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The possibility of breaking structural symmetry with realization of Janus monolayers offers new possibilities
in the field of two-dimensional (2D) materials, and various ternary systems including the class of group-III
monochalcogenides have been suggested. However, interaction of oxygen was shown to modify optoelectronic
properties of gallium monochalcogenides, and design of ternary systems with oxygen as a third component has
not been considered yet. In this paper, we design and investigate 2D Ga,XO (X = S, Se, Te) systems by using
first-principles calculations. Phonon spectra analysis and molecular dynamics simulations indicate that while
Ga, SO and Ga,SeO are stable even at high temperatures Ga,TeO is dynamically unstable. Inclusion of oxygen
makes Ga, SO and Ga,SeO less brittle when compared to their binary constituents. While GaX monolayers have
indirect band gaps, Ga,SO and Ga,SeO become direct band-gap semiconductors and the band gap can be further
tuned by tensile/compressive strain. Additionally, depending on the type of the system, strong optical absorption
within the infrared, visible, and/or ultraviolet region is also predicted. Finally, structural and electronic properties
of bilayers of Ga,XO are examined and compared with monolayers. Our results not only predict stable 2D

ternary Ga,X O structures but also suggest them as promising materials for optoelectronic applications.
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I. INTRODUCTION

The discovery of graphene has initiated an extensive re-
search being carried out to manufacture and design new
classes of two-dimensional (2D) materials [1-3]. In this quest
many 2D systems beyond graphene have been realized, and
within these classes there has been a surge of interest in
the family of group-III monochalcogenides with formula MX
(M = B, Ga, Al, In and X = O, S, Se, Te) due to their
remarkable properties which make them useful in various
applications [4]. To date, 2D GaS [5-7], GaSe [8,9], GaTe
[10,11], and InSe [12,13] have been synthesized and have
been extensively examined [14]. The intriguing electrical,
optical, and mechanical properties of GaS monolayers have
been revealed and they have been suggested as an ideal mate-
rial for optoelectronic applications [15,16]. High-responsive
photodetectors based on GaS and GaSe monolayers have
been reported [7,8] and these systems have been proposed as
potential water splitting catalysts since their band edges are
aligned with the redox potential of water [17]. Heterostruc-
tures of GaS and GaSe with type-II band alignment which
enables physical separation of excitons have been predicted
[18]. In addition to fabricated systems, all dynamically stable
configurations of MX monolayers have been examined and
they have been classified as indirect semiconductors with band
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gaps between 1.21 and 6.24 eV covering a wide range of
the optical spectrum [14]. It has been also noted that MO
monolayers behave significantly different than the rest of the
MX systems [14]. In a similar manner, it has been shown that
the electronic and topological properties of single layer MX's
[19] and their ultrathin films [20] can be tuned by oxygen
functionalization or oxidation at ambient conditions.

The development of 2D materials is not limited by mo-
noelemental or binary systems but they have been followed
by fabrication of ternary structures in alignment with ad-
vancement in experimental techniques. Lu et al. have reported
the production of ternary MoSSe monolayers by replacing
all of the S atoms at one side of MoS, by Se atoms [21].
By this way, the out-of-plane mirror symmetry is broken,
resulting in new properties different than the binary coun-
terpart. Subsequently, the Janus SMoSe monolayer has been
synthesized by replacing one layer of Se atoms of MoSe;
with S atoms via controlled sulfurization [22]. The resulting
structure has characteristic Raman peaks differentiating it
from the MoS, and MoSe, monolayers. These efforts are not
restricted to transition-metal dichalcogenides but have also
been extended to different classes including the ternary group-
IIT monochalcogenides. The Janus monolayer of In,SSe has
been predicted recently [23] and an indirect-direct band-gap
transition due to broken vertical symmetry has been reported.
The other ternary derivatives of group-IIIl monochalcogenides
have been also theoretically investigated and they have been
suggested as piezoelectric materials with high piezoelectric
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FIG. 1. The side and top views of (a) Ga,SO, (b) Ga,SeO, and (c) Ga,TeO monolayers. Ga, S, Se, Te, and O atoms are shown with blue,
yellow, green, orange, and red spheres, respectively. The bond length between Ga-Ga (dga-Ga), Ga-O (dga.0), Ga-X dga.x ), and thickness (dx.o)
(side view) and donated/accepted (+/—) charges (top view) are also represented with relevant color codes.

coefficients [24]. Finally, Bui ef al. examined the structural,
electronic, and optical properties of Janus Ga,SSe, Ga,STe,
and Ga,SeTe monolayers [25] and compared the obtained
electronic band gaps with their binary analogs.

On the other hand, while it has been shown that MX
monolayers and thin films exhibit different characteristics
with oxygen functionalization, their possible ternary struc-
tures with inclusion of oxygen have not been studied yet.
With this in mind, in this paper we examine the structural,
vibrational, electronic, and optical properties of mono- and
bilayers of Ga,XO (X =S, Se, Te) by first-principles methods
to reveal the effect of oxygenation. First, the ground-state
structures of Ga;XO monolayers are obtained and their dy-
namical stabilities are tested by phonon spectrum analysis and
molecular dynamic calculations. Next, the electronic proper-
ties are investigated and the variation of the band gap under
strain is also considered. In relation to electronic structure,
the optical response is studied following the calculation of
the complex dielectric function. Finally, the structural and
electronic properties of the bilayers are analyzed by taking
into account all possible stackings.

II. METHOD

All first-principles calculations were carried out within
the framework of density functional theory (DFT) imple-
mented in the Vienna Ab initio Simulation Package [26-29].
The generalized gradient approximation with Perdew-Burke-
Ernzerhof (GGA-PBE) formalism [30] was chosen to describe
the exchange-correlation functional. The projected augmented
wave method [31] with a kinetic-energy cutoff of 530 eV
was used for element potentials. The Brillouin zone was
sampled with a 16 x 16 x 1 k-point mesh centered at the
I" point [32]. The random-phase approximation [33] with a
24 x 24 x 1 k-point mesh was adopted to calculate the optical
response. Local-field effects were accounted for the exchange-
correlation potential. The linear response of the system to the

light-matter interaction is described by the complex dielectric
function, €(w) = €;(w) + i€2(w), where the Kramers-Kronig
relation is applied to obtain the real and imaginary parts by
taking into account the dielectric screening in 2D systems
[34-37]. In addition to interband transitions, intraband transi-
tions for metallic systems were also taken into account by cal-
culating the plasma frequency. The structures were optimized
until the energy difference between two consecutive steps was
less than 10~ eV and the force on the atoms was smaller than
0.01 eV/A. A vacuum space was set to 15 A, which was
tested to be sufficient to prevent artificial interactions (i.e., a
polarization induced electrostatic field in the vacuum region
[38,39]) between images along the nonperiodic direction (see
Supplemental Material [40]). Phonon dispersions were calcu-
lated by using a small displacement method implemented in
the PHONOPY package [41]. Since the GGA-PBE formalism
tends to underestimate the electronic band gaps, the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional approach was
employed to obtain a more accurate electronic structure [42].
An empirical correction method of Grimme (DFT-D2) was
applied to describe van der Waals (vdW) interactions [43].
The charges on the atoms were calculated by using the Bader
charge technique [44].

III. RESULTS AND DISCUSSION

A. Structural properties and stability

To construct Janus Ga,XO (X = S, Se, and Te) monolay-
ers, either side of GaX consisting of X atoms is substituted
with O atoms yielding three different structures (Ga,SO,
Ga,Se0, and Ga,TeO) as shown in Fig. 1. Similar to their
binary counterparts, ternary systems have four covalently
bonded atomic planes in which Ga layers are sandwiched be-
tween O and X atoms and hexagonal symmetry is retained. As
listed in Table I, the optimized lattice constants (a) of Ga,XO
elongate down the chalcogen group and obtained values lie
within those of binary analogs. In a similar manner, the bond
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TABLE L. The lattice constant (a), cohesive energy per atom (Ec), energy band gap at the level of GGA-PBE (E;®") and HSE06 (E[5),
Poisson’s ratio (v), in-plane stiffness (Y>p), Young modulus Y, and electronegativity difference between Ga and X atoms (A x, in Pauli scale).

Metallic systems are denoted with M.

Type a(A) E¢ (eV/atom) E;) BE (eV) E;'SE (eV) v Yop (J/m?) Y (GPa) Ax
GaO 3.13 4.43 1.50 2.59 0.38 106 208 1.63
GaS 3.64 3.56 2.36 3.26 0.24 71 108 0.77
GaSe 3.82 3.37 1.78 2.64 0.24 58 86 0.74
GaTe 4.14 2.89 1.42 2.08 0.22 48 66 0.29
Ga,SO 3.38 3.88 1.28 2.11 0.30 92 155 0.77
Ga,SeO 3.47 3.62 0.39 1.03 0.32 80 134 0.74
Ga,TeO 3.54 3.30 M M 0.39 44 69 0.29

length between Ga and X /O atoms (dg,.x, dga.0) and thick-
ness (dx.o) also increase with the size of X atoms as repre-
sented in Fig. 1. It should be noted that in addition to ideal ge-
ometries possible structural modifications that can arise from
broken symmetry are also taken into account, however no
distortions and/or structural phase transitions are obtained.

The cohesive energy per atom (E¢) of each structure is
calculated with the following formula:

Ec = [NGaEGa + NxEx + NoEo — EGa,x0]/(Nga + Nx + No)
(1

where Eg,,x0 represents the total energy of the Ga, X O mono-
layer; Eg,, Ex, and Ep are the single atom energies of Ga,
X, and O elements, respectively, and Ng,, Nx, and Np are
the number of corresponding elements in the unit cell. In
parallel with the elongation of the bond length which indicates
weakening of the bonds, Ec- decreases down the chalcogen
group as summarized in Table I. The obtained values are in
between those of binary constituents (GaX and GaO) [14].
The trend can also be correlated with the average charge
donated (accepted) by Ga (X and O) atoms as shown in
Fig. 1. As the charge transfer depends on the electronegativity
difference (A ) between Ga and X atoms which decreases

from the O atom to the Te atom, the charge accepted by
O is higher than all other chalcogen atoms. The asymmetry
in charge transfer affects both the stability (see below) and
physical properties of ternary systems.

Following the structural optimization, vibrational fre-
quency analysis [Fig. 2(a)] is performed to test the dynamical
stability of the considered structures. While all phonon modes
of Ga,SO and Ga,SeO are positive, implying the dynamical
stability at low temperature, the ZA mode of Ga,TeO is
imaginary, indicating that the structure is unstable. In addition
to stability, a decrease in frequency of optical modes from
Ga, SO to Ga,;TeO due to increasing atomic mass is noticed.

To further verify the structural stability at high tempera-
tures, we perform ab initio molecular dynamics simulations
by using the microcanonical ensemble. Size constraint is
altered by constructing a 6 x 6 x 1 supercell and total sim-
ulation time is set to 3 ps with 1-fs time steps for varying
temperatures. As seen from the snapshots in Fig. 2(b), no sig-
nificant distortions are noticed for Ga,SO and Ga,SeO up to
600 K, confirming the dynamical stability. On the other hand,
the crystal structure of Ga,TeO is deformed even at 300 K in
parallel with the phonon spectrum results. Additionally Ga-Te
bonds start to be broken at higher temperatures, indicating
structural decomposition. Even though these results do not

(a) Ga,S Ga,SeO Ga,TeO
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FIG. 2. (a) Phonon band structures and (b) snapshots of ab initio molecular dynamics simulations of Ga,SO, Ga,SeO, and Ga,TeO

monolayers.
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TABLE II. The variation of electronic band gaps at the level of
PBE with strain in eV. Metallic systems are denoted with M.

PBE
EFPE (eV)

—6% —4% —2% 0% +2% +4% +%6 +8% +10%

Ga,SO 141 130 1.15 128 0.71 046 022 001 M
Ga,SeO M M 0.01 039 075 1.10 1.32 1.24 1.11
Gp,JTeO M M M M M M 002 042 074

totally exclude possible stable structures with long-range or-
der, it can be concluded that oxygenation of monolayer GaTe
makes the system unstable. The instability can be correlated
to asymmetric charge transfer from Ga to O and Te atoms. As
discussed above, while O accepts 0.94¢, charge donated to Te
is only 0.30e. This not only weakens Ga-Te bonds but also
affects Ga-Ga bonds. dg,.g, in GaTe elongated from 2.46 to
2.54 A in Ga, TeO results in dynamical instability.

B. Mechanical properties

Revealing the structural stability, first mechanical prop-
erties of Ga,XO monolayers are studied. Mechanical re-
sponse of 2D systems is not only a critical factor for their
integration into devices but also affects their performance
[2]. The elastic properties can be obtained once the relevant
elastic constants are determined. For Ga,X O monolayers, all
elastic constants (C;;) are found to be positive, satisfying the
Born stability criteria [45]. The in-plane stiffness (Y>p) and
Poisson’s ratio (v) are then calculated by using the following
relations, Yop = (C121 — Clzz)/C” and v = C},/C1, and results
are summarized in Table I. In parallel with elongation of bond
lengths, Y>p (and also bulk modulus, Y') decreases down the
chalcogen group. As GaO has the highest Y,p among GaX
monolayers, the inclusion of O increases Y,p of Ga;SO and
Ga;SeO when compared to GaS and GaSe, making them
more rigid. The decrease in Y»p of Ga,;TeO can be explained
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FIG. 3. The electronic band structures and projected density of states (PDOS) of (a) Ga,SO, (b) Ga,SeO, and (c¢) Ga,TeO monolayers.
GGA-PBE and HSEQ6 results are shown by orange solid and blue dashed lines, respectively. E, at the level of PBE (HSE06) is also shown.

The Fermi level is set to zero.
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FIG. 4. The variation of the imaginary part of the dielectric function [¢,(w)] with photon energy for in-plane polarization for (a) Ga,SO,

(b) Ga,SeO, and (c) Ga,TeO monolayers.

with the instability of the structure. Next, Poisson’s ratio
(v), which is the ratio of the transverse strain to the axial
strain (V = —€qans/€axial), 18 calculated and it is found that
v increases down the chalcogen group. Smaller v indicates
a stronger degree of covalent bonding resulting in higher
hardness. Based on Frantsevich’s criteria [46], while GaS
(v = 0.24) and GaSe (v = 0.24) are brittle, GaO (v = 0.38)
is ductile [14]. In parallel with this trend Ga,SO (v = 0.30)
and Ga,SeO (v = 0.32) are at the boundary of ductile and
brittle character (i.e., oxygenation makes these systems less
brittle). For the sake of completeness, v of Ga,TeO is also
calculated and is found to be 0.39. Apart from instability
issues, a higher v value is expected for Ga,TeO because of
its metallic character.

C. Electronic properties

Electronic band structures of Ga,X O monolayers are cal-
culated at the level of GGA-PBE and HSEQ6 along the high-
symmetry points of ['-K-M-I" as shown in Fig. 3. While the
binary constituents (GaO, GaS, and GaSe) have indirect band
gaps, addition of O atoms as a third component makes ternary
Ga,SO and Ga,SeO direct band-gap (E,) semiconductors
with E;BE of 1.28 and 0.39 eV, respectively, and both the
valence-band maximum (VBM) and conduction-band mini-
mum (CBM) locate at the I point. As discussed above, the
lattice constant of Ga,XO lies between those of GaX and
GaO. Therefore, while the O side of Ga,XO is exposed to
tensile strain, the X side experiences a compressive strain. The
exposure of anisotropic strain induces indirect-direct band-
gap transition. A similar effect is also obtained for ternary
In,SSe and MoXY monolayers [23,47]. Additionally, follow-
ing the formation of ordered alloy upon oxygenation, E, of
Ga, X O monolayers are smaller than those of binary systems
and E, decreases down the chalcogen group and even makes
Ga,;TeO metallic. When calculations are repeated using the

HSEOQ6 hybrid functional, as expected larger E, are obtained
but the band-structure profiles are not modified. The metallic
character of Ga,TeO is also preserved. It should be noted that
the electronic structure of the Ga,TeO monolayer is related
with the suggested geometry and metallicity can be altered in
a different structure with long-range order.

When projected densities of states of Ga, X O are analyzed
(Fig. 3), it is noticed that mainly hybridization between Ga-s,
Ga-p, X-p, and O-p orbitals contributes to the levels just
below/above the Fermi level (corresponding to the VBM
and CBM for semiconducting systems), which is similar to
their GaX constituents. Different from other GaX monolayers,
GaO has a distinct VBM composed of Ga-s, Ga-p, and O-p
orbitals [14], which leads to band-gap narrowing in Ga,XO
ternary structures.

D. Strain dependent electronic properties

In addition to inherent strain on both sides of Ga,XO
monolayers, we also analyze the variation of electronic band
structure under biaxial strain. Strain engineering is a promis-
ing strategy to tune electronic performance of 2D materials
and offers new opportunities for device applications [48]. In
this respect tensile (compressive) strain up to +10% (—6%) is
applied. For each strain level, the geometries are reoptimized
and then the band structures are calculated. Obtained band
gaps are summarized in Table II. For Ga,SO, E, gradually
decreases with tensile strain and the system becomes metallic
around ~10%. On the other hand E, gradually increases with
compressive strain and becomes 1.41 eV at —6%. For both
tensile and compressive strain, direct to indirect band-gap
transition is noticed. The response of Ga,SeO is different
from Ga,SO. First, E, increases with tensile strain up to
6% preserving the direct character and then decreases (and
also becomes indirect) at higher strain levels as plastic de-
formation starts. For compressive strain, E, decreases and
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FIG. 5. The side views of Ga,X O bilayers for AA, AB, AA’, and AB’ stacking orders. Ga, X, and O atoms are shown with blue, yellow, and
red spheres, respectively. The interlayer distance for Ga,SO, Ga,SeO, and Ga,TeO is given by yellow, green, and orange colors, respectively.

Ga;SeO becomes metallic after —2%. The different response
between the two materials can be correlated with the variation
of local potential on O and X atomic layers [the (x,y)-plane
averaged electronic potential profile along with the z axis
for the unstrained case is presented in Supplemental Material
[40]]. Considering the O layer as a reference, while the
potential difference between O- and S-atomic layers increases
in Ga,SO with tensile strain, the potential difference between
O- and Se-atomic layers decreases and becomes negative in
Ga,SeO. For Ga,TeO, the system remains metallic under
compressive strain but metal to semiconductor transformation
occurs at 6% and then E, widens with increasing compressive
strain.

E. Optical properties

Finally, the optical response of Ga,X O monolayers is stud-
ied by obtaining the frequency dependent complex dielectric
function [e(w) = €;(w) + i€;(w)], which enables calculation
of the optical properties (i.e., absorbance, optical conductivity,
absorption coefficient, and reflectivity). The variation of €, (w)
with photon energy for in-plane light polarization is given
in Fig. 4. Based on HSEQ6 results, for Ga,SO the onset of
absorption is at 2.1 eV in accordance with the direct electronic
band gap, and main absorption peaks remain in the visible
and near-UV region. Interestingly, for Ga,SeO the absorption
onset is in the infrared regime (=1 eV) and the second peak
remains in the near-UV region (*3.5 eV) and there is almost
no absorption in the visible spectrum. This characteristic can
be used in design of visible-blind detectors which can operate
both in the UV and IR region. As Ga,TeO is metallic, strong

absorption is noticed at low energy levels due to intraband
transitions (Drude term) and the next strong peak suggests
significant light absorption in the visible and near-UV region.

F. Bilayer structures

In the last part, in addition to monolayers, the bilayers of
Ga, X O for all possible stackings are explored. As illustrated
in Fig. 5, for AA stacking order, the top layer is exactly on
top of the bottom layer; for AB stacking, the top layer is
shifted so that O atoms are on the hexagon center of the
bottom layer; for the AA’ stacking, the inverted top layer is
exactly on top of the bottom layer; and for AB’ stacking, the
inverted top layer is shifted so that X atoms are on the hexagon
center of the bottom layer. For the sake of completeness,
the calculations are also repeated for Ga, TeO, the monolayer
of which is found to be unstable. For all stacking orders
the interlayer distance is between 3.34 and 3.85 A (Fig. 5)
and the interlayer interaction energy (Ej,) is between 0.14
and 0.31 eV (Table III), indicating vdW interactions between
monolayers. Onset of chemical bonding between layers is not
noticed. When total energies are compared, the ground-state
configuration is AB stacking for Ga,SO and AB’ for Ga,SeO
and Ga,TeO, but the energy difference (AE) between them is
less than 10 meV /cell for all systems. However small AFE is,
stacking order alters the E, as shown in Fig. 6. The highest
(lowest) E, is obtained for AA (AB) stacking. For semicon-
ducting systems, E, of bilayers is smaller than monolayers due
to quantum confinement but the direct character is preserved.
Also, it should be noted that bilayer Ga, TeO remains metallic
for all configurations.

TABLE III. The interaction energy between monolayers Ej,, the energy difference between different stackings AE, and the energy band
gap at the level of PBE (E;"F) and HSE06 (E;%). All energies are given in eV.

AA AB AN AB’
Ew AE E™* E'F g, AE E™ E'' E, AE E™ E'' E, AE EP™ E'E
Ga,SO  —0.138 008 1.14 181 -0216 073 128 0150 007 111 196 -0213 001 110 195
Ga;SeO  —0.155 0.10 032 087 —0246 001 M 0.7 —0.178 008 0.6 082 —0.255 012 078
Ga,TeO —0.186 012 M M 0300 001 M M —0225 008 M M —0305 M M
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FIG. 6. The electronic band structures of (a) Ga,SO and (b) Ga,SeO bilayers for different stackings. GGA-PBE and HSEQ6 results are
shown by orange solid and blue dashed lines, respectively. E, at the level of PBE (HSE06) is also shown.

IV. CONCLUSION

In summary, we examined the fundamental properties of
2D Ga,XO (X = S, Se, Te) systems which can be realized
by partial oxygenation. Vibrational frequency analysis and
molecular dynamics simulations revealed that while Ga,SO
and Ga,SeO are stable even at high temperatures Ga, TeO
is dynamically unstable. The inclusion of oxygen decreases
(increases) in-plane stiffness (Poisson’s ratio) of Ga,XO
monolayers making them less brittle when compared to their
binary constituents. While GaX monolayers have indirect
band gaps, Ga,SO and Ga,;SeO become direct band-gap
semiconductors due to induced asymmetric strain on both
sides. The obtained band gaps and indirect-direct transition
can be further controlled by applied strain. While Ga,SO has
strong optical absorption in the visible region, main peaks of
Ga;SeO remain in the infrared and ultraviolet region, making
it visible blind. Finally, in addition to monolayers, bilayers
are considered and it is shown that bilayers of Ga,XO can

be formed by van der Waals interaction, which indicates
the possibility of tuning electronic properties with number
of layers and stacking order. Our results not only predict
stable 2D ternary Ga,XO structures but also suggest them
as promising materials for optoelectronic applications due to
their enhanced mechanical, electronic, and optical properties.
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