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Abstract

Inspired by the successfully experimental synthesis of Janus structures recently, we
systematically study the electronic, optical, and electronic transport properties of Janus
monolayers InpXY (X/Y = S, Se, Te with X # Y) in the presence of a biaxial strain and electric
field using density functional theory. Monolayers In, XY are dynamically and thermally stable
at room temperature. At equilibrium, both In,STe and In,SeTe are direct semiconductors
while In,SSe exhibits an indirect semiconducting behavior. The strain significantly alters the
electronic structure of In, XY and their photocatalytic activity. Besides, the indirect—direct gap
transitions can be found due to applied strain. The effect of the electric field on optical
properties of In, XY is negligible. Meanwhile, the optical absorbance intensity of the Janus
In, XY monolayers is remarkably increased by compressive strain. Also, In,XY monolayers
exhibit very low lattice thermal conductivities resulting in a high figure of merit ZT', which
makes them potential candidates for room-temperature thermoelectric materials.

Keywords: Janus group-III monochalcogenides, electronic structure, photocatalytic activity,
low-thermal conductivity, first-principles calculations
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1. Introduction

Since its successful exploration, graphene has created a great
revolution in the study of two-dimensional (2D) nanoma-
terials [1]. With outstanding physical and chemical prop-
erties, graphene has been widely applied in electronic and
optoelectronic devices [2—4]. In parallel with the study of
graphene, an extensive search for 2D graphene-like mate-
rials took place. Many 2D layered structures have been
explored and joined the 2D family, including silicene [5], ger-
manene [6], transition metal dichalcogenides (TMDs) [7], and
monochalcogenides [8]. Besides, a series of theoretical studies
on this material family has been performed by using different
approaches [9—-15]. Among them, monolayers of the group III
monochalcogenides, which have been experimentally synthe-
sized [16—19], emerged as nanomaterials with great prospect
for applications in high-performance water-splitting and opto-
electronic devices [20, 21]. Recent studies have shown that 2D
materials exhibit extremely low lattice thermal conductivity
and they can be used as thermoelectric materials even though
their figure of merit is less than one [22, 23].

Recently, a new type of 2D layered-materials, Janus struc-
ture of TMDs, has been experimentally synthesized [24, 25].
By replacing a layer of chalcogen atom with another layer
of chalcogen atom, one can obtain the Janus structure from
TMDs. However, this replacement has led to a remarkable
change in the geometric structure of TMDs, which is closely
related to their physical properties. The Janus MoSSe with the
vertical asymmetric structure has experimentally been released
[24]. The loss of mirror symmetry in the Janus structure has led
to novel physical properties, which were not found in the orig-
inals of MoS, or MoSe, [26, 27]. It is found that the electron
states of the Janus TMDs can be modulated by a strain engi-
neering [28] or electric field [29]. Also, the absorbance of the
monolayer MoSeTe is up to 1.0 x 10® cm™! which is perfect
for applications in optoelectronics [30]. Also, the Janus TMDs
have suitable band alignments for photocatalytic applications
[31].

Motivated by the success of the Janus TMDs, some theo-
retical studies have recently been done on Janus structures of
monochalcogenides [32, 33]. Guo and co-workers have found
that the Janus monolayers based group-IIIl monochalcogenides
possess semiconducting behavior with energy gap depending
strongly on chalcogen elements [34]. Kandemir and Sahin
have also indicated that strain engineering is one of the best
ways to change the electronic structure of the Janus mono-
layers [35]. Using density functional theory (DFT) study, it is
confirmed that the Janus group-III monochalcogenide mono-
layers have a broad absorption spectrum, extending from the
visible light region to the near-ultraviolet one [32]. Using the
Boltzmann transport function, Wan’s group revealed that the
thermal conductivity of the Janus monolayers of group III
monochalcogenides can be altered by the size of the sample
and their heat transport depend greatly on the long-range har-
monic and anharmonic interactions, which exists in most 2D
monochalcogenides [33].

In this study, we present systematically our DFT calcula-
tions for the electronic, photocatalytic, optical, and electronic

transport properties of Iy XY (X/Y =S, Se, Te; X # Y) mono-
layers under a biaxial strain and electric field. Via the consider-
ation of the phonon spectra and ab initio molecular dynamics
(AIMD) simulations, we first analyze the stabilities of mono-
layers. To obtain the most accurate band gap, different func-
tionals were used to calculate the band structure. From the
investigation of band edge alignment, the photocatalytic char-
acteristics of the Janus structures were concluded. The basic
thermoelectric properties have also been studied based on the
semi-classical Boltzmann transport equation. We focus com-
prehensively on the influence of the biaxial strain and electric
field on these physical properties of the Janus monolayers with
a wide range of both strain and electric field. Our findings not
only show the potential application in next-generation opto-
electronic devices of the Janus monolayers In, XY, but also
motivate experimental studies of this material family in the
future.

2. Computational details

We perform the calculations in this work within the frame-
work of DFT with projector-augmented wave pseudopo-
tentials as implemented in the quantum espresso code
[36]. The generalized gradient approximations (GGA) of
Perdew—Burke—Ernzerhof (PBE) [37] were used to consider
the exchange-correlation interaction and the spin—orbit cou-
pling (SOC) was included in self-consistent calculations for
electron states [38]. The cut-off energy for the plane-wave
basis is set to be 500 eV. In the Brillouin zone (BZ), a
(15 x 15 x 1) k-mesh is sampled for calculations. All inves-
tigated structures, including the cell parameters and positions
of atoms, were fully optimized. The criteria for the energy con-
vergence between steps and the force during relaxation were
1076 eV and 1073 eV A1, respectively. To break unphysi-
cal interactions between periodic images of systems, a vacuum
space of 20 A in the vertical direction (along z-axis) is applied.
Also, to most accurately obtain the band gap of In,XY mono-
layers, the hybrid functional by Heyd—Scuseria—Ernzerhof
(HSEO06) [39] was used in our calculations.

For the phonon spectrum calculations, we constructed a
large supercell of 4 x 4 x 1 to obtain the more accurate results.
To confirm the thermal stability of the systems, we use the
AIMD simulations [40], which are performed via the Nose-
thermostat algorithm at room temperature for 6 ps with 6000
time steps. A (30 x 30 x 1) k-mesh is used for investiga-
tions of the optical properties. In this work, the GGA-PBE
method is used to investigate the thermoelectric properties of
monolayers. To obtain accurate transport coefficients, in the
first Brillouin zone, a 90 x 90 x 1 k-point mesh is used. The
electronic transport coefficients of the Janus In,XY monolay-
ers are calculated via the semi-classical Boltzmann transport
theory within the constant scattering time and rigid band
approximations as performed in the BoltzTrap [41]. The cal-
culations for the lattice thermal conductivity is performed by
using the Phono3py package [42]. The lattice thermal conduc-
tivity is obtained by solving the linearized Boltzmann equation
from first-principles anharmonic lattice dynamics calcula-
tions within an iterative self-consistent method. The constant
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Figure 1. (a) Views of atomic structure of Janus monolayers In, XY (X/Y = S, Se, Te; X # Y). Phonon spectra and AIMD simulations of
temperature fluctuation as a function of time at 300 K of In,SSe (b), In,STe (c), and In,SeTe (d).

temperature canonical ensemble is used in our calculations for
the electronic transport properties.

3. Structure and stability

The group III monochalcogenide monolayers have layered
structure with hexagonal lattice [20] and we can construct
the Janus group III monochalcogenide structures from these
monochalcogenides. For instance, the Janus structures In, XY
can be constructed from InX monolayers. By replacement
the bottom layer X atoms by Y atoms in InX monolayer,
one can form three possible Janus structures In,SSe, In,STe,
and In,SeTe. The optimized crystal structures of the Janus
In,XY monolayer is displayed in figure 1(a). Compared to

monochalcogenides, Janus structures In, XY have been broken
the mirror symmetry and inversion symmetry. The Janus struc-
tures Inp XY belong to the P3ml (Cs,) group symmetry. The
geometric symmetry in 2D nanomaterials is an important char-
acteristic that determines their electronic and transport proper-
ties. Within each Janus structure, there is a significant differ-
ence between In—-X and In—Y bond lengths. For instance, the
In—Se and In-Te bond lengths in Janus In,SeTe are 2.709 A
and 2.854 A, respectively. The In-X bond length dy,_x and
also the X—In—In bond angle ¢ x5, increase as the X atom
varies from S to Te, which is strongly connected with the
atomic radius of X element. However, the In—In bond lengths
in all three Janus structures are nearly equal, about 2.830 A.
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Table 1. The obtained calculations for lattice constants a (A), bond lengths d (A), thicknesses A (A), the
S—In-In bond angle ¢ g1, (deg), the Se—In—In bond angle ¢ /gepnr, (deg), and the Te—In—In bond angle

@ /Temnmn (deg) of Janus In, SSe, InySTe, and InySeTe.

a dp-m  dn-s dmn-se dn-T A & /smin Osseinn P/ TeGaGa
In,SSe 4.005 2.830 2.579 2.652 — 5.269 116.269 119.310 —
In,STe 4.172 2.830 2.624 — 2.838 5.372 113.374 — 121.926
In,SeTe 4234 2.827 — 2.709 2.854 5.466 — 115.509 121.070

The in-plane lattice constants of In,SSe, In,STe, and In,SeTe
monolayers after optimization are 4.005 A, 4172 A, and
4.234 A, respectively. Our calculated results are consistent
with the previous DFT studies [32, 33], in which the lattice
constant of In,SSe reported by Wan et al [33] and Huang et al
were 4.005 A and 4.015 A, respectively. However, the lat-
tice constant of In,SSe reported Kandemir and Sahin [35] and
da Silva [43] were respectively 3.88 A and 3.84 A, which is
smaller than that achieved by the present work as well as by
other groups [32, 33]. This difference can come from the selec-
tion and optimization of parameters during the computation,
where the obtained results from DFT calculations strongly
depend on the methodology, the level of accuracy, convergence
criteria, and especially size of the supercell. There is very little
information available on the parameters used for the computa-
tional procedure, especially size of the supercell, in the works
by Kandemir and Sahin [35] and da Silva [43]. Kandemir
and Sahin used a kinetic-energy cutoff of 400 eV and crite-
ria for total force of 10~* eV A~!, which are slightly different
from the parameters used in our calculation. Unfortunately, to
best of our knowledge, there are no experimental results on
Janus In, XY monolayers up to date. Our obtained results for
structural parameters of Janus structures are summarized in
table 1.

To test the dynamical stabilities, phonon dispersion rela-
tions of Janus structures In, XY have been calculated through
the whole Brillouin zone as presented in figure 1. The primitive
cell of the Janus In, XY monolayers contains four atoms (two
In and two different chalcogen atoms). Therefore, the phonon
spectrum of the In,XY monolayers has 12 modes, including
three acoustic modes and nine optical modes. There is no gap
between the optical and acoustic modes. There is a frequency
interval where both optical and acoustical modes coexist. This
leads to strong acoustic-optical scattering and also increase the
group velocity of phonon-phonon scattering, which plays an
important role in reducing thermal conductivity. In the optical
modes, there are three doubly degenerate at the I" point and
only three nondegenerate modes. The vibrational frequencies
in In,SeTe as shown in figure 1(d) are much smaller com-
pared to those in other Janus structures as shown in figures 1(b)
and (c). The phonon frequency, especially the frequency of the
optical modes, depends strongly on the size of the chalcogen
atoms. Maximum frequency of the optical branches decreases
as the chalcogen atom changes from S to Te. Maximum fre-
quency of the optical modes for In;SSe, In,STe, and In,SeTe
are around 305 cm™!, 255 cm™!, and 222 cm™!, respectively.
All three Janus structures In XY are confirmed to be dynami-
cally stable because no negative frequencies are found in their

phonon spectra. It implies that the Janus structures In, XY can
be synthesized as freestanding monolayers.

The thermal stability of materials is a critical property to
guarantee that they can be used in practical applications. In
this work, the thermal stability of In, XY is examined by AIMD
simulations at 300 K for 6 ps (6000 time steps). Atomic struc-
ture snapshots before/after heating and the time-dependent
temperature fluctuation of In,XY by AIMD simulations are
also displayed in figures 1(b)—(d). Obtained results confirm
that the Janus In, XY monolayers possess high thermal stabil-
ity. The atomic structure of In, XY is only slightly distortion
and still robust after heating at 300 K by AIMD simulations.
Besides, neither broken bond nor structural reconstruction
takes place in In, XY structures at 300 K.

4. Electronic properties

The electronic properties of In, XY monolayers were calculated
by using different approaches and obtained results for their
band structures and partial density of states (PDOS) are pre-
sented in figure 2. It is found that the Janus structures In, XY are
semiconductors. While both In,STe and In,SeTe exhibit the
direct semiconducting characteristics with the valence band
maximum (VBM) and conduction band minimum (CBM)
located at the I" point, In,SSe possesses an indirect gap with
the VBM at the I'M-path. Our findings reveal that the Janus
InySSe monolayer has the widest band gap. The obtained band
gaps by the PBE method of In;SSe, In,STe, and In,SeTe are
1.540 eV, 0.905 eV, and 1.075 eV, respectively. Our results
are consistent with available data [34]. Focusing on the Janus
In,SSe, it is an indirect semiconductor with indirect band gap
of EfMT = 1.541 eV at the PBE level. The bands around
the I' point which are close to the VBM are quite flat. This
may lead to producing a large amount of effective masses
of the VBM, which has occurred in Janus SnSSe [44]. The
difference between indirect Eg ™" and direct E; " gaps is
extremely small (~ 0.05 eV). The calculated direct band gap
of the In,SSe using the PBE functional is Eg *T = 1.594 eV.
‘We know that the electronic properties of 2D monolayers are
sensitive to their geometrically structural perfection. There-
fore, a small difference in energy between direct and indirect
band gaps can lead to the expectation that there will be indi-
rect—direct gap transition when the Janus In,SSe monolayer is
under strain engineering or even electric field. Previously, Kan-
demir and Sahin have reported that the Janus In,SSe mono-
layer is found to be a direct semiconductor [35]. This result is
contradictory to our results as well as the results reported by
‘Wan and co-workers [33]. The difference in band structure of
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Figure 2. The calculated band structures of Janus In, XY monolayers using the PBE and HSE06 (a)—(c) and PBE + SOC methods (d)—(f).
Presented density of states in (a)—(c) are carried out by using the HSEQ6 functional. In (d)—(f), the blue and green lines have been used to

highlight the splitting bands.

Table 2. Calculated band gaps (¢V) using the PBE E} %, HSE06 EFSE%, and
PBE + SOC EFPBE+SOC methods. The spin—orbit splitting value AE (eV) by

PBE + SOC method.

PBE 'HSE PBE+SOC
EE EISE EPREHSOC  AEF  Type VBM - CBM
IpSSe  1.540 2241 1511 0203 Indirect M-I
IpSTe 0905 1495 0.682 0476  Direct T
IpSeTe 1075  1.663 0828 0304  Direct r-r

In,SSe between our results and those from Kandemir’s group
is derived from the difference in lattice constants obtained
from the two groups. The obtained result for the lattice con-
stant of In,SSe by Kandemir and Sahin is @ = 3.88 A and the
corresponding band structure has a direct band gap. However,
when the In,SSe under small biaxial strain, the obtained results
by Kandemir and Sahin demonstrated that the Janus In,SSe
becomes an indirect semiconductor at the strain of +2% (the
corresponding lattice parameter at the strain of 2% is 3.96 A)
[35]. As above-mentioned, our result for the lattice constant
of In,SSe is 4.005 A, which is consistent with the previous
results reported by Wan and co-workers with a lattice constant
of 4.015 A and In,SSe to be an indirect semiconductor [33].
The calculated results for band gap and related information of
the Janus InyXY monolayer are listed in table 2.

The SOC effects play a key factor in determining the elec-
tron states of the 2D systems, especially heavy metal-based
compounds. In this study, effect of SOC on the band structures
of the In, XY has been examined. The obtained results for band
structures of In,XY using PBE + SOC approach are shown
in figures 2(d)—(f). Due to the SOC effect, each energy band
splits into two bands. The blue and green lines have been used
to highlight the splitting bands in figures 2(d)—(f). It is seen
that while the SOC effect slightly reduces the band gaps of the
Janus monolayers In,SSe and In,;STe, the band gap of In,SeTe
is reduced by up to 22.98% when the SOC is included, namely
from EfPE = 1.075 eV to EgBEJrSOC = 0.828 eV. Besides, at
the ['-point, a spin—orbit splitting energy AE occurs in the
valence band. Due to the Janus structure of heavy metals, high
spin—orbit splitting values have been found in the Janus In, XY
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Figure 3. Band structures of the Janus monolayers (a) In,SSe, (b) In,STe, and (c¢) In,SeTe under strain &y,

monolayer when the SOC effect is taken into account. Our
findings demonstrate that the spin—orbit splitting value in the
Janus In,STe is largest, AE,ste = 0.476 ¢V. The spin—orbit
splitting values in In,SSe and In,SeTe monolayer are respec-
tively 0.203 eV and 0.304 eV. Previously, the high spin—orbit
splitting values have been also found for Janus monolayers
PtSSe (0.280 eV) [45] and SnSSe (0.266 eV) [44]. Also, spin
splitting of the uppermost valence band in Janus dichalco-
genide WSeTe monolayer up to 0.46 eV [46] and high valley
spin splitting (0.449 eV) around the K point has been found in
WSSe monolayer due to the SOC effect [47].

It is well known that the PBE approach underestimates the
energy gap of the semiconductors [48]. However, the band
gap problem of nanomaterials can be solved through the use
of hybrid functional [39] or GW approximation [49]. In the
present work, the HSEQ6 functional [39] was also used to
obtain most accurate energy gap of structures. The estimated
band structures of In,XY by the HSEO6 functional are pre-
sented in figures 2(a)—(c). It is found that the band structures
of Janus monolayers at the PBE and HSEQ6 levels have a
similar profile. However, the calculated energy gaps by the
HSEO06 functional is higher than that by the PBE method.
At the HSEOQG6 level, the energy gaps of In,;SSe, In,STe, and
In,SeTe monolayer are 2.241 eV, 1.495 eV, and 1.663 eV,
respectively. Besides, to estimate the contribution of atomic
orbitals to the electronic bands, the partial density of states
(PDOS) of all three In, XY structures were calculated using
the HSEO6 functional as presented in figures 2(a)—(c). It is

found that the valence bands of the Janus monolayers are
greatly contributed from the p-orbitals of the chalcogen atoms.
Also, the contribution of In-d orbital to the conduction band is
significant.

Physical properties of 2D nanomaterials, including
monochalcogenides and Janus structures, are extremely
sensitive to the perfection of structure. Strain engineering
can strongly modulate their electronic properties. We next
investigate the effect of a biaxial strain on the electronic prop-
erties of In,XY monolayers. For a quantitative estimate, we
introduce the biaxial strain &, defined by &, = (@ — ap)/ap.
Here, ap and a are respectively the lattice parameters of
monolayers before and after strain. In this work, a large range
of g, from —10% to 10% is applied to InpXY monolayers.
Band structures of In, XY monolayers under different levels of
&p are shown in figure 3. Our calculated results reveal that the
strain engineering may be the cause of the indirect—direct gap
transition in In,XY. As presented in figure 3(a), it is found
that the band structures, especially the valence bands, of the
Janus structures are strongly altered by strain &,. Under a
compressive strain &, < 0, in the Janus In;SSe monolayer as
presented in figure 3(a), the VBM locating on the I'M-path
tends to shift to the I' point and the Janus In,SSe monolayer
becomes a direct semiconductor under a compressive strain
from —7% to —10%. Meanwhile, direct—indirect gap tran-
sitions were also found in In,STe and In,SeTe monolayers
at certain values of tensile strain as depicted in figures 3(b)
and (c). The CBM in the In,STe and In,SeTe remains at the
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Figure 4. Band structures of the Janus In, XY monolayers under an electric field E: (a) In,SSe, (b) In,STe, and (c) InySeTe.

I'-point, while the tensile strain can cause it to move from the
I'-point to I'M-path. The direct—indirect gap transitions occur
at e, = 5% and &, = 3% in In,STe and In,SeTe monolayers,
respectively.

Contrary to the strain cases, the effect of the electric field E
on the electron states of the Janus Inp XY monolayers is quite
weak. In our study, an external electric field E with strengths
from 0 to =5 V nm ! is applied to the Janus structures perpen-
dicularly (along the c-axis). Our calculations for band struc-
tures of the Janus In,XY monolayers under an external elec-
tric field E are presented in figure 4. Obtained results indicate
that there is no phase transition in In,SSe and In,STe when E
was applied as presented in figures 4(a) and (b). However, as
shown in figure 4(c), the VBM in the In,SeTe tends to leave
the I'-point and move out the middle of the I'M-path when the
negative E was applied. As aresult, the Janus In,SeTe becomes
an indirect semiconductor at E = —5 V nm~! with the CBM
locating at the I'-point and the VBM on the I'M-path. Also,
while the effect of strain on the energy gaps of the Janus struc-
tures is remarkable, the dependence of their band gap on the
E is quite weak. The variation of the band gap as a function
of the ¢y, and E is illustrated in figure 5. From figure 5(a) we
can conclude that the band gap of the Janus In,SeTe mono-
layer is almost independent of the compressive strain while the
compressive strain slightly reduces the band gap of the Janus

In,STe monolayer, from 0.905 eV at equilibrium (g, = 0) to
0.702 eV at g, = —10%. However, there is a big difference in
the Janus In,SSe monolayer case. The band gap of In,SSe was
greatly increased (and reached a maximum value of 2.386 eV
at e, = —9%) in the presence of compressive strain. Besides,
the band gaps of both In,SSe and In,SeTe decrease gradually
in the case of €, > 0. In the , > O case, the energy gap of the
In,SeTe increases slightly and then decreases. At e, = 10%,
the difference in band gap between the Janus structures is
very small, about 0.1 eV. Focusing the effect of the electric
field E on the band gaps as shown in figure 5(b). The band
gaps depend linearly on E. In the electric field range from
—5V nm! to 5 V nm~!, while the band gap of In,SSe is
almost unchanged, the band gaps of both In,STe and In,SeTe
decrease, but the reduction is quite small, for example band gap
of In,STe (InySeTe) at E = —5 Vnm~!is 1.022eV (1.203 eV)
compared to 0.784 eV (0.943 eV) at E =5 V nm~!. With a
large direct gap that can be controlled by external conditions,
the Janus structures In, XY could have potential applications in
optoelectronics.

The band gap connects strongly to the ability to apply
materials in photocatalytic applications. The redox potential
of water splitting, which can be evaluated via the conduc-
tion/valence band edges, depended on the pH value [50].
The standard reduction potential for H/H, is given by
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E +m, = —4.44+0.059 x pH and the standard oxidation
potential for O,/H,O is Eo,/n,0 = —5.67 +0.059 x pH
[51]. At pH = 0, the standard redox potentials are Ej i/,
—4.44eV and Eg, /1,0 = —5.67 eV reference to the vacuum
level or E ;1 /m, = 0 €V and Eg,/u,0 = 1.23 eV reference to
the normal hydrogen electrode (NHE). Therefore, the required
band gap for photocatalysts must be larger than 1.23 eV. It
implies that all three Janus structures In, XY, which have the
band gaps larger than 1.23 eV at the HSEQ6 level as listed in
table 2, have potential for water splitting photocatalysts. How-
ever, the band alignments of all structures should be evaluated
and compare with the redox potentials of water to confirm their
photocatalytic activity. The conduction band Ecgy and valence
band Evgym edge potentials can be calculated by using the Mul-
liken electronegativity x and band gap value Eg, which are
given by [52]

1
Evem = X — Eelec + 7 Eg,

> 1)

2

where E. is the free electron energy. In this part, the band
gaps of the Janus structures are calculated by using the HSE06
functional.

The evaluations for the band edge positions Ecgy and Evpym
of the Janus structures In,XY are presented in figure 6(a).
Our findings demonstrate that, at pH = 0, only the Janus
In;SSe monolayer can serve as a photocatalyst for water

Ecm = Evpm — Eq,

splitting with suitable band edge positions of Ecgy = —3.529
eV and Eygm = —5.770 eV. The Janus In,STe and In,SeTe
monolayers do not possess photocatalytic activity for water
splitting at pH = 0 because their Eypy is higher than the stan-
dard oxidation potential for O,/H,O meaning that the VBM
is not enough to activate the hydrogen evolution. In the case
of pH = 7, standard redox potentials reference to the vacuum
level are E 4, = —4.027 eV and Eg, /1,0 = —5.257 V. As
presented in figure 6, all Janus structures In, XY have suitable
band edge alignments for water splitting, especially the In,STe
and In,SeTe because they have direct-gaps. In the presence of
the &y, as depicted in figure 6(b), we can see that the bias poten-
tials in the Janus In,STe and In,SeTe monolayers are reduced
by strain. However, the photocatalytic activity of the Janus
Iny;SSe monolayer can be enhanced by the compressive strain.
Effect of the electric field, as shown in figure 6(c), on the band
edge positions of all three Janus structures is small and does
not significantly change their photocatalytic properties.

5. Optical properties

The fundamental optical properties can be expressed via
their frequency-dependent dielectric constant defined as
e(w) = e1(w) + iez(w). In principle, e, (w) is usually estimated
first, then using the Kramers—Kronig relation we can obtain the
real part €1(w). The e3(w) can be obtained by summing of the
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filled—empty state transitions [53, 54]:

4n2e? , ,
e2(w) =m2(km’ |pi| kn'c) (kn'c |p;| kno)

X fin(1 = fiw)O(Erwy — Epn — hw), 3)

where e /m is the charge/mass of an electron, V is the volume of
the unit-cell, p is the momentum operator, |knp) is the crystal
wave-function, and f,, is the Fermi distribution function.

The absorption coefficient A(w) is given by [55]:

3 1/2
V2w [\/ e1w)? + e2(w)? — 61(w)] .

Aw)= —
c

In figure 7, we present the obtained results for the dielec-
tric function and absorption coefficient A(w) of the InyXY at
equilibrium. As depicted in figure 7(a), we can see that the
static dielectric constant £1(0) of In,SeTe is the highest. How-
ever, the static dielectric constant is not much larger than that
of the In,STe monolayer. The static dielectric constants of the
Janus In,SSe, In,;STe, and In,SeTe monolayer are respectively
3.301, 3.793, and 3.931. Our obtained results are consistent
with the previous DFT calculations [32]. The main peaks in
&2(w) spectrum of the Janus In, XY monolayers are located at
the incoming photon energy around 4 eV which are caused by

C))

the interband transition. The main peak in &,(w) of the In,SSe
monolayer lies in a higher energy region compared to those
of In,STe and In,SeTe monolayers. This is consistent with
their band gaps. As illustrated in figure 7(b), the absorption
coefficient A(w) of the Janus In,XY monolayers is activated
in the visible light region because they own the narrow band
gaps. The intensity of A(w) rapidly increases in the visible-
light region to its maximum value in the near-ultraviolet one.
The absorption spectra of the In,STe and In,SeTe monolay-
ers are almost the same with main peaks at about 6 eV. In
the range from O to 10 eV of the incident light energy, there
are two peaks in A(w) of In,SSe. The main peak is on the
higher incoming photon energy side, at 7 eV with an inten-
sity of 11.705 x 10* cm~!. The intensity of the main peak
in the absorption spectrum of the Janus In,SSe monolayer is
higher than those of both Janus In,STe and In;SeTe monolay-
ers. However, in the visible light region, the A(w) of the In,SSe
(3 x 10* cm™! at 3.3 eV) is smaller than that in the In,STe and
In,SeTe monolayers (5.5 x 10* cm™1).

The absorption spectra A(w) of In, XY monolayers under the
biaxial strain €y, and electric field E are depicted in figure 8. It
is found that while the influence of E on A(w) is negligible as
presented in figure 8(b), the A(w) depends greatly on ¢, (see
figure 8(a)). In the presence of the tensile strain &, > 0, the
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absorption intensity of Janus structures In, XY is reduced and
the absorption peaks move to a lower energy region. Mean-
while, their absorption intensity can be enhanced significantly
by compressive strain in the near-ultraviolet region. Besides,
the compressive strain has caused the absorption peaks to shift
to a higher energy region. Especially the first lower peak in the
absorption spectrum of the In,SSe monolayer tends to disap-
pear under the compression strain. At g, = —7%, there is only
one peak in the absorption spectrum of the In,SSe monolayer
with very high absorption intensity up to 14.172 x 10* cm™!.

6. Thermoelectric properties

Since 1993, low-dimensional nanomaterials have been pre-
dicted to be potential thermal materials [56]. The thermoelec-
tric conversion efficiency of materials can be estimated by the
figure of merit [57]

1

ZT = S%0T ,
Ke + K1

®

where S is the Seebeck coefficient, o is the electrical conduc-
tivity, T is the temperature, and . and k; are respectively the
electronic and lattice components of the thermal conductivity.

One of the key factors of the thermoelectric properties
of thermal materials is the relaxation time 7. The relaxation
time is estimated through the carrier mobility y as 7 = m*p /e
[58, 59] with m* being the effective mass. The carrier mobility
u is calculated by using the Bardeen and Shockley’s defor-
mation potential theory [60, 61]. The relaxation time depends
mostly on scatterings. In this study, the electron scattering is
included in our calculations. Also, previous work has indi-
cated that the carrier mobility of 2D nanomaterials depends
weakly on the carrier density [62]. Hence, we propose that the
T does not depend on the doping level N. This assumption is
consistent with previous DFT calculations, that there is no sig-
nificant difference between the relaxation time in the n-type
and p-type cases of MoS; monolayer [63]. The assumption
for the doping level-independent relaxation time has also been
used previously to calculate the electronic transport proper-
ties of the Janus structures [44, 64]. Our calculated results
reveal that at 300 K, In,SSe has the longest electron relax-
ation time of 6.020 x 10713 s, while the relaxation time of
In,STe and In,STe is 2.882 x 10715 s and 1.039 x 10713 s,
respectively. In a previous study, the relaxation time 7 is fit-
ted as 5.17 x 10~ s for MoS, monolayer at room tempera-
ture [59]. The temperature-dependence of the relaxation time
is depicted in figure 9. The relaxation time decreases gradu-
ally with temperature. In the higher temperature region, the
smaller the difference in the relaxation time between the Janus
structures.

By using the semi-classical Boltzmann transport theory
within the rigid band approximation, we calculate the trans-
port coefficients, such as the Seebeck coefficient S, electrical
conductivity o, and power factor S2 at room temperature of
300 K of the Janus In,XY monolayers by the PBE method. In
figure 9, we plot the doping level dependence of the S, o, and
S2¢ of the Janus In, XY monolayers at room temperature. Coef-
ficients S and o are related to the band structure and density of

10
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Figure 9. Temperature dependent relaxation time 7 of the Janus
In, XY monolayers.

states near the Fermi energy. The flat band gives the high hole
mass while sharp band gives lower hole mass in the k-space.
Doping of heavy elements modifies the energy bands near the
Fermi energy thus improves the Seebeck as well as electrical
conductivity. Also, the doping of heavy element reduced the
lattice thermal conductivity as the doped element of heavier
masses act like a barrier to enhance the rate of phonon scatter-
ing. Previously, the dependence of thermoelectric properties
on the carrier concentration of SnS crystal has been experimen-
tally measured [65]. In the low-dimensional systems, instead
of using doping concentration, the doping level N, which refers
to the carrier number per unit cell, was used [45]. The nega-
tive and positive values of N stand for the n- and p-type doping,
respectively. Our calculated results, as shown in figure 10(a),
demonstrate that the Seebeck coefficients of In, XY monolay-
ers are very close in the case of n-type doping. The p-type S
in the In,SSe monolayer is higher than that in both In,STe and
Iny;SeTe monolayer as presented in figure 10(a). The differ-
ences in ¢ between the monolayers are also evident in the case
of n-type doping as depicted in figure 10(b). We focus on the
power factor $o in the N range from —0.02 to 0.02 as illus-
trated in figure 10(c). In general, the power factor for p-doping
is higher than that for n-doping.

As presented in equation (5), the thermal conductivity,
including electronic k. and lattice k; thermal conductivity,
play an important role in determining the value of the figure
of merit ZT. In figure 11(a), we present our calculations for
dependence of the electronic thermal conductivity k. on the
doping level N at 300 K. The k. of monolayers has a similar
doping level N dependent with the electrical conductivity, in
which the value of k. of In,SSe in the n-type is much greater
than in the p-type. The lattice thermal conductivity «; has a
great contribution to thermal conductivity. We assume that x;
does not depend on the doping level. We have calculated the
lattice thermal conductivity x; using Phono3py package [42].
Our obtained results indicate that the Janus structures In, XY
has very low lattice thermal conductivity. At room temper-
ature, In,STe has the highest x; of 0.324 W mK~!. Mean-
while, the lattice thermal conductivity at 300 K of In,SSe
and In;SeTe is only 0.109 W mK~! and 0.011 W mK~!,
respectively. The x; of In,XY monolayers is close to that of
TlInTe; (0.370 W mK~!) [66] but much smaller than that of
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Figure 12. Doping level N dependence of figure of merit ZT of In,XY monolayers at room temperature (a) and different values of
temperature (b).

HfSSe (1.78 W mK~1) [22]. The obtained low thermal con- higher than that in p-type. The lower &, the higher figure of
ductivity on In, XY monolayers may be due to strong acoustic- merit ZT.

optical scattering as evident from figures 1(b)—(d). With low The doping level dependence of the thermoelectric figure
k1, InpXY monolayers are well suited for applications in ther- of merit‘ZT of In,XY monolayers is dCPiCth in figure 12. Our
moelectric devices. In figure 11(b), we have presented the calculations demonstrate that the maximum values of ZT for

temperature-dependent x; of In,XY monolayers. We can see the p-type are higher than those for the -type. Focusing on

. the ZT at 300 K as shown in figure 12(a), we can see that
that the x; of all three Janus structures In, XY decreases with the the maximum value of ZT of InySeTe for p-type is 0.330 at

temperature increasing. This is because at high temperatures N = 0.005, compared to 0.241 at N = 0.001 for n-type. For

there will be more phonon Umklapp scatterings. The depen- ptype, the maximum ZT for InpSeTe is at small value of

dence of the total thermal conductivity ks = ke + K of Inp XY N, while the ZT of In,SSe and In,SSe is maximum at the
at 300 K on N is presented in figure 11(c). On the assumption  pjoher value of doping level N, at N = 0.056 (not shown) and
that «; is independent of N, the shape of ki is similar to that N = 0.110, respectively. For n-type, the maximum ZT for
of Ke. Similar to the rj, InySTe has higher rir than that of  In,SeTe is much higher than that for InySTe (only 0.033).
In;SSe and InySeTe. For InySSe, the difference in k4o between  However, the ZT of all three structures InpXY rapidly
n-type and p-type is clear, namely that the k for n-type is decreased as the concentration of electrons continued to

1
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increase in n-type. With high ZT value, the Janus structures,
such as In,SeTe or In,SSe, can be used effectively in thermo-
electric devices. The N-dependent ZT of In,XY monolayers is
presented in figure 12(b). Obviously, the lattice thermal con-
ductivity of the systems decreases with increasing tempera-
ture as shown in figure 11(b). Consequently, the ZT of In, XY
monolayers is higher in the higher temperature domain.

7. Conclusion

In conclusion, the structural, electronic, optical, and thermo-
electric properties of the Janus monolayers InpXY (X/Y = S,
Se, Te; X # Y) have systematically been investigated by DFT
study. All three Janus structures In,XY were confirmed to be
dynamically and thermally stable. The Janus InpXY monolay-
ers have a moderate band gap and we can alter their band
gap by strain engineering. Besides, the indirect—direct band
gap transitions have been found in the Janus In;XY mono-
layers at certain values of ¢, and even E has led to the
indirect—direct band gap transition in the In;SeTe monolayer
(at E = —5 V nm™!). The influence of the &, and E on the
physical properties of the Janus In,XY monolayers has also
been investigated comprehensively. Our findings revealed that
the Janus In,XY monolayers have suitable band edge align-
ment for water splitting and the photocatalytic activity of Janus
In,SSe monolayer can be increased by strain engineering. The
optical absorbance spectra of the Janus monolayers In, XY are
activated in the visible light region and they have high intensity
in the near-ultraviolet region. The In,XY monolayers exhibit
very low lattice thermal conductivities and a high thermoelec-
tric figure of merit ZT. With high ZT at room temperature, up to
0.330 for In,SeTe, In, XY monolayers have a great prospect for
becoming a room temperature thermoelectric materials. Our
results demonstrated that Janus monolayers In,XY have great
potential for applications in photocatalytic, optoelectronic, and
high-performance thermoelectric conversion devices, which
provide a strong incentive for experimental studies on the
Janus structures in the future.
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