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The breaking of the vertical symmetry in Janus monochalcogenides gave rise to many properties that were not
present in the original monochalcogenide monolayers. However, recent papers have often focused only on Janus
monochalcogenides containing S, Se, and Te elements despite that O is also one of the group VI chalcogen
elements. In this paper, we systematically investigate the electronic, transport, optical, and thermoelectric
properties of Janus monolayers In,XO (X = S, Se, Te) using first-principles calculations. Based on phonon
spectrum analysis and ab initio molecular dynamics simulations at room temperature, In,X O monolayers were
reported to be stable. Our calculations reveal that, while In,SO is an indirect semiconductor, In,SeO exhibits a
direct semiconducting characteristic, and biaxial strain can lead to the semiconductor-metal phase transition in
In,SeO. Monolayer In, TeO is metal at equilibrium, and its metallic characteristics are prevented under biaxial
strains. Calculations for transport properties show that the carrier mobilities of In,SO and In,SeO monolayers
are highly anisotropic, and electron mobility of In,SO exceeds 3 x 10* cm?/Vs. In this paper, the optical
and thermoelectric properties of In,SO and In,SeO monolayers are also investigated and discussed in detail.
Finally, the electronic properties of all four possible stacking configurations of the Janus bilayers are briefly
calculated. Our findings not only contribute to a more general view of the physical properties of the Janus group
IIT monochalcogenides but also recommend them as potential nanomaterials for applications in optoelectronic

and thermal devices.
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I. INTRODUCTION

For more than a decade, two-dimensional (2D) layered
nanomaterials have been hot topics that have attracted many
scientists because of their outstanding electronic, mechanical,
and chemical properties [1-3]. The 2D family, starting with
graphene [4], is increasingly expanding. Many 2D nanomate-
rials have been recently discovered one after the other, from
silicene [5] to transition metal dichalcogenides (TMDs) [6,7]
and other graphenelike structures [8,9]. The 2D monolayers
possess many extraordinary physical properties which do not
exist in bulk materials [10-13]. Recently, a series of group III
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monochalcogenide nanosheets, including GaS [14,15], GaSe
[14,16], InS [17], and InSe [18], has been experimentally
synthesized. Also, theoretical studies have indicated that the
group III monochalcogenide monolayers [19] have potential
applications in optoelectronic devices [20] and photocatalytic
water splitting technology [21,22].

Recently, Janus monolayers of TMDs joined the 2D family
as additional members. Two research groups [23,24] inde-
pendently reported that Janus MoSSe with an asymmetric
structure was successfully synthesized experimentally. In-
deed, the success of the synthesis of MoSSe has initiated
a series of studies on Janus structures [25-28]. The future
of Janus structures is considered bright with many prospects
for application in nanotechnology [29]. Using first-principles
calculations, Huang et al. demonstrated that the Janus M>XY

©2021 American Physical Society
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(M =Ga, In; X/Y =8, Se, Te; X # Y) monolayers were
semiconductors and can possess photocatalytic activity for
water splitting [30]. The mirror symmetry breaking in Janus
structures not only affects the electronic properties but also
significantly changes their transport properties. Wan et al. re-
vealed that the carrier mobility of Janus In,SeTe is higher than
that of the InSe monolayer [31]. Moreover, Janus structures
of group III chalcogenides exhibit superiority in piezoelectric
properties compared with pure group III monochalcogenides.
The piezoelectric coefficient of the In,SSe monolayer is up to
8.47 pm/V, more than four times higher than that obtained
in pure group III monochalcogenides [32]. The piezoelec-
tric coefficient of group III monochalcogenides MX (M =
Ga, In; X =S, Se, Te) varies from 1.91 pm/V (InS) to
1.98 pm/V (InSe) [32]. Kandemir and Sahin have system-
atically investigated the electronic properties of the Janus
In, SSe monolayer using first-principles calculations [33]. The
In,SSe monolayer is predicted to have a hexagonal structure
like InSe and InS monolayers. However, in the Janus structure,
there are differences in work functions between chalcogenide
sides, which lead to a major change in its electronic structures
[33]. Recently, a type of Janus group III monochalcogenides,
GalnSS, GalnSSe, and GalnSeSe, has been theoretically
proposed [34].

A lot of papers for Janus group III monochalcogenides
have been done; however, recent reports focus only on
Janus structures that contain the S, Se, and Te elements.
Recently, Cui et al. have investigated the piezoelectric prop-
erties of Janus Ga,YZ (Y/Z = O, S, Se) monolayers using
first-principles calculations [35]. They focused on the piezo-
electric properties of the Ga,YZ monolayers, and only a brief
description of the band structures of the Ga,YZ has been
provided. However, in the compounds containing an O el-
ement, the band diagrams are not ordered according to the
period of metal elements. This has also been verified for
group III monochalcogenides IT1O (IT = B, Ga, In, Al) [19].
Very recently, the dynamical stability of the Janus MoSO
monolayer [36] and electronic properties of the oxygenation
of gallium monochalcogenide monolayers [37] have been
investigated by first-principles calculations. Janus group III
monochalcogenides containing an O element (also group VI
chalcogen elements), such as monolayers In,XO (X =S,
Se, Te), have not been investigated yet. In this paper, we
consider the electronic, transport, optical, and thermoelectric
properties of Janus monolayers In,XO (X =S, Se, Te) us-
ing first-principles calculations. The structural properties of
all three Janus monolayers In,XO were calculated first and
their stabilities, including dynamical and thermal, were then
tested via the analysis of the phonon dispersion and molecular
dynamic simulations. Next, the electronic, transport, optical,
and thermoelectric properties are systematically investigated
in this paper. Finally, a brief investigation of the electronic
properties of the bilayers of In,SO and In,SeO with four
possible stacking configurations is presented in the last part
of this paper.

II. COMPUTATIONAL DETAILS

In this paper, first-principles calculations based on density
functional theory (DFT) were performed with the Quantum

Espresso package [38]. We used the generalized gradient
approximations of Perdew-Burke-Ernzerhof (PBE) [39] to in-
vestigate the exchange-correlation interaction. The DFT-D2
method proposed by Grimme [40] was used to consider the
effect of the long-range weak van der Waals interactions in
Janus structures. Also, spin-orbit coupling (SOC) was in-
cluded in self-consistent calculations for electronic structures
for the Janus In,XO monolayers [41]. The cutoff energy
for the plane-wave basis was set to be 500 eV. We used
a (15 x 15 x 1) k-mesh to sample the Brillouin zone (BZ).
The structure is optimized when the forces on atoms are less
than 1073 eV/A. To eliminate interactions between neighbor
slabs, a vacuum space of 20 A was inserted into the vertical
direction of the 2D surface. Additionally, we used the Heyd-
Scuseria-Ernzerhof hybrid functional (HSEO06) to correct the
band structures of the Janus structures.

The dynamical stability was checked via calculations for
the phonon spectrum by using the density functional perturba-
tion theory method [42] via the Quantum Espresso simulation
package [38]. A large supercell of 8 x 8 x 1 was constructed
for the phonon calculations to guarantee the convergence and
give accurate results. Also, we performed the ab initio molec-
ular dynamics (AIMD) simulations [43] at room temperature
for 5 ps with 5000 time steps to test the thermal stability of
the Janus In, X O structures. The canonical ensemble (NVT)
with constant temperature was used for the calculations of
thermal characteristics. The thermoelectric properties were
investigated through the semiclassical Boltzmann transport
theory as performed in the BoltzTrap code [44]. The lattice
thermal conductivity was calculated by using the Phono3py
package [45]. We used a 90 x 90 x 1 k-point mesh to sample
the BZ in calculations for the transport coefficients.

III. STRUCTURE AND STABILITY

The Janus In,XO monolayers (X =S, Se, Te) can be
built from the group III monochalcogenide monolayer InO
by replacing one layer of O atoms by another layer of X
atoms. While the group III monochalcogenides belong to
the D3, symmetry group with mirror symmetry, the break-
ing of a minor symmetry in the Janus In,XO monolayers
make them belong to the P3ml (Cs,) space group. The ge-
ometric structure plays a decisive role in determining the
electronic and transport properties of 2D nanomaterials. The
absence of mirror symmetry in the Janus In,X O monolayers
is expected to introduce physical properties which do not
exist in the monochalcogenide monolayers. The optimized
atomic structure of the Janus In,X O monolayer is illustrated
in Fig. 1(a). After full relaxation, the calculated lattice con-
stant of the Janus In,SO monolayer was a = 3.699 A. Our
obtained results demonstrate that the lattice constant of the
Janus In,XO monolayer increases with the increase in the
size of the element X, from S to Te. Similarly, the In-In,
In-X, and In-O bond lengths d in the Janus In, X O structures
increase when the element X moves down in the chalcogen
group, from S to Te. Also, when the chalcogen atom moves
down from S to Te, while the X-In-In bond angle increases,
the In-In-O bond angle is decreased. The calculated structural
parameters of the Janus In,XO monolayers are summarized
in Table I. Compared with the available data for the In-based
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TABLE I. The calculated lattice constant a, bond length d, thickness, bond angle 8, and cohesive energy E., of the Janus In,XO (X =S,

Se,Te) monolayers.

a dIrg-In dlg»x dlg-o ThileﬂeSS ¢ /Xinln ¢ /1m0 Econ
(A) (A) (A) (A) (A) (deg) (deg) (eV/atom)
In,SO 3.699 2.850 2.508 2.223 4,783 121.633 106.122 4.238
In,SeO 3.761 2.851 2.601 2.245 4.853 123.379 104.735 4.082
In, TeO 3.859 2.872 2.814 2.281 5.081 127.650 102.417 3.761

monochalcogenide monolayers (InX and InO) [19], our cal-
culations reveal that the lattice constant and thickness of the
Janus In,XO monolayer are smaller than that of the InX
monolayer but larger than that of the InO monolayer. Simi-
larly, the In-O bond length dy,.¢ in the Janus In, X O structures
(from 2.223 to 2.281 A) is longer than that in InO (2.16 A)
[19]. Meanwhile, the dj,.x in the Janus In, X O structures is
shorter than that in the monochalcogenides InX .
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FIG. 1. (a) The side and top views of Janus In,XO (X =S,
Se, Te). Phonon spectra and ab initio molecular dynamics (AIMD)
simulations of time-dependent temperature fluctuation at room tem-
perature of (b) In,SO, (c) In,SeO, and (d) In,TeO monolayers.

Cohesive energy E.q, of the Janus In,XO monolayer is
estimated using the formula

NmEw + NxEx + NoEo — Enn,xo
N + Nx + No

where Ey,, Eo, and Ex are, respectively, the single atom en-
ergies of the elements In, O, and X; Ey,,xo refers to the total
energy of the Janus In,XO monolayer; and Np,, No, and Ny
stand for the number of the In, O, and X atoms in the unit cell,
respectively. Our obtained results demonstrate that the most
energetically stable structure is the Janus In,SO monolayer
with the cohesive energy of E 11250 _ 4 238 eV, and the Janus

coh
In, TeO monolayer is least stable with E'2™0 = 3.761eV.
These values of the cohesive energy of In,XO monolayers
are higher than recently reported for InS, InSe, and In,SSe
monolayers [33].

Further, we checked the dynamical and thermal stabilities
of the Janus In,XO monolayers via calculations for phonon
dispersions and AIMD simulations. The obtained results for
the phonon spectrum and AIMD simulations at room tem-
perature of the Janus In,XO monolayers are depicted in
Figs. 1(b)-1(d). The phonon spectra of the In, X O monolayers
have 12 vibrational modes, including three acoustic modes
and nine optical modes, because their primitive cell contains
four atoms (two In atoms, one chalcogen X atom, and one
O atoms). Focusing on the optical spectrum, which is deter-
mined via nine distinct eigenmodes, in the phonon spectra of
all three Janus structures, we can see that, at the I" point, there
are three nondegenerate modes and three doubly degenerate.
The frequency of the optical branches decreases from In, SO
to In, TeO. This is related to the atomic mass of the chalcogen
atoms, which increases from S to Te. Our obtained results
reveal that there is no gap between the acoustic and optical
branches. In all three Janus structures, there is a frequency
range where both acoustic and optical modes coexist. This can
cause the Janus structures to have low thermal conductivity
due to the possibility of strong optical-acoustic scattering. As
presented in Figs. 1(b) and (c), there are no negative frequen-
cies in the phonon spectra of all three Janus In, X O structures,
implying that the In,XO monolayers are dynamically stable
at equilibrium.

By using AIMD simulations, we tested the thermal stability
of the Janus In, X O monolayers at room temperature (300 K).
The Janus In,XO monolayers were heat-treated at 300 K
within 5 ps with 5000 time steps. The temperature fluctuation
as a function of time by AIMD simulations are also shown in
Figs. 1(b)-1(d). Our calculations demonstrate that the atomic
structures of the Janus monolayers are still robust after 5 ps
of heating. No remarkable distortions are observed in atomic
structures of all three Janus monolayers, as presented in the

Econ =
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FIG. 2. Band structures and density of states of (a) In,SO, (b)
In,SeO, (c) and In, TeO.

snapshots of their atomic structures in Figs. 1(b)-1(d). Also,
there is no structural transition as well as no bond breaking in
the Janus structures at 300 K. We can conclude that the Janus
In, X O monolayers are thermally stable at room temperature.

IV. ELECTRONIC PROPERTIES

In Fig. 2, we show our calculations for the band structures
along the I'-K-M-I" high-symmetry direction of the Janus
In, X O monolayers. At the PBE level, both In,SO and In,;SeO
monolayers exhibit semiconducting characteristics with band
gaps at PBE level E;"" being 1.084 and 0.580 eV, respec-
tively. This is consistent with the trend that the band gap
will decrease as the chalcogen atoms move down from S to
Te, as happened in the group III monochalcogenides [19].
More interestingly, when moving down the chalcogen atoms
X in Inp X O monolayers from S to Te, the band gap not only
decreases, as when comparing In,SO with In,SeO, but even
the In,TeO monolayer is metal at equilibrium, as shown in
Fig. 2(c). However, Perdew and Levy have demonstrated that
the PBE calculations underestimate the band gap of insulators
and semiconductors [46], and calculations using the hybrid
functional [47] or GW approximation [48] can give more

52
a_|
@)

N
-\InzSe_QW §

2

)

divaVNe.

Energy (eV)
S

SITIN P
2T AERNAT
NENe

r MK r

—
<
~

rr MK

—

FIG. 3. Calculated band structures In, X O using the PBE + SOC
method.

accurate results. The calculated band structures of the In,XO
monolayer using the hybrid functional HSE06 are also pre-
sented in Fig. 2. We can see that the profiles of band structures
at the HSEO6 and PBE levels are the same. Additionally,
although the band gap calculated using the HSE06 functional,
as expected, is larger than that obtained by the PBE method
for the In,SO and In,;SeO monolayers, the In, TeO monolayer
still preserves its metallic characteristics. The band gaps of
the In,SO and In,SeO monolayers at HSE06 level EfSEO"
are 1.806 and 1.106 eV, respectively. Compared with Ga,X O
monolayers [35], the band gap of the In,SO monolayer is
smaller than that of Ga,SO (2.08 eV), while the band gap
of In,SeO is bigger than that of Ga,SeO (1.00 eV) [35].
Focusing on the band structures of the In,SO and In,;SeO
monolayers, as presented in Figs. 2(a) and 2(b), we realize
that, while the In,SeO monolayer has a direct band gap with
both the conduction band minimum (CBM) and valence band
maximum (VBM) located at the I point [Fig. 2(b)], In,SO
possesses the characteristics of an indirect semiconductor
with the CBM at the I' point and the VBM lying on the KI"
path. This is different from Ga,X O monolayers, where both
Ga,SO and Ga,SeO monolayers are direct semiconductors
[35]. To estimate the contribution of orbitals to the formation
of electronic bands, we calculated the density of states, as
shown in Fig. 2. We can see that X-p and O-p orbitals have
a remarkable contribution to the valence band. Additionally,
the contribution of the X-s, In-d, and O-s orbitals to the
conduction and valence bands is nearly equal.

It is noted that the SOC plays an important role in modifi-
cation of the electronic properties of compounds, especially
compounds based on heavy elements. The calculated band
structures of the Janus In,XO by the PBE + SOC is pre-
sented in Fig. 3. Our obtained results demonstrate that, while
In, TeO preserves its metallic characteristics, the SOC slightly
reduces the band gap of both In,SO and In,SeO monolayers.
When the SOC is included, the calculated band gap E ; BE+S0C
by the PBE + SOC method of In,SO and In,SeO is 1.042 and
0.401 eV, respectively (see also Table II for comparison with
and without the SOC case). A weak influence of the SOC on
the band structure of Ga,SeTe has also been recently reported
by Huang et al. [30]. Also, due to the SOC, a small spin-orbit
splitting energy A is observed at the I" point in the valence
band. The value of the A depends strongly on the size of the
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TABLE II. Calculated band gap E, (eV) using the PBE,
PBE+-SOC, and HSEQ6 approaches and work functions of two dif-
ferent surfaces @y (eV) and @ (eV) of the Janus In, X O monolayers
X =38, Se, Te).

PBE PBE+SOC HSE06

E} EPBE+ E}! Oy @,
In,SO 1.084 1.042 1.806 6.48 5.80
In,SeO 0.580 0.401 1.106 5.68 5.28
In, TeO Metal Metal Metal 4.16 4.16

elements. There is a significant difference in A between In,SO
and In,SeO due to the difference in the atomic mass between
S and Se. It is found that the spin-orbit splitting energy for
In,SO and In,SeO is 0.078 and 0.325 eV, respectively.

It is well known that the influence of the dipole correc-
tion on the electrostatic potential distribution perpendicular to
Janus structures is important [49]. Due to their asymmetric
geometric structure, Janus monolayers have a built-in electric
field [50]. Therefore, the dipole correction should be investi-
gated for Janus structures. In Fig. 4, we show our calculations
for the electrostatic potential with dipole correction of the
Janus In, X O monolayers, from which we can determine the
work function of the monolayers. It is well known that
the work function @ refers to the ability of an electron to
escape from the surface of the material. The work function is
the minimum energy for an electron to move from the Fermi
and vacuum levels. Once the dipole correction is included,
there is a vacuum level difference between the two sides of
the Janus In,XO monolayers. Consequently, the work func-
tions for two different surfaces ®x and ¥ are different. Our
obtained results reveal that the difference in work functions
between two surfaces in In,SO is largest at 0.68 eV with
dg =6.48eV and &p = 5.80eV. In the case of the In, TeO
monolayer, the difference in work functions is almost ignored
with &1, &~ &g =4.16eV. The detailed calculation results
for the work functions are also listed in Table II.

As mentioned above, the electronic properties of 2D nano-
materials are very sensitive to structural perfection, and strain
engineering can significantly alter their electronic properties.
In this part, we also calculate the influence of biaxial strain
&, on band structures of the Janus structures, as shown in
Fig. 5. Our calculations demonstrate that the indirect-direct
band gap transition was observed in the In,SO monolayer in

Top VCL

Bottom VCL

O /o] Too N [ fou] T0oN | [/ i0mo |

Fermi level /\//

n,SO

In,SeO In,TeO

Electrostatic potential (eV)
|
=

z-axis direction z-axis direction z-axis direction

FIG. 4. Electrostatic potential of In,XO monolayers. The work
functions of two different surfaces ®y and ¥ are measured via the
vacuum and Fermi levels. The dashed black and purple lines refer to
the top and bottom vacuum levels (VCL), respectively. The dashed
dark green line refers to the Fermi level.

the presence of compression strain, as illustrated in Fig. 5(a).
Additionally, the In,SeO monolayer becomes an indirect gap
semiconductor at large tensile biaxial strain &, < 7% with the
moving of the VBM from the I' point to the point on the
I'K path. As shown in Fig. 5(b), we can see the formation
of the valence band inversion at &, = 7%. However, the band
inversion depth in the valence band of the In,SeO monolayer
at &, = 7% is very small, about 13 meV. The valence band
inversion in GaSe has been also confirmed by angle-resolved
photoemission spectroscopy [51]. When strain is applied, the
atomic structure, including the bond lengths, of materials is
changed. The change in bond length between atoms leads to
the hopping energy changing [52]. This is one of the causes
that leads to the change in band gap of materials. In fact,
biaxial strain drastically changes the band gap of the In,SO
and In,SeO monolayers, as shown in Figs. 5(a) and 5(b). More
interestingly, the semiconductor-metal phase transition occurs

at &, = —7%. Under the compressive strain, the band gap of
the In,SeO monolayer drastically decreases and reaches zero
at &, = —7%. Figure 5(c) reveals that the metallic character-

istics of the In, TeO monolayer are still preserved in the strain
range from —10% to 10%. In Fig. 6(a), we show our obtained
calculations for biaxial strain dependence of the band gap of
Janus In, X O monolayers. We can see that the graph describ-
ing the dependence of band gaps of In,SO and In,SeO on
the biaxial strain &, is quite similar in shape. When ¢, > 5%,
the band gaps of In,SO and In,SeO are almost the same.
Compressive strain slightly increases the gap of In,SO and
then rapidly decreases almost linearly.

We also examined the influence of the electric field E on
the band structures of the Janus monolayers, as shown in
Fig. 7. A wide range of E from 0 to =5 V/nm was applied
to Janus structures. Previously, a strong electric field up to
3 V/nm has been experimentally applied to graphene [53].
Calculated results reveal that there is not much change in
the band structures of the In,SeO and In,TeO monolayers
when a perpendicular electric field with intensity ranging
from —5 to 5 V/nm is applied. However, in the presence of
the positive electric field, the VBM of In,SO tends to shift
from the KI" path to the I point, as depicted in Fig. 7(a).
As a consequence, the indirect-direct gap transition has been
found in In,SO at E = 43 V/nm. The band gaps of In,XO
are not significantly changed in the presence of the electric
field. The dependence of their band gaps on the electric field
is also presented in Fig. 6(b). The weak dependence of the
band gap on the electric field has also been reported for
other Janus group III monochalcogenide, such as the Ga,SeTe
monolayer [54].

V. TRANSPORT PROPERTIES

The carrier mobility in materials is one of the important
properties that determines their applicability to electronic
devices. The carrier mobility w,p of the studied Janus
monolayers was estimated using deformation potential ap-
proximation, which can be written as [55-57]

o eﬁSCQD
 kgTm*mE?’

2D @)
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FIG. 5. Band structures of (a) In,SO, (b) In,SeO, and (c) In, TeO monolayers at different levels of biaxial strain &,.
where /i is the Planck constant, e is the charge of an electron, T’ defined as
is the room temperature, kg is the Boltzmann constant, Cyp is 1 1 92E (k)
the elastic modulus, Ej; is the deformation potential constant, — = - 3)
and m* and m = /m¥m’ are, respectively, the carrier effective m h 9k
masses and average effective mass. The deformation potential constant E; can be written as
The elastic modulus C,p was predicted using the formula 9E
Cop = [02E(k)/3*]/Sy, where E (k) is the energy of an elec- = %, )
&

tron at a wave vector k in the VBM and CBM. The electron
and hole effective masses in the transport direction m* can be

12f (a) ] 7._._._.._-.—'—1——]—.\.@.)7
509+ 1t 1
2L
&

506 7 "Mi
o - In,SO
5 - IS0 ] [ - ;SO
m 03r In, TeO 7 -8- In;SeO
In,TeO
0.0 L L L L ] L L
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Electric field (V/nm)

-10 -5 0 5
Biaxial strain (%)

FIG. 6. Calculated band gap of the Janus In,X O monolayers as
a function of (a) biaxial strain and (b) electric field using the PBE
functional.

where Eqq. signifies the energy change of CBM for electrons
and VBM for holes as a function of uniaxial strain ¢ along x
and y axes.

Due to the metallic characteristics of the In,TeO mono-
layer, hereafter, we focus only on the In,SO and In,;SeO
monolayers. We first calculate the elastic modulus of the
Janus structures. In Fig. 8, we show our calculations for the
energy shifting and band edge positions of the In,SO and
In,SeO monolayers. As shown in Fig. 8(b), we find that the
band edge positions of the In,SO and In,SeO monolayers
are independent of the direction of uniaxial strain. However,
the energy shifting in the Janus structures, especially in the
In,SeO monolayer, depends strongly on the direction of uni-
axial strain, i.e., the x and y directions. As a result, there is a
large difference in the elastic modulus between the x and y di-
rections in the Janus In,SeO monolayer. The Cjp, and C5, for
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FIG. 7. Band structures of (a) In,SO, (b) In,SeO, and (c) In, TeO monolayers at different values of electric field E.

the In, SO monolayer are 76.93 and 91.21 N/m, respectively.
The Janus In, SeO monolayer exhibits an anisotropic in-plane
stiffness which could be attributed to strain sensitivity along
the x direction. The possible reason for such anisotropic be-
havior may be related to the minor distortion that happened
during the geometry optimization at the In-Se and In-O sites
in In;SeO. The large difference in bond lengths between In-O
and In-Se bonds in In,SeO, as listed in Table I (di,.0 = 2.245
and 2.601 A) leads to reduce in-plane symmetry of the hexag-
onal structure. This contributes to the anisotropic behavior of
In,SeO. The difference in bond length between the dy,.o and
din-se in In;SeO is 0.356 10\, much larger than that between
din-o and dj,.s in In, SO (0.285 A). The typical parameters for
the transport properties of the Janus In,SO and In,SeO mono-
layers are listed in Table III. Our obtained results demonstrate
that In,SO has very high carrier mobility with anisotropic
behavior where electrons and holes move along the different
transport directions. In In,SO, the electron mobility along
the x axis p, is 3.428 x 10° (cm?/Vs), about 1.23 times
higher than that in the y axis (u, = 2.796 x 103 cm?/Vs).
The electron mobility of In,SO is higher than that reported
for both InSe (943.3 cm?/Vs) and InSSe (884.8 cm?/Vs)
or InSeTe (1190.6 cm?/Vs) monolayers [31]. Recently, the
electron mobility in a few layers of InSe has been reported to

be about 103 ¢cm?/Vs at room temperature [58]. In contrast,
In,SeO has a low carrier mobility with 1, = 253 cm?/Vs and
fy = 374 ¢cm?/Vs. The carrier mobility of In,SO is higher
than that of In,SeO because the effective mass m* of In,SO is
smaller. As shown in Table III, we can see that the electron
effective mass of In,SO is 0.92mg (myg is the free electron
mass), which is smaller than that of the In,SO monolayer
(1.20myg). With high carrier mobility and anisotropic behavior
of carrier mobility, In,XO has an advantage in applications
for electronic devices.

VI. OPTICAL PROPERTIES

The optical characteristics can be derived from the di-
electric constant defined as &(w) = €;(w) + ier(w). The
imaginary part &,(w) is usually calculated first as follows
[59,60]:

472e?

& (w) = T Z (kno |pilkn'o ) (kn'o |p;lkno)

X fkn ( 1- fkn’ )8 (Ekn’

where e/m is the charge/mass of an electron, V is the unit-
cell volume, |knp) is the wave function of the crystal with

— Ejn — ho), &)
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TABLE III. The calculated effective mass m*, deformation potential constant E,, elastic modulus C,p, and electron/hole mobility u along
x and y directions of In,SO and In,SeO Janus monolayers using PBE functional. Here, my is the free electron mass.

my my E; E, (&) Cp Hex My
Carrier type Monolayer (mp) V) (N/m) (cm?/Vs)
Electron In,SO 0.92 0.97 0.76 0.82 80.68 80.75 3428 2796
In,SeO 1.20 1.30 2.08 1.79 76.93 91.21 253 374
Hole In,SO 1.94 1.39 0.76 0.82 80.68 80.75 935 1122
In,SeO 1.26 1.77 2.08 1.86 76.93 91.21 202 213

the momentum operator p, and f, is the Fermi distribution
function. Using the Kramers-Kronig transformation, the real
part £; (@) can be derived from ¢ (w) [61].

The absorption coefficient A(w) can be derived from the
parts of the dielectric function as follows [62]:

2
A(w)=@[ e1(@)? + ex(w)? — (@) (6)

Owing to its metallic characteristics, the In,TeO mono-
layer can strongly absorb light in the low energy region. We
only focus on semiconducting Janus In, SO and In, SeO mono-
layers with the incoming photon energy range to be studied
from O to 10 eV. In Fig. 9, we show our obtained results
for the imaginary part &;(w) of the dielectric function and
absorption coefficient of the In,SO and In,SeO monolayers
by using both the PBE and HSE06 functionals. For the In,SO
monolayer, the optical absorption is activated at 1.10 and
1.78 eV by the PBE and HSEO06 calculations, respectively.
In the case of the In,SeO monolayer, the activation threshold
for optical absorption lies entirely in the infrared region, at
0.53 eV by the PBE approach and 1.18 eV by the HSE06
approach. These activation thresholds for optical absorption
perfectly coincide with the direct gap values of the In,SO
and In,SeO monolayers. At the HSEO06 level, the first peak
in the absorption spectrum of both In, SO and In,;SeO mono-
layers is in the near-ultraviolet region (about 4 eV), and the

a . . . : r . . ]
( )0~012 | In,SO 4 x direction In-SeO A x direction
m y direction 2 m y direction

—
= 0.008 Cap = 80.68 N/m 1 ta C3p=76.93N/m .
;o’ Csp =80.75 N/m Cp=9121N/m =

| L 1 L i
I 0.004

0.000 t. e I A
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36+ al | i
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FIG. 8. (a) The energy shifting and (b) the band edge positions of
In,SO and In,SeO monolayers with respect to uniaxial strain along
x and y directions using the PBE approach.

absorption intensity of the monolayers is strongly increased
in this region. This suggests that the Janus In,SO and In,SeO
monolayers can be applied in optoelectronic devices.

VII. THERMOELECTRIC PROPERTIES

Since 1993, Hicks and Dresselhaus have predicted that
low dimensional structures can be used as thermal materials
[63], and the figure of merit is the key factor to describe the
thermoelectric conversion efficiency of materials. The figure
of merit ZT is calculated by the formula [64]

ZT = S*cT 7

Ke + i’
where S and o are, respectively the Seebeck coefficient and
the electrical conductivity, 7 is the temperature, and x; and
k. refer, respectively, to the lattice and electronic parts of the
thermal conductivity.

The relaxation time t is an important parameter of
the thermoelectric properties. The T depends strongly on the
scattering processes, such as impurities and phonons. The
relaxation time can be calculated via the mobility w,p sug-
gested by the expression [65,660] T = m*usp/e, where m* is
the effective mass, and w,p is given by Eq. (2). Previously,
Kaasbjerg et al. have demonstrated that the carrier mobility of

(@ 5
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g 3 L ]
E [/‘\ l, !
£ 2 4 a 17 1\ \p 7
&b | \“ \ ,’\| II \ \,\‘
/ 4 L v Bl
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FIG. 9. Imaginary parts of the dielectric function and absorption
coefficient of (a) In,SO and (b) In,SeO monolayers.
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TABLE IV. Interlayer distance A (A) and band gap at the PBE E;®F (eV) and HSE06 EfS*% (eV) levels, and binding energy E), (eV) of the

In,SO and In,SeO bilayers with different stacking configurations.

AA AA' AB AB’
Bilayer h  EP® EF®E, h  EP® EMSE h  EP® EFE E, h  EP® EFF E,
I,SO 3.864 0791 1318 —0.168 4.114 1.064 1787 —0.123 3333 0594 1.024 —0230 3.362 0.969 1.711 —0.192
n;SeO 3.720 0402 073 —0.218 3952 0509 1.061 —0.166 3215 0.078 0276 —0.353 3357 0449 1.001 —0.267

2D materials is not sensitive to the carrier concentration [67].
Therefore, we suggest that the relaxation time is independent
on the doping level N.

Our calculations reveal that the relaxation time of In,SO
is close to that of In;SeO. At room temperature, the re-
laxation time of In,SO and In,SeO is 7.45 x 101> and
7.14 x 10713 s, respectively. Previously, the relaxation time
at 300 K for MoS, was reported as 5.17 x 107* s [66].
The temperature-dependent relaxation time of the In,SO and
In,SeO monolayers is presented in Fig. 10. We can see that
relaxation time rapidly decreases with temperature increasing.
At 1000 K, the relaxation time of In,SO and In,SeO is about
1.2 x 1075 s,

By solving the Boltzmann transport equation with the
constant relaxation time and rigid band approximation, we
investigate the electronic transport coefficients of Janus
structures, including the Seebeck coefficient S, electrical con-
ductivity o, and power factor S?0 via the PBE method. These
transport coefficients are estimated as a function of the doping
level N. In the low-dimensional nanomaterials, the doping
level N stands for the number of electrons/holes per unit
cell. The positive (negative) value of N refers to the p(n)-type
doping. The electronic transport coefficients of In,SO and
In,SeO at room temperature (300 K) are presented in Fig. 11.
It is found that there is no significant difference in transport
coefficients, including the Seebeck coefficient S, o, and S0,
in the n-type doping case. In the p-type doping case, the differ-
ence in o between In,SO and In,SeO is obvious. Compared
with the In,SO monolayer, the electrical conductivity o of
In,SeO increases rapidly with doping level N in the case of
p-type doping. In the doping level range from —0.04 to 0.04,
as shown in Fig. 11(c), there is a big difference in the changing
trend of the power factor Sc in the case of N > 0. The power

4 T T T T T T T
@ - In,SO
= 3k —o— In,SeO
2
2
E 2t
=}
S
S
2l
o)
&~
0 1 N 1 N 1

200 400 600 800
Temperature (K)

1000

FIG. 10. Relaxation time of the In,SO and In,SeO monolayers.

factor of In,;SeO increases slightly and reaches the maximum
value at N = 0.012 and then begins to decrease slowly. Mean-
while, the power factor in In,SO increases rapidly when N
varies from 0 to 0.04.

The important parameter of thermal materials is the di-
mensionless figure of merit ZT', as presented in Eq. (7). The
figure of merit depends strongly on the total thermal conduc-
tivity Ko (kot = ke + k7). The calculated parts of the thermal
conductivity of In,SO and In,SeO at room temperature are
shown in Fig. 12. We can see that, as shown in Fig. 12(a),

2 T T T T
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~ 1L @) T=300K |
=2
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3.
E
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_2 . 1 N 1 I R
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FIG. 11. (a) Seebeck coefficient S, (b) electrical conductivity o,
and (c) power factor S?o as a function of the doping level N at 300 K
of the In,SO and In,SeO monolayers.
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FIG. 12. (a) Doping level N dependent electronic thermal conductivity «, at room temperature, (b) temperature dependent lattice thermal
conductivity «;, and (c) doping level N dependent total thermal conductivity ki, at room temperature of In,SO and In,SeO monolayers.

the electronic thermal conductivity «, increases rapidly with
the doping level N, for both cases of n and p doping. Also,
there is no big difference in «, between In,SO and In,SeO
in the small range of the doping level. The most important
parameter for the thermoelectric figure of merit is the lattice
thermal conductivity «;, which is assumed to be doping level
independent [66,68]. Our obtained results demonstrate that
both In,SO and In,SeO exhibit an ultralow lattice thermal
conductivity ;. At 300 K, the lattice thermal conductivity of
In,SO and In,SeO is 0.423 and 0.277 W/mK, respectively.
These values are close to «; of TlInTe2 (0.370 W/mK) [69],
but they are much lower than the lattice thermal conductivity
of the HfSSe monolayer (1.78 W/mK) [70]. As expected, the
k; of the Janus structures becomes lower at higher tempera-
tures. The «; of In;SO and In,SeO at 900 K is only 0.144
and 0.094 W/mK, respectively. The temperature dependence
of the «; is presented in Fig. 12(b). In a semiconductor, the
phonons have a great contribution to the thermal conductivity.
The total thermal conductivity ki as a function of the doping
level is shown in Fig. 12(c). We can see that due to the large
contribution from the lattice thermal conductivity k;, the ko
of In,SO is higher than that of In,;SeO.

Due to the low thermal conductivity, the figure of merit
ZT of the Janus structures InSO and In,SeO is expected
to be high, especially in high temperatures. Our calculated
results demonstrate that the ZT for the p-type doping of
the In,SO and In,SeO monolayers is higher than that for
the n-type doping. At room temperature, while the peak of
ZT for the n-type doping of In,SO (In,SeO) is only 0.075
(0.071), the maximum ZT for the p-type doping of In,SeO
is up to 0.231 at N = 0.01. The dependence of the figure of
merit on the doping level at different values of temperature
is depicted in Fig. 13. It is found that the ZT of the Janus
structures increases strongly with the temperature increasing,
especially the p-type ZT of In,SeO increases rapidly with
temperature. At 900 K, the p-type ZT of In,SeO reaches
0.8 at N around 0.35, as shown in Fig. 13(b). In the case of
In,SeO, the ZT value only increases slightly with tempera-
ture, especially in the case of p-type doping. In the doping
level range from —0.04 to 0.04, the ZT value of In,SO
does not exceed 0.5, as depicted in Fig. 13(a). Although
the figure of merit does not exceed one, with low thermal
conductivity, Janus structures, especially the In,SeO mono-
layer, have great prospects of being used as thermoelectric
materials.

VIII. BILAYER JANUS In,X O STRUCTURES

In this section, we briefly investigate the structural and
electronic properties of the bilayers of Janus In,XO. The
In, TeO bilayer was excluded in this examination due to the
metallic characteristics of its monolayer structure. There are
four possible staking configurations of the bilayers of In,XO
structures, as shown in Fig. 14. As shown in Fig. 14, the AA
configuration corresponding to the case of two Janus layers is
precisely placed on top of each other, while the AB configura-
tion is designed such that the atom In of the top layer is located
directly above the X atom of the bottom layer. The AA’ and
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0.6

04 r

Figure of merit

0.0 :
—-0.04 -0.02 0 0.02

Doping level N
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FIG. 13. Figure of merit of (a) In,SO and (b) In,SeO monolayers
as a function of doping level NV at different values of temperature.
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AA-stacking AA'-stacking

AB-stacking

AB'-stacking

FIG. 14. Different stacking configurations of bilayer In,X O. Green, yellow, and red balls refer to the In, X, and O atoms, respectively.

AB'’ stacking configurations are, respectively, similar to the
AA and AB configurations, but the top layers are inverted.
The distance between layers & depends not only on the size
of the X atom but also on the stacking configuration. For each
stacking configuration, the interlayer distance 4 of the In,SO
bilayer is larger than that of In,SeO. The largest interlayer
distance corresponds to the AA’ configuration for both In,SO
and In,SeO bilayers, as listed in Table IV. Meanwhile, the
AB configuration has the smallest interlayer distance corre-
sponding to 3.333 and 3.215 A for In,SO and In,SeO bilayers,
respectively.

To test the stability of the Janus bilayers, we calculate
the phonon spectra of all four stacking configurations of the
In,SO and In,SeO bilayers, which are presented in Fig. 15.
Our obtained results demonstrate that both In,SO and In,SeO
bilayers with all four stacking configurations AA, AA’, AB,
and AB’ are dynamically stable. Also, we calculate the

AA-stacking

AB-stacking

binding energy Ej, of the Janus bilayers, which is written as

E, = Ebilayer - (Etop + Eboltom)’ (8)

where Epiayer is the total energy of the bilayer, while Ey,, and
Evoom are the total energies of the top and bottom layers,
respectively. Our obtained results, as presented in Table IV,
demonstrate that the binding energy E}, is between —0.123 eV
(InpSO with AA’ stacking) and —0.353 eV (AB configuration
of In,SeO). This indicates that there are van der Waals in-
teractions between monolayers in the bilayers. By comparing
the total energies between configurations, we can see that AB
stacking is the ground state configuration for both In,SO and
In,SeO bilayers.

In Fig. 16, we show our calculated results for the band
structures of the In,XO bilayers by using the HSE06 func-
tional. Similar to the monolayer, the In,TeO bilayer is

AA-stacking ~ AB’-stacking
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FIG. 15. Phonon spectra of bilayers (a) In,SO and (b) In,SeO with different stacking configurations.
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FIG. 16. Band structures of four stacking configurations AA, AA’, AB, and AB’ of bilayers (a) In,SO and (b) In,SeO.

still a metal for all stacking configurations. As depicted in
Figs. 16(a) and 16(b), we can see that both In,SO and In,;SeO
bilayers preserve the semiconducting behavior. The highest
band gap is observed for the AA’ configuration. The calcu-
lated band gaps of the In,SO and In,SeO bilayers with AA’
configuration are, respectively, 1.787 and 1.061 eV by the
HSEOQ6 approach, which is slightly lower than those of the
monolayers. Meanwhile, the band gap for the AB stacking
is the smallest, being 1.024 eV for the In,SO bilayer and
0.276 eV for the In,SeO bilayer. The band gaps of all stack-
ing configurations are also presented in Table IV. Although
their band gap decreases when forming a bilayer structure,
however, the indirect semiconductor characteristics of In,SO
and the direct semiconductor of In,SeO remain in the bilayer
structures.

IX. CONCLUSIONS

In conclusion, we systematically investigated the basic
physical properties of the Janus monolayers In,XO (X =S,
Se, Te) and bilayers In,XO by using first-principles calcu-
lations based on DFT. Obtained results demonstrated that
the In,SO and In,SeO monolayers, semiconductors with a

moderate band gap, are dynamically stable. Their electronic
properties are sensitive to the applied biaxial strain. Also,
the value of the carrier mobility of In,SO exceeds 3 x
10° cm?/Vs and is higher than that of the In,SeO monolayer.
The activation threshold for optical absorption of the In,SO
and In,;SeO monolayers lies in the infrared region by the PBE
approach, which is consistent with their direct gap values.
The In, SO and In, SeO monolayers possess high values of the
figure of merit, which is suitable for the thermal materials. The
bilayers In,SO and In,SeO were constructed and investigated
briefly. Obtained results indicated that the band gaps of the
In, SO and In,SeO bilayers depend strongly on the stacking
configuration. With the high optical absorption coefficient in
the near-ultraviolet region and the indirect-direct band gap and
semiconductor-metal phase transitions found in the presence
of strain, Janus monolayers In, X O are expected to be applied
to optoelectronic devices.
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