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of the C2h polymorph of gallium
monochalcogenides: first-principles examination
of Ga2XY (X/Y = S, Se, Te) monolayers

Tuan-Anh Tran, a Le S. Hai,a Vo T. T. Vi, b Cuong Q. Nguyen, cd

Nguyen T. Nghiem,e Le T. P. Thaof and Nguyen N. Hieu *cd

Group III monochalcogenide compounds can exist in different polymorphs, including the conventional D3h

and C2h phases. Since the bulk form of the C2h-group III monochalcogenides has been successfully

synthesized [Phys. Rev. B: Condens. Matter Mater. Phys. 73 (2006) 235202], prospects for research on

their corresponding monolayers have also been opened. In this study, we design and systematically

consider a series of Janus structures formed from the two-dimensional C2h phase of gallium

monochalcogenide Ga2XY (X/Y = S, Se, Te) using first-principles simulations. It is demonstrated that the

Janus Ga2XY monolayers are structurally stable and energetically favorable. Ga2XY monolayers exhibit

high anisotropic mechanical features due to their anisotropic lattice structure. All Janus Ga2XY are

indirect semiconductors with energy gap values in the range from 1.93 to 2.67 eV. Due to the

asymmetrical structure, we can observe distinct vacuum level differences between the two surfaces of

the examined Janus structures. Ga2XY monolayers have high electron mobility and their carrier mobilities

are also highly directionally anisotropic. It is worth noting that the Ga2SSe monolayer possesses superior

electron mobility, up to 3.22 × 103 cm2 V−1 s−1, making it an excellent candidate for potential

applications in nanoelectronics and nanooptoelectronics.
1 Introduction

For nearly two decades, the eld of materials science has grown
and expanded dramatically. Particularly, the family of two-
dimensional (2D) nanomaterials has received extensive atten-
tion and research from the scientic community, both theo-
retically and experimentally. Emerging in the family of two-
dimensional materials is a class of group III mono-
chalcogenides MX, which have been experimentally fabricated,
such as InSe,1 GaS,2 and GaSe.3 Physical properties of group III
monochalcogenide compounds MX (M = Ga, In; X = S, Se, Te)
have been systematically studied recently.4–6 It has been shown
that this class of materials has outstanding physical properties
and diverse applications in the elds of nanooptoelectronics
such as nanophotodetectors, eld-effect transistors and so on.
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Recently, the vertical asymmetric structure, namely the Janus
structure of 2D nanomaterials, have been experimentally
fabricated.7,8 As a result, a series of new Janus structures have
been designed and studied extensively.9–12 Notable for this
continuum is the Janus congurations based on group III
monochalcogenide monolayers.13–15 The Janus group III mono-
chalcogenide compounds M2XY were predicted to be dynami-
cally and thermodynamically stable.16 The M2STe and M2SeTe
monolayers are direct bandgap semiconductors,17–19 while the
MXs are indirect bandgap ones. It can be realized that the
electronic band structure is changed when the structural
symmetry of the material is broken. Besides, the oxygenation of
Janus monochalcogenides has also been reported in many
previous works.9,14,20 These oxidized monolayers were shown to
exhibit stability, and the oxygenation caused the
semiconductor-to-metal phase transitions in OGaInSe and
OGaInTe structures.9 The high electron mobility in GaInXO
system makes this Janus potentially applicable in nano-
electronic devices.

It is well-known that the 2D structures can exist in various
polymorphs.21,22 The discovery of different crystal phases of
material has provided novel characteristics and applications.
MoS2 monolayer can exist in the 2H phase as well as in the 1T′

phase.23,24 Also, group III monochalcogenide InSe monolayer
can be stable in both D3d phase25 and D3h phase.26 Not only that,
the InSe bulk belonging to the C2h point group has been
RSC Adv., 2023, 13, 12153–12160 | 12153
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Fig. 1 Top and side views of crystal structure of Janus Ga2XY structure
(X/Y = S, Se, Te).
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successfully fabricated experimentally.27,28 This discovery
prompted scientists to hope for the possibility of synthesizing
the corresponding C2h phase of 2D group III monochalcogenide
materials. Theoretical studies have predicted the stability of C2h

group III monochalcogenide monolayers.29 MX materials with
C2h space group are semiconductors with wider direct bandgaps
and their carrier mobilities are much higher than that in the
conventional D3h phase. C2h-MX has a strong absorption coef-
cient and anisotropic optical properties, making new phase
potential for application in high-performance optoelectronic
devices.29

Following this development, we propose a series of Janus
Ga2XY monolayers based on C2h-GaX materials by means of
density functional theory. We rst focus on their structural
features and stability. Besides, the electronic characteristics and
also carrier mobilities of Ga2XY are calculated systematically.
The article is structured as follows. The next section presents
the methodology and computational methods used in this
study. The main calculated results of the paper are presented in
Section III, including crystal structure characteristics and
structural stability, electronic properties, and carrier mobility.
The conclusion is presented in Section IV.

2 Computational method

All calculations in this study were computed based on density
functional theory (DFT) performed by Quantum Espresso
code.30 We used the projector augmented wave approximation
to investigate the electron–ion interaction.31 The cut-off energy
of 50 Ry was selected for a plane-wave basis. The electron
exchange and correlation effect were considered by the func-
tional suggested by Perdew, Burke, and Ernzerhof (PBE).32

Further, we also used Heyd–Scuseria–Ernzerhof (HSE06) hybrid
functional33 as implemented in the Vienna ab initio simulation
code34,35 to correct bandgap of the investigated structures. A k-
points grid of (15 × 15 × 1) was chosen for sampling the rst
Brillouin zone by the Monkhorst–Pack scheme.36 The conver-
gence threshold of energy and force was selected as 10−6 eV and
10−3 eV Å−1, respectively. The weak van der Waals forces
between interlayers were treated by the semiempirical DFT-D3
method37 was adopted to describe the weak van der Waals
(vdW) interactions between interlayers. A vacuum space of 20 Å
was used along the vertical direction to eliminate possible
interactions between neighbor slabs. The phonon dispersions
were calculated by the density functional perturbation approx-
imation38 as implemented in the PHONOPY soware.39 To test
the thermodynamic stability of Janus systems, the ab initio
molecular dynamics (AIMD) calculation was performed.40 The
carrier mobilities in these Janus were determined based on the
deformation potential (DP) theory.41

3 Results and discussion
3.1 Crystal structure and structural stabilities

Fig. 1 presents the optimized crystal structure of Janus Ga2XY
monolayer, which is a monoclinic lamella. The Janus Ga2XY, as
shown in Fig. 1, can be formed by substituting the top
12154 | RSC Adv., 2023, 13, 12153–12160
chalcogen atom layer X with another chalcogen atom layer Y in
the C2h-GaX monolayer. The unit cell of Ga2XY contains eight
atoms and its crystal structure belongs to the symmetry group
Pm (Cs). This is different from the C3v-Ga2XYmonolayer (formed
from D3h-GaX), where the unit cell contains only four atoms.42

The structural parameters for optimized crystals of Ga2XY
monolayers are presented in Table 1. We can see that Janus
Ga2XY is a high anisotropic structure with the anisotropic ratio
s = a/b (a and b are the lattice constants) up to about 2.6. The
lattice constants increase with the increasing atomic size of the
chalcogen atoms X and Y. The lattice constant value a/b ranges
from 9.77/3.70 Å (Ga2SSe) to 9.90/3.94 Å (Ga2SeTe). It is
demonstrated that the lattice parameter b of Ga2SSe is between
that of GaS and GaSe,29 while the lattice constant a of Ga2SSe is
smaller than that of both GaS and GaSe.

We next test the structural stabilities of the investigated
materials. Firstly, we evaluate the strength of the chemical
bonding between atoms in Janus Ga2XY monolayers through
the calculations for cohesive energy Ecoh by the following:

Ecoh ¼ Etot � ðNGaEGa þNXEX þNYEYÞ
NGa þNX þNY

; (1)

Here Etot is the total energy of Janus material; EGa, EX, and EY are
the energies of individual elements Ga, X, and Y, respectively;
NGa, NX, and NY are the number of Ga, X and Y atoms in unit
cell, respectively.

In Table 1, we present the calculated values of the cohesive
energies of the Ga2XY monolayers. The cohesive energies of
Ga2SSe, Ga2STe and Ga2SeTe are calculated to be −4.01, −3.79
and −3.63 eV per atom, respectively. This suggests that all
investigated monolayers are energetically favorable. The greater
the distance between the atoms, the weaker the bond between
them. Ga2SSe is found to be themost energetically favorable with
Ecoh = −4.01 eV per atom. The obtained results for the cohesive
energies of Ga2XY are comparable with those of their pristine
structures, such as C2h-GaS 4.11 eV per atom and C2h-GaSe
3.75 eV per atom,29 and C3v-Ga2XY Janus structures, such as C3v-
Ga2SSe 3.40 eV per atom and C3v-Ga2STe 3.17 eV per atom.43
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lattice constants a and b, thickness Dh, anisotropic ratio s = a/b, cohesive energy Ecoh, elastic constants Cij of Janus Ga2XY monolayers

a (Å) b (Å) Dh (Å) s
Ecoh (eV
per atom) C11 (N m−1) C12 (N m−1) C22 (N m−1) C66 (N m−1)

Ga2SSe 9.77 3.70 3.12 2.64 −4.01 40.50 2.58 47.47 9.24
Ga2STe 9.82 3.87 3.30 2.54 −3.79 32.76 3.01 43.40 6.83
Ga2SeTe 9.90 3.94 3.43 2.51 −3.63 29.01 2.56 43.05 5.64

Table 2 Bandgap Eg calculated by PBE and HSE06 methods, vacuum
level difference DF, and work functions F of Ga2XY monolayers

EPBEg (eV) EHSE06
g (eV) DF (eV) F1 (eV) F2 (eV)

Ga2SSe 1.88 2.67 0.15 5.34 5.49
Ga2STe 1.41 2.15 0.38 5.44 5.06
Ga2SeTe 1.27 1.96 0.23 5.21 4.98
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To determine the realization of Ga2XY monolayers, we eval-
uate their dynamical stability of the studied monolayers based
on the calculations for phonon spectra as shown in Fig. 2(a). It
is found that the phonon spectrum of Ga2XY have 24 phonon
modes due to its unit cell containing eight atoms, including
three acoustic and 21 optical modes. Our calculated results
indicate that there are no so modes (negative frequencies)
available in the phonon spectra of all three examined mono-
layers. This implies that Ga2XY materials are dynamically
stable. Further, we also test the thermodynamical stability at
room temperature. The AIMD calculations are carried out at 300
K with 5 ps in increments of 1 fs. The variation of the total
energy to time for these Janus monolayers is depicted in
Fig. 2(b). We found that the uctuations in the total energy of
three proposed Janus structures are small during the AIMD
calculations, about 0.5 eV. The crystal structure of the mono-
layers remains stable. No chemical bond breaks nor structural
transition was observed. This proves the thermodynamical
stability of the Janus Ga2XY.

Besides the thermodynamic stability, we also test the
mechanical stability of these new systems through the evalua-
tion of their elastic constants. According to Voigt's notation, we
can use four elastic constants C11, C22, C12, and C66 to evaluate
the mechanical stability of 2D materials. To determine these
elastic constants, we apply the small tension and compression
along the two x and y directions. The strain strength varies from
−0.015 to 0.015 with a strain step of 0.005. At each strain value,
the atomic positions are optimized and the corresponding
energy data is obtained. We t these energy values to a poly-
nomial, thereby attaining the elastic constants Cij.44 Table 2
outlines all the values of the elastic constants of our proposed
Janus systems. It is noteworthy that the elastic constants satisfy
Fig. 2 (a) Phonon spectra and (b) AIMD calculation for the variations of

© 2023 The Author(s). Published by the Royal Society of Chemistry
Born-Huang's criteria for mechanical stability, i.e. C11 > 0 and
C11

2 – C12
2 > 0,45 revealing that the Janus Ga2XY are found to be

mechanically stable.
The mechanical properties of materials are also character-

ized by Young's modulus Y2D and Poisson's ratio P. Young's
modulus gives the in-plane strength of a material. Due to the
anisotropic crystal structure, Young's modulus of Ga2XY
depends on the investigated direction as follows46,47

Y2DðqÞ ¼ C11C22 � C12
2

C11 sin
4
qþ C22 cos4 q� ð2C12 � UÞsin2

q cos2 q
; (2)

Here U = (C11C22 – C12
2)/C66 and q is the angle relative to the

armchair axis.
Our calculated results present that Young's modulus is high

directionally anisotropic due to the in-plane anisotropic lattice
of Ga2XY systems. The calculated results for Young's modulus,
as shown in Fig. 3(a), indicate that Ga2XY materials are the
hardest along the [010] direction (q = 90°) with Young's
modulus of Ga2SSe, Ga2STe, and Ga2SeTe being 47.31, 43.12,
and 42.82 N m−1, respectively. Young's modulus along the [100]
direction (q = 0°) is also high while the minimum value is
corresponding to q about 45° and 135°. Fig. 3 reveals that the
Ga2SSe has the largest Young's modulus in comparison with
the total energy to time of Janus Ga2XY at room temperature.

RSC Adv., 2023, 13, 12153–12160 | 12155
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Fig. 3 Young's modulus (a) and Poisson's ratio (b) of Ga2XY (X/Y = S,
Se, Te).

Fig. 4 Examined energy band diagrams of (a) Ga2SSe, (b) Ga2STe, and
(a) Ga2SeTe monolayers using the PBE and HSE06 functionals.
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other structures. The calculated values of Young's modulus
decrease with increasing atomic number of chalcogen
elements. This is consistent with the fact that the larger the
lattice constant, the weaker the in-plane strength. In general,
Ga2XY materials are more mechanically exible than other
compounds because they have a small Young's coefficient.48

We also calculate Poisson's ratio P which can determine the
mechanical response of the Ga2XY to the applied strain as:46,47

PðqÞ ¼ C12

�
sin4

qþ cos4 q
�� ðC11 þ C22 � UÞsin2

q cos2 q

C11 sin
4
qþ C22 cos4 q� ð2C12 � UÞsin2

q cos2 q
;

(3)

From Fig. 3(b), it is revealed that the Poisson's ratio of Ga2XY
is anisotropic, which is consistent with their in-plane anisotropic
lattice. The Janus Ga2SSe has the smallestP value compared with
other considered structures. Thus, Poisson's ratio exhibits an
opposite trend with respect to Young's modulus. It can be found
that the P value of Ga2XY is much smaller than that of graphene
and silicene.48 In other words, the investigated Janus monolayers
are very insensitive to applied strain.

3.2 Electronic properties

In this section, we focus on the electronic properties of Janus
Ga2XY based on the DFT analysis. First, we study the band
12156 | RSC Adv., 2023, 13, 12153–12160
structures of these Janus structures using both PBE and HSE06
functionals. Fig. 4 reveals that all examined Janus materials are
semiconductors. At the PBE level, the calculated bandgaps of
Ga2SSe, Ga2STe, and Ga2SeTe are found to be 1.88, 1.41, and
1.27 eV, respectively. It is found that all three investigated
structures exhibit indirect semiconducting characteristics.
However, while both Ga2STe and Ga2SeTe monolayer have the
conduction band minimum (CBM) located at the X point and
the valence band maximum located on the YG path, the CBM of
Ga2SSe located at the G point. However, it is worth noting that
the difference in energy at the CBM and X point in Ga2SSe is very
small. These characteristics of Janus Ga2XY in this phase are
different from those in the C3v one, where both C3v-Ga2STe and
C3v-Ga2SeTe possess direct band gaps.17,19 It is evident that the
variation in the crystal lattice has given rise to new electronic
features.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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To correct the bandgaps of Ga2XY monolayers, we also
calculate the band diagrams by using the hybrid functional
HSE06 as depicted in Fig. 4(b). The hybrid functional is
considered to be the most efficient method to obtain the precise
bandgap of semiconductors and insulators. It can be observed
that all Janus monolayers retain the bandgap nature at the PBE
level. However, the bandgaps calculated by the HSE06 method
is much higher than those by the PBE method as tabulated in
Table 2. At the HSE06 level, the bandgaps of Ga2XY semi-
conductors vary from 1.96 to 2.67 eV. The bandgaps of these
structures are comparable with that of C3v-Ga2XY structures.16

To further understand the nature of the electronic structure,
we explore the weighted bands of Janus Ga2XY as revealed in
Fig. 5. It is obvious that all three Janus Ga2XY monolayers
Fig. 5 Projected band structures of (a) Ga2SSe, (b) Ga2STe, and (a) Ga2S

© 2023 The Author(s). Published by the Royal Society of Chemistry
exhibit the same trend in the contributions of the atomic
orbitals to the electronic bands. The main component of the
conduction band is the s orbital of the Ga atom, while the major
contribution of the valence band is the p orbital of the chal-
cogen atom.

One of the important features of electronic materials is the
work function, which represents the ability of electrons to
escape from the surface of a material. Possessing the vertical
asymmetric lattice, Janus structures possess intrinsic electric
elds.49 The magnitude of this electric eld depends on the
electronegativity difference of the X and Y sides. For the asym-
metric structures, we included the dipole correction50 in the
calculations of the electrostatic potentials. Fig. 6 depicts the
computed the electrostatic potential with dipole correction. We
eTe.

RSC Adv., 2023, 13, 12153–12160 | 12157
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Fig. 6 Calculated electrostatic potentials with dipole corrections of
Ga2XY monolayers.

Fig. 7 Uniaxial strain-dependence of the total energies (a) and band-edg

12158 | RSC Adv., 2023, 13, 12153–12160
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can see that a distinct vacuum level difference DF is found at
the surfaces of Janus Ga2XY. The larger the atomic size differ-
ence between X and Y constituent elements, the higher value of
DF is. From Table 2, we can see that, for example, the values of
DF for Ga2SSe and Ga2STe are 0.15 and 0.38 eV, respectively.
The value of DF not only affects the work functions on the
surfaces of the materials but also affects the photocatalytic
performances of the 2D materials. The value of the work func-
tion is determined based on the difference between the Fermi
level and the vacuum level. The X and Y surfaces of Janus have
different vacuum levels, leading to a disparity in the work
functions at the two surfaces. The obtained work functions on
both surfaces of Ga2XY are summarized in Table 2. It is
demonstrated that the values of the work function on the X side
are in the range from 5.21 to 5.44 eV, while those on the Y side
are in the range from 4.98 to 5.49 eV. Furthermore, Janus Ga2-
SeTe has the smallest work function at the two surfaces
compared with the other Ga2XY structures. This means that it is
easier for the electron escaping from the surfaces of Ga2SeTe
compound than for the other structures.

3.3 Carrier mobilities

Mobility of carriers is one of the key parameters affecting the
applicability of the material to electronics and optoelectronics.
We here examine the carrier mobility of three studied Janus
compounds through the deformation potential (DP) theory
suggested by Bardeen and Shockley.41 The carrier mobility of
a 2D crystal is dened as follows:

m2D ¼ eħ3C2D

kBTm*mEd
2
; (4)

where e stands for the elementary charge, ħ refers to the reduced
Planck's constant, kB is Boltzmann's constant, m* is the carrier
effective mass, and �m denotes the average effective mass
e energies (b) of Ga2XY. The data fitting is represented by the solid line.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The carrier effective mass m* (in unit of the free electron mass m0), elastic modulus C2D (Nm−1), DP constant Ed (eV), and mobility of
carriers m (cm2 V−1 s−1) along the x/y direction of Janus Ga2XY

m*
x m*

y C2D
x C2D

y E2D
x C2D

y mx my

Ga2SSe Electron 0.99 0.24 57.20 65.40 −0.89 −12.31 3.22 × 103 78.47
Hole 8.60 1.80 57.20 65.40 −4.34 −2.74 1.91 26.26

Ga2STe Electron 0.86 0.23 55.00 62.10 −2.52 −10.01 485.69 130.57
Hole 2.35 1.26 55.00 62.10 −3.67 −3.64 21.48 45.98

Ga2SeTe Electron 0.68 0.39 48.40 60.5 −2.54 −9.88 459.09 66.01
Hole 1.56 1.06 48.40 60.5 −3.34 −3.63 46.09 71.89
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ðm ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
mxmy

p Þ. T is the temperature set to be 300 K, Ed is the DP
constant, and C2D is the elastic modulus. The DP constant

derives from Ed ¼ DEedge

3uni
, where DEedge is the displacement of

the CBM (for electrons) and VBM (for holes) caused by the
uniaxial strain 3uni. The displacement of these band edges is
determined with respect to the vacuum level. By linearly tting
the energy shi of the CBM and VBM as a function of the
uniaxial strains as shown in Fig. 7, we obtain the DP constant.

The elastic modulus C2D is determined by C2D ¼ 1
S

v2E
v3uni2

, where

E is the total energy of the system, S is the area of the supercell
at equilibrium. The carrier effective mass is determined by
1
m*

¼ 1
ħ2

����
v2EðkÞ
vk2

����. The effective masses of carriers can be

calculated by the parabolic tting of the values of energies
around the CBM and VBM.

Table 3 reports the data of the carrier effective mass, elastic
modulus, and DP constant of Ga2XY monolayers along the x and
y directions. Based on these obtained parameters, the carrier
mobilities in all of Janus are attained accordingly. It is found that
the electron and hole mobilities are different in the x and y
transport directions, indicating that the carrier mobilities are
directionally anisotropic. Particularly, the carrier mobility of
Ga2SSe exhibits high anisotropic, where the mobility of electrons
along the x direction is much higher than that along the y
direction. Ga2SSe monolayer possesses high electron mobility
along the x direction up to mx= 3.22× 103 cm2 V−1 s−1. Similarly,
the mx values of Ga2STe and Ga2SeTe are found respectively to be
485.69 and 459.09 cm2 V−1 s−1, which aremuch higher than their
electron mobilities along the y direction my as presented in Table
3. The carrier mobilities of Ga2STe and Ga2SeTe are comparable
to those of the C2h-GaS, C2h-GaSe while Janus Ga2SSe monolayer
possesses superior electron mobility compared to that of the
pristine C2h-GaX structures.29 However, the electron carrier of
Janus Ga2SSe is one order of magnitude smaller than that of the
Janus C3v-Ga2SSe (1.31 × 104 cm2 V−1 s−1).51
4 Conclusion

The structural stability, electronic characteristics, and carrier
mobilities of Janus materials based on the C2h phase of group
III monochalcogenide Ga2XY were investigated using rst-
principles calculations. Through AIDM calculations and Born-
Huang's criteria, all three Janus Ga2XY monolayers are
© 2023 The Author(s). Published by the Royal Society of Chemistry
conrmed to be structural stability. The obtained results indi-
cated that Ga2XY monolayers exhibit anisotropic mechanical
properties and Ga2XY monolayers are more mechanically ex-
ible than graphene and silicene. Ga2XY monolayers were found
to be semiconductors with indirect bandgaps from 1.96 to
2.67 eV at the HSE06 level. With the vertical asymmetric lattice,
the distinct vacuum level difference DF was observed at the
surfaces of Janus Ga2XY and the values of DF depend highly on
the atomic size of the constituent atoms X and Y. The obtained
results demonstrated that Ga2XY materials exhibit high direc-
tional anisotropy. Particularly, the electron mobility of Ga2SSe
was found up to 3.22 × 103 cm2 V−1 s−1, which is potential for
applications in nanoelectronic devices.
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