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In the latest experimental success in the field of two-dimensional materials, ZnIn,S, nanosheets with a highly
appealing efficiency for photocatalytic hydrogen evolution were synthesized [S. Zhang et al., ACS Nano 15,
15238 (2021)]. Motivated by this accomplishment, herein, we conduct first-principles-based calculations to
explore the physical properties of the ZnIn, X, (X = S, Se, Te) monolayers. The results confirm the desirable
dynamical and mechanical stability of the Znln, X, monolayers. Znln,S4 and Znln,Se, are semiconductors with
direct band gaps of 3.94 and 2.77 eV, respectively while ZnIn,Te, shows an indirect band gap of 1.84 eV. The
optical properties achieved from the solution of the Bethe-Salpeter equation predict the exciton binding energy
of the Znln, Sy, Znln,Sey, and ZnIn,Te, monolayers to be 0.51, 0.41, and 0.34 eV, respectively, suggesting the
high stability of the excitonic states against thermal dissociation. Using the iterative solutions of the Boltzmann
transport equation accelerated by machine learning interatomic potentials, the room-temperature lattice thermal
conductivity of the Znln,S,, ZnIn,Se,, and ZnIn,Te, monolayers is predicted to be remarkably low as 5.8, 2.0,
and 0.4 W/mK, respectively. Due to the low lattice thermal conductivity, high thermopower, and large figure of
merit, we propose the Znln,Se, and Znln,Te, monolayers as promising candidates for thermoelectric energy
conversion systems. This study provides an extensive vision concerning the intrinsic physical properties of the
ZnIn, X, nanosheets and highlights their characteristics for energy conversion and optoelectronics applications.

DOLI: 10.1103/PhysRevB.105.134108

I. INTRODUCTION

Graphene [1-3], the full-sp? carbon atoms arranged in
a planar honeycomb lattice, exhibits exceptional mechanical
strength [4], high carrier mobility [5], high thermal conductiv-
ity [6,7], and excellent electronic features [8§—11]. Graphene’s
successes promoted the field of two-dimensional (2D) ma-
terials which has been continuously expanding during the
last decade. It is worth reminding that semiconducting ma-
terials with suitable electronic band gap are required for
advanced mainstream technologies, such as optoelectronics,
sensors, electronics, catalysis, and energy converters. Pris-
tine graphene nonetheless shows an isotropic Dirac cone and
zero electronic band gap, limiting its effectiveness for numer-
ous cutting-edge technologies. The flexible nature of carbon
atoms allows the structure of graphene to be manipulated
so that a semiconductor, as graphdiyne [12], or an insula-
tor, as fluorinated graphene [13], was synthesized. Graphene
physics also offers the possibility of the band gap opening by
chemical functionalization [14-16], defect engineering [17],
or mechanical straining [18,19].
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For the cost-effective practical applications, it is more ap-
pealing to employ 2D intrinsic semiconductors rather than
the band gap opening in graphene. That is why many 2D
semiconductors have been fabricated up to now, such as
single-triazine-based g-C3;Ny [20], transition metal dichalco-
genides family [21-23], phosphorene [24,25], indium selenide
[26], MoSi; N, family [27], polyaniline C3N [28], graphene-
like BC,N [29], nickel diazenide NiN, [30], niobium oxide
diiodide NbOI, [31], and most recently penta-PdPS [32]
and PdPSe [33] nanosheets. Owing to the widespread ap-
plications of 2D semiconductors in different technologies,
tremendous experimental endeavors are continuously devoted
to designing and synthesizing novel nanosheets with im-
proved performances. For example, to enhance the efficiency
in the thermoelectric energy conversion, the utilized semi-
conductors ought to simultaneously show low lattice thermal
conductivity and high electrical conductivity.

In the continued effort of the prediction and experimen-
tal fabrication of 2D semiconductors, most recently, Zhang
et al. [34] succeeded in fabricating the layered structure
of ZnIn,S4 using a hydrothermal method. They found that
the Znln,S4 2D system can be employed for photocatalytic
hydrogen evolution. This latest advance is also expected to fa-
cilitate the synthesis of the ZnIn,Se4 and Znln, Te,4 nanosheets
with similar atomic structures. In this paper we examine
the stability and intrinsic physical properties of the ZnIn, Xy
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(X =S, Se, Te) monolayers. For this purpose we perform the
density functional theory calculations to investigate the me-
chanical, optoelectronic, and thermoelectric properties. The
excitonic optical properties of the monolayers are calculated
by solving the Bethe-Salpeter equation. The lattice thermal
conductivity are predicted by employing the full-iterative so-
lutions of the Boltzmann transport equation, accelerated by
machine learning interatomic potentials. The electronic trans-
port properties are calculated by the semiclassical Boltzmann
transport equation within the relaxation time approximation.
The obtained results reveal a decrease in the elastic modu-
lus, tensile strength, phonon group velocity, phonon lifetime,
lattice thermal conductivity, and exciton binding energy with
the increase in the atomic weight of the chalcogen atom
in the ZnlIn, X4 nanosheets. This work provides a compre-
hensive vision on the stability and key physical properties
of the ZnlIn, X, monolayers and highlights their prospect to
design next-generation optoelectronic and energy conversion
nanodevices.

II. COMPUTATIONAL METHODS

The first-principles density functional theory (DFT) cal-
culations are performed by employing the Vienna Ab ini-
tio Simulation Package [35,36]. The generalized gradient
approximation (GGA) is employed with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional. The plane
wave and self-consistent loop cutoff energies are defined as
500 and 10~®eV, respectively. To optimize the structures,
the atomic positions and lattice sizes are fully relaxed using
the conjugate gradient algorithm until the Hellman-Feynman
forces drop below 1073 eV/A. The Brillouin zone is inte-
grated with a 7 x 7 x 1 Monkhorst-Pack [37] K-point grid.
For the bulk structures, the DFT-D3 [38] dispersion correc-
tion by Grimme is adopted to account for the van der Waals
interactions. The periodic boundary conditions are considered
in all directions for all structures. For the monolayers, around
15 A vacuum distance is introduced along the thickness to
avoid interactions with systems’ periodic images. The elec-
tronic structure is also analyzed by employing the HSE06
hybrid functional [39].

The electronic transport coefficients are calculated by solv-
ing the semiclassical Boltzmann transport equation (SBTE)
within the relaxation time approximation (RTM) [40] as
implemented in the BoltzTraP code [41]. The electrical con-
ductivity (o) and the thermopower (S) are calculated as
follows:
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where f,, denotes the Fermi-Dirac distribution function.

The many-body perturbation theory (MBPT) calculations
are performed using the non-self-consistent version of the GW
method, referred to as single-shot GoW,. Herein, the quasi-
particle (QP) band gap is attentively converged with respect
to the number of conduction bands, number of frequency

grid points, Brillouin zone mesh, and cutoff energy for the
plane wave and the response function. After the convergence
test, it was found that at least 192, 272, and 352 virtual
bands are essential for the ZnIn,S4, ZnIn,Se4, and Znln, Tey
monolayers respectively, to reach the convergence thresh-
old of 1073eV. In addition, the number of frequency grid
points is set to be 96. The Brillouin zone is integrated with
a relatively denser K-point mesh of 9 x 9 x 1 to converge
the GoWy band gap within 1072eV. The cutoff energy for
the plane wave and the response function are considered to
be 500 and 200 eV, respectively. The GoWy band structures
are interpolated using the maximally localized Wannier func-
tions (MLWFs), as implemented in the WANNIER90 code
[42]. Here the number of Wannier bands is chosen to be
70, and the sp’d hybrid orbitals are selected for the initial
projections. The excitonic optical properties are investigated
by calculating the frequency-dependent dielectric function,
given as €(w) = €1(w) + iez(w), through solving the Bethe-
Salpeter equation (BSE) over the GoW, eigenvalues (the
so-called GoWy + BSE). In this regard, the Tamm-Dancoff
approximation (TDA) in used to simplify the BSE Hamilto-
nian by excluding the resonant-antiresonant coupling. The 15
highest valence bands and the 15 lowest conduction bands
are included in the BSE calculations to achieve a converged
spectrum. To show the effects of many-body interactions,
the optical coefficients are also computed at lower levels of
theory using the random-phase approximation (RPA) over the
eigenvalues of the DFT (the so-called DFT + RPA) and the
GoW, (the so-called GoW, + RPA).

The density functional perturbation theory (DFPT) are em-
ployed to obtain the phonon dispersions and harmonic force
constants using the PHONOPY code [43]. The moment ten-
sor potentials (MTPs) [44] as an accurate class of machine
learning interatomic potentials are used to interpolate the in-
teratomic forces [45] utilizing the MLIP package [46]. The
data sets for the MTPs training are achieved by conducting
ab initio molecular dynamics (AIMD) simulations with the
time step of 1 fs over supercells consisting of 84 atoms using
a2 x 2 x 1 Monkhorst-Pack K-point grid. For evaluating the
second and third order interatomic force constants, two AIMD
calculations are performed within the NVT ensemble, first,
from 10 to 100 K and second, from 100 to 1000 K, each for
1000 time steps. For the efficient training of the MTPs, the
original AIMD trajectories are subsampled with equal steps
and around 690 configurations are selected to train MTPs.
Phonon dispersions on the basis of the trained MTPs are
obtained using the PHONOPY code, as elaborately discussed
in our previous work [45]. Anharmonic third order interatomic
force constants are obtained over the same supercells as those
employed for harmonic force constant calculations by con-
sidering the interactions with the eighth nearest neighbors.
The ShengBTE [47] package is employed to perform the full
iterative solution of the Boltzmann transport equation (BTE)
with force constant inputs, as discussed in our previous
study [48]. We consider isotope scattering to predict the
phononic thermal conductivity of the samples. This method
is now extensively used for the evaluation of temperature-
dependent lattice thermal conductivity for bulk and 2D
materials and its accuracy has been verified in previous
studies [48].
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FIG. 1. Top and side views of the (a)—(d) monolayer and (e) bulk ZnlIn,S, along with the electron localization function presented in the

side views and sections. The ELF isosurface value is set to 0.75.

III. RESULTS AND DISCUSSION

A. Structural and electronic properties

First of all, we investigate the structural properties and
the bonding mechanism of the ZnIn,X, layered systems. We
illustrate the optimized lattice structure of the monolayer and
bulk ZnIn,S4 along with the isosurface and section maps of
the electron localization function (ELF) in Fig. 1. To highlight
the anisotropicity in the transport response of the Znln, Xy
monolayers, the two different directions of x and y are marked.
The unit cell belongs to the triclinic crystal lattice and con-
tains two Zn, four In, and eight chalcogen atoms, in which a
1T — InX; layer is sandwiched by the other two atomic layers.
The lattice constants of the stress-free ZnIn,S,, Znln,Sey,
and Znln,Te4; monolayers along the x (y) direction are 6.783
(3.925), 7.089 (4.100), and 7.625 (4.407) A, respectively,
which reveal that with increasing the atomic weight of the
chalcogen atom, the lattice constants increase. Therefore, one
can say that the lattice constants of the ZnIn,Se4 monolayer
are almost the average value of those of the ZnIn,S4 and
ZnIn,Tes monolayers. The coordination of the optimized lat-
tice structure of single-layer and bulk ZnIn, X, are included in
the Supplemental Material [49].

The ELF is a spatial function between O and 1. The ELF
values close to unity reveal the strong covalent interaction or
lone pair electrons, whereas lower values represent weaker
ionic, metallic, or van der Waals interactions. From the ELF
results, the existence of lone pairs is visible around the
chalcogen atoms. Because of the higher electronegativity of
chalcogen atoms rather than the Zn and In counterparts, they
tend to attract electrons from their neighboring atoms. This
explains the high electron localization around the chalcogen

atoms, whereas Zn atoms are almost free of electron localiza-
tion. From the ELF section and isosurface results, it is clear
that the ELF values around the center of the X-In bonds are
larger than 0.7, indicating the formation of covalent bonding.
For the Zn-X bonds, the ELF around the center of bonds
exhibits a sharp pattern with high values extending toward
the chalcogen atom, and electron gas behavior toward the Zn
atom, revealing the presence of ionic-type interactions along
these bonds.

Figure 2 represents the electronic properties of the ZnIn, Xy
monolayers. As it is clear, the PBE functional predicts the
monolayers to be semiconductors with band gaps of 1.79,
1.23, and 0.73 eV in such a way that the value of band
gap decreases with the increase in the atomic weight of the
chalcogen atom in the ZnIn, X4 monolayers. For ZnIn,S4 and
Znln,Sey4, the valence band maximum (VBM) and the con-
duction band minimum (CBM) are positioned at the I" point,
indicating a direct band gap while for Znln,Te4, the VBM
lies in the I'-X direction, and the CBM is at the M point,
forming an indirect band gap. The conduction band edges
are parabolically dispersed, showing free electrons. On the
contrary, the valence band edges are flat, especially in the
I'-X direction, indicating strongly localized holes. Therefore,
by regulating the Fermi level, one can have strongly localized
holes and free electrons simultaneously in these monolayers,
which could bring intriguing features like ferromagnetism
and superconductivity [50]. Since the PBE functional mostly
underestimates the electronic band gap [51], we employed
the HSEQ6 hybrid functional with the default mixing param-
eter (o« = 0.25). At this level, the band gaps are found to be
2.74,1.98, and 1.28 eV for Znln,S4, Znln,Se4, and Znln,Tey,
respectively. The HSEO6 band structures are similar to the
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PBE ones in such a way that the only difference is a rigid
shift of the conduction band states with respect to the VBMs
(see Fig. S1 [49]). Because the HSEO6 functional does not
include the electron-electron exchange interaction, we went
beyond that by utilizing the single-shot GoW, approach. At
this level, the QP band gaps are predicted to be 3.94 (D),
2.77 (D), and 1.84 (I) eV for the ZnIn,S4, Znln,Se,4, and
Znln,Tey, respectively, implying self-energy corrections of
2.15, 1.54, and 1.11 eV. Indeed, with increasing the atomic
weight of the chalcogen atoms, the self-energy correction de-
creases. We plotted the calculated GoW, band structures of the
Znln, X, monolayers in Fig. S2 [49]. As it is seen, the general
shapes of the band structures are similar to those obtained
by the PBE and HSEO6 levels. For comparison, the band
gaps calculated with different approaches are tabulated in
Table 1.

TABLE 1. Band gaps of the ZnIn,X; monolayers calculated at
different levels of theory in the unit of eV. The direct (D) and indirect
(I) nature of the electronic band gaps is shown.

Structure Type PBE HSEO06 GoWy Optical
ZnlIn,S, D 1.79 2.74 3.94 343
ZnIn,Sey D 1.23 1.98 2.77 2.36
Znln,Tey I 0.73 1.28 1.84 1.79

WR2 6648

FIG. 2. Electronic band structures of the ZnIn, X, monolayers at the PBE level. The total and partial density of states, and wave functions
squared at the VBM and CBM for every monolayer, are illustrated in the bottom panels, respectively. The Fermi levels were set to zero.

06838 S84

As mentioned before, the bands are highly anisotropic
along the I'-X and I'-Y directions due to the asymmetric
crystal structures. To see this more clearly, we computed the
effective mass of carriers. For the ZnIn,S; monolayer, the
effective masses of holes (electrons) are —4.47 (0.22) and
—0.29 (0.23) mg along the I'-X and I'-Y directions, respec-
tively. Such a large effective mass of holes is the consequence
of a flat valence band in the electronic structure. Also, for
the ZnIn,Se4 monolayer, the corresponding effective masses
are estimated to be —13.09 (0.17) and —0.24 (0.18) my, re-
spectively. Therefore, one can conclude that with the increase
in the atomic weight of the chalcogen atom, the anisotropy
increases. In the Znln,Te, structure, the effective masses
of holes reach —15.66 and —3.53 mg for the VBM-X and
VBM-T directions, respectively. While the effective masses of
electrons become 0.93, 0.71, and 0.31 mq for the M-X, M-T",
and M-Y directions, respectively.

From Figs. 2(d)-2(f) it is also noticeable that the VBMs are
mostly contributed by the p orbitals of the chalcogen atoms
while the CBMs are mainly dominated by the s orbitals of
the In atoms. It is also found that the density of states in
valence bands is larger than that in the conduction bands.
Therefore, we expect superior thermoelectric efficiency in the
p-type doping as compared with the n-type counterpart. The
participation of orbitals in the edges of bands can also be
understood from the shapes of wave functions in real space, as
illustrated in Figs. 2(g)-2(i). At the VBMs, the wave functions
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FIG. 3. (a)—(c) True uniaxial stress-strain relations of the ZnIn, X, (X = S, Se, Te) monolayers elongated along the y and x directions. (d)
and (e) The stress-free and deformed ZnlIn,S, monolayer at different strain levels for loading along the x (¢,) and y (¢,) directions.

are shaped like dumbbells in such a way that they are dis-
tributed along the y axis and centered on the chalcogen atoms,
showing the p, orbitals of the chalcogen atoms. At the CBMs,
the wave functions are spherically centered on the In atoms,
representing the contribution of the s orbitals of these atoms.

B. Dynamical and mechanical properties

We now turn our attention to the analysis of the phononic
and mechanical properties of the ZnIln,X; monolayers. In
this regard we first study the phonon dispersion relations of
the ZnIn,X,; monolayers obtained by the DFPT and MTP-
based methods, as illustrated in Fig. S3 [49]. Near the T’
point, the out-of-plane acoustic modes (ZA) show a quadratic
relation for all three considered monolayers, whereas the re-
maining two acoustic modes show linear dispersions [52].
The phonon dispersions confirm the dynamical stability
of the ZnIn,S4, Znln,Ses, and Znln,Tes; monolayers be-
cause of the absence of imaginary phonon modes. Moreover,
the comparison between the DFPT and MTP-based results
confirm the remarkable accuracy of the developed classical
models in reproducing the interatomic force constants. It
is clear that with the increase in the atomic weight of the
chalcogen atom, the dispersion of phonon modes in the entire
frequency range shrinks considerably. The narrower disper-
sions of the phonon bands suggest the suppression of their
corresponding group velocity, which most probably leads
to a lower lattice thermal conductivity. This shrinkage also
enhances the phonon band crossing, stimulating the higher
scattering rates. In addition, softening optical phonon modes
with the increase in the atomic weight of the chalcogen atom
indicates loosening of bonds, which is in agreement with the
ELF analysis.

We study the mechanical response of the Znln,X; mono-
layers on the basis of uniaxial tensile results. In Fig. 3 the

uniaxial stress-strain responses of Znln,S4, ZnIn,Se4, and
Znln,Te, are compared. The predicted stress-strain relations
are uniaxial and such that during the deformation, the struc-
ture is under stress only along the loading direction and is
stress-free along the two other perpendicular directions. Since
we study nanosheets that can freely move along their thick-
ness direction, upon the geometry minimization, the system’s
stress component normal to the sheet naturally reaches a neg-
ligible value. Therefore, the cell size along the other in-plane
perpendicular directions of the loading (either x or y) is ad-
justed to satisfy the negligible stress criteria after the geometry
minimization. Note that the stress values are calculated at
every strain by considering the real volume of the deformed
monolayers. In this regard, the area of the monolayers can be
easily obtained using the periodic simulation cell sizes along
the planar direction. To calculate the area, the effective thick-
ness at every step is calculated as the normal distance between
boundary chalcogen atoms plus their effective van der Waals
diameter (vdW). The thickness of the ZnIn,Sy4, ZnIn,Sey4, and
Znln,Te, monolayers according to the geometry-optimized
bulk lattices are predicted to be 12.434, 13.149, and 14.247 A,
respectively. According to our geometry-optimized lattices,
the normal distances between X -X atoms in the systems above
are 9.633, 10.227, and 11.064 A, respectively, which are
equivalent to the effective vdW diameters of 2.800, 2.922,
and 3.182 A, for S, Se, and Te atoms, respectively, to sat-
isfy the corresponding monolayers’ thicknesses. The initial
linear sections coincide closely for both considered loading
directions, revealing a convincingly isotropic behavior. The
elastic moduli of ZnIn,S4, ZnIn,Ses, and Znln,Tes along
the y (x) direction are predicted to be 83 (84), 67 (63), and
47 (51) GPa, respectively. The ultimate tensile strength of
ZnIn,Sy4, Znln,Sey, and Znln,Te, along the y (x) direction
are predicted to be 10.1 (7.6), 7.7 (5.8), and 5.3 (4.2) GPa,

134108-5



MOHAMMAD ALI MOHEBPOUR et al.

PHYSICAL REVIEW B 105, 134108 (2022)

respectively. These results reveal that the nanosheets are re-
markably stronger along the y direction than the x direction,
confirming their anisotropic tensile behavior despite an almost
isotropic elasticity. The results confirm a clear reduction of the
elastic modulus and tensile strength in the ZnIn, X, nanosheets
with the increase in the atomic weight of the chalcogen atom.

To better understand the anisotropic tensile strength in
these nanosheets, in Figs. 3(e) and 3(f), we plot the deformed
ZnIn,S4 monolayer at different strain levels. It appears that
for the loading along the x direction, the failure initiates along
the Zn-S bonds, which are exactly oriented along the loading
direction. It is worthwhile to remind that ELF results revealed
the presence of ionic interactions along the aforementioned
bonds. In contrast, for the loading along the y direction, while
no bonds are exactly aligned along the loading directions,
more bonds are inclined along the loading, and they conse-
quently engage in the load transfer, resulting in higher tensile
strengths.

C. Optical properties

In this section we study the optical properties of the
ZnlIny X, monolayers at distinguished levels of theory with
and without the many-body effects, i.e., electron-electron and
electron-hole interactions. We will see clearly that the afore-
mentioned interactions dominate the optical response of the
monolayers. Figure 4 (left panel) indicates the imaginary part
of the dielectric functions of the ZnIn, X, monolayers for the
light polarized along the x direction. Despite the different
lattice constants along the x and y direction, the optical co-
efficients of the monolayers are almost isotropic. Therefore,
we present only the results correlated with the polarization
along the x direction. Such an almost isotropic optical behav-
ior is consistent with our analysis of elastic response. At the
DFT + RPA level, as the simplest approximation, the imag-
inary parts of the dielectric functions of the monolayers are
characterized by several peaks, which seem to have overesti-
mated intensities owing to the exclusion of many-body effects.
As can be seen, increasing the atomic weight of the chalcogen
atom improves the intensity of the imaginary part. Including
the electron-electron interaction (i.e., GoWy + RPA) results in
a blueshift in the optical spectra and a decrease in their inten-
sities due to the self-energy correction. At this level the first
peak of optical spectrum appears at 3.94, 2.72, and 2.04 eV for
Znln,S4, Znln,Se4, and Znln, Tey, respectively. These peaks
correspond to direct transitions from the VBM, the p orbitals
of the chalcogen atoms, to the CBM, the s orbitals of the In
atoms. Taking into account the electron-hole interaction (i.e.,
GoWy + BSE) causes a cancellation effect and a redshift in
the optical spectra of the monolayers in such a manner that
their first peaks are located between the PBE and GyW, band
gaps at 3.43, 2.36, and 1.79 eV for ZnIn,S4, Znln,Se,4, and
Znln,Tey, respectively. These peaks correspond to strongly
bound bright excitons, which are referred to as Frenkel exci-
tons. Accordingly, the exciton binding energies, the difference
between the QP direct band gaps and the optical gaps, are
0.51,0.41, and 0.34 eV for ZnIn,S4, Znln,Se,4, and Znln, Tey,
respectively. It is clear that with the increase in the atomic
weight of the chalcogen atom, the exciton binding energy
decreases. However, such binding energies indicate the high

stability of the excitonic states against thermal dissociation
at 300 K. They also show that the Coulomb interaction be-
tween the electron and hole forming the ground-state exciton
is strong, hence, the exciton tends to be small of the same
order as the size of the unit cell. Also, it is understood that
increasing the atomic weight of the chalcogen atom leads to a
redshift in the imaginary part of the dielectric function in such
a manner that one can deduce that the ZnlIn,Te4 monolayer is
a very convenient candidate for optoelectronic applications in
the visible area.

Aside from the similar impacts of many-body interactions
on the real part of the dielectric function, from Fig. 4 (right
panel) one can see that increasing the atomic weight of the
chalcogen atom enhances the static dielectric constant of the
monolayer. The obtained static value at the GyWp + BSE
level is 1.71, 2.15, and 4.95 for the ZnIn,S,4, ZnIn,Se,4, and
Znln,Te, monolayers, respectively. Therefore, one can say
that the larger the static dielectric constant, the smaller the
exciton binding energy will be. Moreover, it is conspicuous
that the spectra become negative in specific ranges, suggesting
the metallic behavior of the monolayers at these ranges. Due
to the considerable differences of the optical spectra with and
without considering many-body effects, it can be concluded
that these interactions play a vital role in the optical properties
of the ZnIn, X, monolayers.

The other optical coefficients of the monolayers obtained
by the GoW, + BSE calculations are available in Fig. S4
[49]. From Fig. S4(a) the static refractive indexes of ZnlIn;Sy,
Znln,Se4, and Znln,Te,4 are found to be 1.31, 1.46, and 2.23
while the maximum refractive indexes are 1.64, 1.89, and
2.85, respectively. After reaching the peaks, the refractive
indexes drop progressively until they are less than that of the
glass (~1.5), suggesting the high transparency of the mono-
layers at these ranges of energy. Importantly, for energies
higher than 4 eV, the one with the smallest band gap, the
Znln, Te, monolayer, manifests the smallest refractive index.
Similarly, the extinction coefficients of the monolayers in-
crease rapidly with increasing the photon energy; afterwards,
they decrease gradually. From Fig. S4(b), the maximum value
of the extinction coefficient of the ZnIn,S4, ZnIn,Se4, and
Znln,Te, is found to be 0.93, 1.10, and 2.13 at 5.92, 4.92,
and 4.11 eV, respectively. This means that at these energies,
the photons will be absorbed very fast.

As shown in Fig. S4(c), the absorption threshold (o > 5 x
10 m~") of the ZnIn,S4, ZnIn,Sey, and ZnIn, Te4 monolayers
is located at 3.38, 2.37, and 1.71 eV, respectively, approxi-
mately where the imaginary part of the dielectric functions
reaches the first peak. Importantly, the mean value of ab-
sorption coefficient in the visible area (1.63 to 3.26 eV) is
0.04, 0.37, and 1.86 x 10” m~! for ZnIn,S4, ZnIn,Se,, and
Znln;Te4, respectively. Therefore, it is conspicuous that the
ZnlIn,Te, yields the highest absorption coefficient, which was
expected considering our earlier finding of this monolayer,
having the smallest optical gap. In addition, the maximum
value of absorption for Znln,S,4, ZnIn,Se4, and Znln,Te, is
found to be at 5.9, 6.4, and 5.7 eV, respectively. This means
that the density of transitions at these particular energies is
significant. As shown in Fig. S4(d), one can manifest that
increasing the atomic weight of the chalcogen atom increases
reflectivity. More specifically, the mean value of reflectivity
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FIG. 4. Imaginary (left panel) and real (right panel) parts of the macroscopic dielectric functions of the ZnIn,X, monolayers at three
different levels of theory, namely DFT + RPA (without e — e and e — h interactions), GoWy + RPA (with e — e interaction, without e — h
interaction), and GoW, + BSE (with e — e and e — h interactions). The optical gap and the GyW, direct band gap of the monolayers are given.

The visible light region is specified by a spectral color scheme.

in the visible area is 2.8%, 6.2%, and 23.2% for ZnIn,S4,
ZnIn,Ses, and Znln, Tey, respectively. Overall we predict the
Znln;Te, monolayer to be a potential candidate for optoelec-
tronic applications.

Each peak in the absorption spectrum corresponds to at
least one direct interband transition. To see the possibility of
direct transitions from a specific valence band to a specific
conduction band, we calculated the magnitude of transition
dipole moment of the ZnIn, X4 monolayers. As represented
in Fig. S5(a) [49], the amplitude of transition dipole moment
(TDM) is zero at the M, I', and Y points for transitions
from the highest valence band to the lowest conduction band

(i.e., V42 — C43). It is also zero for the V41 — C43 tran-
sitions. This is why these transitions are named forbidden.
However, the amplitude of TDM is nonzero (~230 D?) at
the I point for the V40 — C43 transition, which is why it
is called allowed transition. In general, one can state that the
most probable transitions occur near the I" point.

D. Thermoelectric properties

We investigate the predicted temperature-dependent lat-
tice thermal conductivity of the ZnIn,S4, Znln,Ses, and
ZnlIn, Te, monolayers, as illustrated in Fig. 5. In the conducted
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FIG. 5. Lattice thermal conductivity of the ZnIn,X, monolayers
as a function of temperature.

simulations, the temperature-dependent lattice parameters are
not considered in the BTE solution, assuming that the ther-
mal expansion of these lattices at high temperatures do
not substantially affect the phononic properties. In accor-
dance with our analysis of the elastic and optical responses,
we found convincingly isotropic lattice thermal conductivity
along these novel monolayers. The lattice thermal con-
ductivity of Znln,S4, Znln,Se4 and Znln,Te4, taking into
account the isotope scattering at 300 K, are predicted to be
remarkably low, 5.8, 2.0, and 0.4 W/mK, respectively. Nor-
mally the lattice thermal conductivity follows a T~* trend
with temperature (7'), in which A is the temperature power fac-
tor. We estimate the temperature power factors to be 1.01, 1.0,
and 1.0 for the ZnIn,S4, ZnIn;,Se,, and ZnIn, Te, monolayers,
respectively. As expected, with the increase in the atomic
weight of the chalcogen atom, the lattice thermal conductivity
decreases, which is also consistent with a classical theory
saying a material with a lower elastic modulus and higher
atomic weight yields a lower thermal conductivity.

To better understand the underlying mechanism resulting
in the strong dependency of lattice thermal conductivity to
the type of chalcogen atom in these systems, in Fig. S6 [49]
we compare the phonons’ group velocity and lifetime of the
Znln, X, monolayers. As expected and shown in Fig. S6(a),
the type of chalcogen atom in these systems dominates the
phonons’ group velocities and also the phononic thermal
transport. As such, with the increase in the atomic weight
of these systems, the phonons’ group velocities are clearly
suppressed. Indeed, increase of the chalcogen atom weight
leads to narrower dispersions for phonon modes and softer
bonds. A similar observation is also found to be consistent
for the phonons’ lifetime illustrated in Fig. S6(b), which
shows the substantial increase in the phonons scattering with
the increase in the atomic weight of the chalcogen atom.
The maximum phonons’ group velocity in the ZnIn,Sy4,
Znln,Sey, and Znln, Tey; monolayers is predicted to be 5.23,
5.54, and 3.68 km/s, respectively. Accordingly, the ZnIn,Te4
monolayer exhibits an ultralow thermal conductivity, which
might be highly appealing for thermoelectric energy
conversion.

The dependence of thermopower on chemical potential
(u) for different structures is shown in Fig. 6(a). The neg-
ative (positive) value of the chemical potential indicates the
p-type (n-type) doping. Large thermopower values are ob-
served around the Fermi level on both sides, indicating a
doping of the order of 10'3 cm~2 can achieve the optimal ther-
mopower. Such a doping order can be easily obtained in the
experiment using electric gates. The thermopower shows two
dominant features, including a decrease of the thermopower
with temperature as shown in Fig. S7 [49] for all the con-
sidered monolayers, and a decrease of the thermopower with
increasing the atomic weight of the chalcogen atom because
of the reduced band gap. Indeed, the thermopower is directly
related to the band gap, and as we discussed earlier, the
band gap in these systems reduces with increasing the atomic
weight of the chalcogen atom. It is also noticeable that the
thermopower vanished at energies far from the Fermi level due
to the biparticle effect. Moreover, the thermopower exhibits
almost similar values for both p-type and n-type doping due
to the symmetric nature of the valence and conduction bands.
The maximum value of the thermopower at 300 K for different
monolayers is tabulated in Table II.

To compute the relaxation time, we used the Bardeen-
Shockley deformation potential [53], considering the coupling
of acoustic phonons with electrons as

h3C2D

LA ——
Bl m mqlL;

3

where i, C?P, my, E; denote the reduced Plank constant,
elastic modulus, effective mass, and deformation potential,
respectively. The obtained relaxation times are listed in Ta-
ble II. It is obvious that t, > 15, which is attributed to the
smaller effective mass and deformation potential of the con-
duction bands. Figure 6(b) shows the power factor PF =
S20 as a function of the chemical potential. Unlike the ther-
mopower, the PF increases with temperature. This is due to
the stronger dependence of electrical conductivity on temper-
ature. As shown in Fig. S8 [49], with increasing temperature,
the electrical conductivity increases approximately an order
because thermal energy excites free electrons from the valence
band to the conduction band. Therefore, the increase in PF
is correlated with the increase in electrical conductivity. In
addition, the gap of PF is directly dependent on the electronic
band gap; hence, it is reduced with the increase in the atomic
weight of the chalcogen atom. Furthermore, if we consider the
anisotropy of the relaxation time for electrons and holes, the
PF of the n-doped monolayers is significantly higher than that
of the p-doped ones, as listed in Table II.

The figure of merit ZT = ,fzi:, is directly dependent on
the PF and inversely dependent on the thermal conductivity.
The thermal conductivity is composed of the electronic (k)
and phononic (k1) parts. The electronic part of the thermal
conductivity is calculated using the Wiedemann-Franz law
k, = LoT, where L =1.5x 1078 WQK2 is the Lorenz
number. From Fig. 6(c) it is clear that the thermoelectric
energy conversion efficiency is improved with the increase in
the atomic weight of the chalcogen atom. As we discussed
previously, the lattice thermal conductivity is significantly re-
duced for larger chalcogen atoms, leading to an increase in the

134108-8



MECHANICAL, OPTICAL, AND THERMOELECTRIC ...

PHYSICAL REVIEW B 105, 134108 (2022)

3 [ [ [
2—(a) annzs4 |
= 1 Znin,Se,
- — 7nin,Te
> j‘ '
= 7
w L ]
2+ _
-3 I I I

Figure of Merit

-2 -1 0 1 2
 (eV)

[y
N

[0e]

PF (107> W/mK?)

Figure of Merit

0
300 400 500 600

T (K)

700 800

FIG. 6. (a) Thermopower, (b) power factor, and (c) figure of merit as a function of chemical potential for the considered monolayers at
400 K. (d) Maximum value of figure of merit as a function of temperature for different monolayers. The obtained values are related to different
chemical potentials as, by increasing temperature, the optimal chemical potential reduces. A constant relaxation time of 10~!3 s is considered.

ZT. However, as shown in Fig. 6(a), the thermopower is in-
versely dependent on the chalcogen atomic number, therefore,
the difference in the final value of the ZT is not significant.
Surprisingly, unlike the other two monolayers, the ZT of the
Znln;Te, decreases with increasing temperature, as shown in
Fig. 6(d). The reducing trend is attributed to the reduction
of the thermopower with temperature. The maximum ZT
of the predicted monolayers is close to unity, showing high
thermoelectric performance. The thermopower of the ZnIn, Xy
monolayers are higher than those of the similar 2D structures.
The maximum thermopower of «-In,Ses is 800 uV /K [54],
which is half of that predicted for ZnlIn,Se4. The highest
thermopower reported for Sn,Bi is 300 «V /K [55] while it is
500 1V /K for Pd,;Se; monolayer [56]. Also, the thermopower
of WS, and WSTe monolayers are 328 and 322 uV/K [57],
much lower than our results.

The predicted ZT of the ZnIn, X, monolayers as a function
of chemical potential at different temperatures are provided in
Fig. S9 [49]. As it is seen, for the ZnIn,S4 monolayer, the ZT

increases by 0.48 and reaches 0.69 at 800 K. While for the
other ones, the ZT stays almost constant at ~0.85. Overall,
with ultralow lattice thermal conductivity, high thermopower,
and large figure of merit, the Znln, X, (X = Se, Te) monolay-
ers can be promising candidates for the thermoelectric energy
conversion systems.

In realistic applications, 2D materials are often grown
on metal or insulator substrates. Concerning the effects of
substrates on thermoelectric performance, one can say that
selecting a proper substrate based on the temperature of
operation and carrier density is crucial for optimizing the
thermoelectric performance [58,59]. In the case of a highly
thermally conductive material like graphene, the scatter-
ing due to the substrate could yield substantial effects in
thermal transport [60]. Indeed, the thermal conductivity in
supported graphene is much lower than that of suspended
graphene because of the phonons leaking across the graphene-
support interface and strong interface scattering of flexural
modes, which make a large contribution to lattice thermal

TABLE II. Maximum of thermopower (Smax), hole and electron relaxation time, and maximum of PF for the p- and n-type doping at 300 K.

Structure st (mV/K) S¢ . (mV/K) 7, (1073 5) 7, (10713 s) PF! (mW/mK) PF¢, (mW/mK)
Znln,S, 2.88 —2.60 1.11 85.5 5.8 620
ZnlIn,Sey 2.01 —1.92 2.24 92.1 18.9 492
Znln,Tey 1.22 —1.12 4.14 37.1 40 218
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conductivity in suspended graphene. Simulations of SiO,-
supported silicene predict a reduction of 78% in the thermal
conductivity compared to suspended silicene [61]. In MoS,
monolayer as a semiconductor, the thermal conductivity is
reduced from 117 to 31 W/mK, when it is supported by
an insulator SiO, substrate [62]. In the ZnIn,X; monolayers,
since the thermal conductivity values are already very low,
other sources of phonon scattering, such as those of thermal
resistance with the substrate, are not expected to significantly
affect the thermal transport.

IV. CONCLUSION

We conducted extensive first-principles calculations to ex-
plore the physical properties of the ZnIn, Xy (X = S, Se,
Te) monolayers. We showed that the considered monolayers
are dynamically and mechanically stable. We found that the
Znln,S4, Znln,Sey, and Znln,Tes monolayers are semicon-
ductors with the GoW; band gaps of 3.94 (D), 2.77 (D), and
1.84 (I) eV, respectively. We also observed strongly localized
holes and free electrons in these 2D materials. The Znln,Te4
monolayer is found to yield a remarkably high absorption
coefficient in the visible light region while its reflectivity rate
remains less than 25%, suggesting a great potential for op-
toelectronic applications. The elastic moduli of the ZnIn;Sy,
Znln,Sey4, and Znln,Tey, monolayers along the y (x) direc-
tion are predicted to be 83 (84), 67 (63), and 47 (51) GPa,
respectively. The results reveal that the ZnIn, X4 nanosheets

exhibit almost isotropic elastic, optical, and lattice thermal
transport responses while presenting highly anisotropic tensile
behavior. The phononic thermal conductivity of the ZnIn,S4,
Znln;Se,, and Znln, Te, monolayers, taking into account the
isotope scattering at 300K, are predicted to be ultralow as
5.8, 2.0, and 0.4 W/mK, respectively. The results also reveal
a decrease in the elastic modulus, tensile strength, phonon
group velocity, phonon lifetime, lattice thermal conductivity,
and exciton binding energy with the increase in the atomic
weight of the chalcogen atom. The Znln,Se4 and Znln,Tey4
monolayers are found to exhibit a figure of merit close to unity
at 400 K, showing excellent thermoelectric performance. Our
results provide an extensive vision concerning the critical
physical properties of the 2D ZnIn, X4 (X = S, Se, Te) semi-
conductors and highlight their applications in optoelectronics
and energy conversion systems.
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