
atomic contribution is shown in Fig. 4 in the framework of
DFT-PBE. It is clear that both structures predict an direct
band-gap semiconductors with an energy band gap of 1.64 eV
(1.69 eV) for Ga2TeS (Ga2TeSe) between the valence-band
maximum (VBM) and the conduction-band minimum (CBM)
at the � point of BZ. It is obvious from the Fig. 4 that the
VBM is dominated by the Te atom for the both structures.
However, the main contribution to the CBM comes from Ga

FIG. 4. The atom-dependent projected electronic band structures
for (a) Ga2TeS and (b) Ga2TeSe in the scheme of DFT-PBE.

atom and the S and Se atoms contribute insignificantly around
the vicinity of VBM and CBM of the band structures. To
get better understanding about electronic structure, effect of
spin-orbit coupling and hybrid functional are considered on
top of the PBE approach. The inclusion of spin-orbit coupling
decreases the band gap and it becomes 1.54 eV (1.61 eV) for
Ga2TeS (Ga2TeSe) as shown in Fig. 5. Moreover, the hybrid
functionals (HSE06) are taking into account to get more ac-
curate electronic structure. The resulting band structures with
HSE06 have the same character, only the band gap increases
to 2.40 eV (2.41 eV) for Ga2TeS (Ga2TeSe) due to the shifting
of the conduction bands to the higher energy values.

The investigation of the optical properties of materials are
effective in particular to envision the industrial applications.
The optical response of Ga2TeX is analyzed by calculating
the imaginary part of the dielectric function ε2(ω), which is
presented in Figs. 6 and 7. The total equation for this function
is demonstrated below:

ε
(2)
αβ (ω) = 4π2e2


lim
q→0

1

q2

∑

c,v,k

2ωkδ(εck − εvk − ω)

×〈uc+k+eαq |uvk〉〈uc+k+eβq |uvk〉∗, (9)

where the c and v correspond to conduction and valence band
states, respectively, and uck is the cell periodic part of the
orbitals at the k-point k.

The variation of imaginary part of the dielectric function
for Ga2TeX versus the energy of the incident photon (in eV) is
illustrated in Figs. 6 and 7 with respect to x and y directions for
Ga2TeS and Ga2TeSe single layers. We have performed the
exhaustive characterization of optical properties (i.e., absorp-
tion, reflectivity, and conductivity) of Ga2TeX in Fig. 6. The
imaginary part of dielectric function onsets of the structures

FIG. 5. The electronic band structure of Ga2TeX in the frame-
work of DFT-SOC and HSE06.
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FIG. 6. For single layers of Ga2TeS (left panel) and Ga2TeSe
(right panel); [(a), (b)] imaginary part of the dielectric function, [(c),
(d)] absorption, [(e), (f)] reflectivity, and [(g), (h)] directional optical
conductivity.

FIG. 7. The variation of the imaginary part of the dielectric func-
tion of with photon energy for in-plane polarization for Ga2TeX
calculated within PBE and HSE06 functionals.

are compatible with their energy band gaps as presented in
Fig. 5. Optical calculations were repeated at different vacuum
values and it was observed that the intensity of the dielectric
function changed as the vacuum values changed, the onsets
remained the same and exhibited in Fig. S3 (see SM [52]).
The properties of the optical spectrum can be observed in the
x and y directions due to the presence of anisotropy. The main
peak region of absorption of Ga2TeX generally along x and y
directions center around 3 eV and 4 eV, respectively. Consid-
ering the HSE06 values, high efficiency is expected since the
strong absorption, which means high efficiency in solar energy
use, is observed along the y direction from ultraviolet (UV) to
the visible light region. The absorption intensity along the x
direction is lower than along the y direction in the visible light
region for all Ga2TeX structures. However, the very strong
main peak along y direction of Ga2TeSe is observed around
4 eV, which is higher than that Ga2TeS x and y directions.
The local field effects are ignored due the much more com-
putational costs. Due to the frequency-dependent reflection,
it is seen that the reflection in the visible and UV spectrum
is in both directions. This allows the material to be used in
optoelectronic devices. We also examine the optical conduc-
tivity for in-plane polarization of light. As evident in Fig. 6,
σxx and σyy are in the low-energy regime until 5 eV, indicat-
ing that the system is transparent in the infrared and visible
regions. Further to the onset around 2.5 eV, σxx displays an
abrupt increase in absorption beyond 5.5 eV in the UV region
while σyy of the Ga2TeS structure has minimum around 4 eV.
The variation of ε2(ω) with photon energy for in-plane light
polarization is given in Fig. 7. Based on HSE06 results (as is
seen from the figure HSE06 band gaps have larger values than
PBE), for Ga2TeX structures the onset of absorption generally
are at 2 eV in accordance with the direct electronic band
gap, and main absorption peaks have mostly extended to UV
region.

IV. CONCLUSION

In the present paper, density functional theory-based first
principles calculations were performed in order examine the
dynamical and thermal stability of monoclinic Janus single
layers of Ga2TeS and Ga2TeSe. For the stable single-layer
structures, vibrational, electronic, optical, mechanical proper-
ties were investigated in terms of the anisotropy in the crystal.
Raman spectra analysis revealed the existence of either pure or
coupled phononic vibrations arising from Ga-Te-X (X = S or
Se) atoms. Electronic band dispersions calculations indicated
the direct band-gap nature of the predicted Janus single layers
whose energy band gaps were calculated to be in the visible
spectrum. Elastically, Ga2TeS and Ga2TeSe Janus structures,
which exhibit in-plane anisotropy due to their quasi 1D na-
ture, were shown to be quite soft as compared to well-known
2D materials. Moreover, predicted piezoelectric coefficients
revealed that while there is a strong in-plane anisotropy be-
tween piezoelectric constants along AC and ZZ directions,
there exists a tiny polarization along the out-of-plane direction
as a result of the formation of Janus structure. The optical
dichorism and three-fold anisotropy of the proposed Janus
single layers make them potential candidates for promising
applications. The optical spectra of Ga2TeS and Ga2TeSe
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Janus structures were similar to group-III chalcogenide mono-
layers. It was in the form of transition from ultraviolet to
visible region.
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