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1. Introduction

The alarming increase in the rate of fossil fuel’s consumption is a
major concern around the globe. Almost two-thirds of fossil fuel
energy is wasted in the form of heat energy[1] and the depletion of
fuels has pushed humanity to look for cleaner and much more
efficient alternatives. Among all the viable options of renewable
energy such as biomass, solar power, wind energy, geothermal
energy, and so on, thermoelectricity emerges as an option.
Thermoelectric (TE) materials not only can convert the waste
heat energy into electrical energy but can also be used for power
generation, refrigeration, and energy conservation. Due to the
ability of electrons to conduct heat and transfer charge, TE mate-
rials are of great interest. The aptness of the TEmaterials is deter-
mined by a dimensionless quantity figure of merit
ZT ¼ S2σT=κ, where S is the Seebeck coefficient, σ is the elec-
trical conductivity, κ is the thermal conductivity, and T being the
absolute temperature. Due to the conflicting nature of S and σ,
there is a compromise between the effective mass and carrier
concentration and this makes difficulty in selecting the right
materials.

From the empirical relation of ZT , it is
well understood that κ must be low, which
is contributed by both the electrons κe and
the phonons κl. The electrical part of ther-
mal conductivity is given by Wiedmann–
Franz law (κe ¼ LσT ) where L is the
Lorenz number and therefore tuning this
can affect σ, whereas lattice thermal con-
ductivity κl ¼ 1

3 vlCv is independent of elec-
tronic interaction because κl, importantly
enough, is dominated by phonon–
phonon-scattering according to Keyes’
expression[2] and lowering it can signifi-
cantly increase the ZT . If looked closely,
ZT depends upon the parameters such
as degeneracy of band extrema and a
presence of it increases ZT [3] because the
total power factor is a summation over all
such extrema.[4,5] Similarly, it depends

upon the effective mass anisotropy, which for high ZT value
must be high.[3]

Chalcogen-based compounds are a good candidate for TE pur-
poses, and research over the years has suggested the same.
Sankar et al.[6] reported the Seebeck coefficient of Tl2PbHfSe4
to be 420 μV/K at 520 K; high ZT of 1.4 for bulk chalcopyrite
CuGaTe2 was reported by Plirdpring et al.,[7] whereas a theoreti-
cal calculation shows the ZT to be 1.65 at 950 K at hole concen-
tration 3.7� 1019 cm�3[8]. Reported by Venkatasubramanian
et al.,[9] p-type Bi2Te3=Sb2Te3 superlattices have exhibited a
ZT of 2.4 at 300 K. Chalcogenides also form complex crystal
structures that result in low thermal conductivity as was in
the case of Cu3SbX4.

[10] Furthermore, there has been an
enhancement of TE properties reported such as a high ZT of
1.5 at 773 K in Tl-doped p-type PbTe due to distortion in elec-
tronic density of states (DOS) through resonant impurities.[11]

Due to Sn doping there is a significant enhancement in the value
of the thermopower of Bi2Te3 single crystal as Sn offers resonant
states enhancing the DOS near the Fermi level.[12] As stated ear-
lier, the reduction of κl also can enhance TE properties. The
reduction occurs by an increase in phonon–phonon-scattering
near the grain boundaries, structural defect, and interfaces in
the nanostructured materials. For example, optimization of
nanostructures to reduce κl produces a ZT of 1.8 achieved in
the Na-doped PbTe at 800 K reported by Girad et al.[13]. A whop-
ping ZT value of 2.6, as reported by Zhao et al.,[14] was obtained
in the undoped monocrystalline SnSe at 923 K with the ultralow
intrinsic κl of the crystal. The heavy atomic weight of the chalc-
ogens is also beneficial for reducing lattice thermal conductivity
in the materials.[10]

A. J. Roy, V. K. Sharma, Dr. V. Kanchana
Department of Physics
Indian Institute of Technology Hyderabad
Kandi, 502285 Sangareddy, Telangana, India
E-mail: kanchana@iith.ac.in

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssb.202000587.

DOI: 10.1002/pssb.202000587

The current work analyzes the electronic, structural, mechanical, thermoelectric
(TE), and optical properties of alkali-based transition metal chalcogenides A2MoS4
(A¼ K, Rb, Cs) and Cs2MoSe4 using methods based on first principles. The
electronic, structural, and mechanical properties are analyzed using projected
augmented wave (PAW) potentials. The electronic structure calculations show
them to be direct bandgap semiconductors. From the TE properties, it is found that
all the compounds possess huge thermopower especially for the holes, and this
along with low lattice thermal conductivity enables us to predict A2MoS4
(A¼ K, Rb, Cs) and Cs2MoSe4 to be a good class of material for TE applications.
Also, the optical properties are found to be nearly isotropic in the low energy region,
which also might fetch potential applications in the visible range. The nearly
isotropic optical properties along with giant thermopower are the highlights of the
current study, which sets a platform for exploring future device applications.
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The classification of the materials for optical applications is
determined by the bandgap and therefore electronic structure.
Chalcogen-based materials find their suitability in all kind of
fields such as solar cell, optoelectronic, photovoltaic, and so
on. Compounds such as Cu2GeSe4, as reported by Choi
et al.,[15] are found to have potential applications in optics.
Layered oxychalcogenides such as LaCuOCh (Ch¼ S, Se, and
Te)[16] find its application in the field of optoelectronics.
Diamond-like quaternary semiconductors CuMn2InSe4

[17] are
multiversatile compounds having huge range of field of applica-
tions. Other quaternary chalcogen compounds Cu2ZnSnX4 have
potential application in optoelectronic devices,[18] photovoltaic
absorbers,[19] and as a TE material.[20]

The transition metal dichalcogenides MoS2, MoSe2, andWSe2
are rich in terms of physics and their utilities which span a major
part of technology such as catalytic activity[21] and photochemical
process.[22] The 2D structure of these compounds gained atten-
tion in photovoltaics,[23] molecular sensing,[24] photolumines-
cence,[25,26] and nanosacle field-effective transistor.[27,28] The
monolayer of MoSe2 is suitable for single-junction solar cell, pho-
tochemical cells,[29] and can be tuned to have magnetic properties
by doping of nonmetals with odd number of valence electrons.[30]

Another chalcogen-based material Cu2CdSnSe4 having 2:1:1:4
ratio shows enhanced TE properties with Mn doping on Cd
sites.[31] The earlier studies on the transition metal dichalcoge-
nides together with other efficient chalocogen-beased TE materi-
als served as a motivation for us to explore this domain further in
the realm of ab initio studies, and we have opted another series of
chalcogenides in combination of alkali atoms with Mo atom. The
current study is a complete analysis of structural, electronic, TE,
and optical properties of A2MoS4 and Cs2MoSe4. This article is
organized in the following manner: Section 2 gives the method-
ology used followed by the results and discussions in Section 2
and finally Section 4 concludes the study.

2. Computational Details

Geometry optimization for all the investigated compounds has
been conducted using the pseudopotential method as imple-
mented in Vienna Ab Initio Simulation (VASP) package.[32–35]

PBEsol,[36] a modified version of generalized gradient approxima-
tion under the parametrization of Perdew–Burke–Ernzerhof,[37]

has been used for exchange correlation functional. The tetrahe-
dron method is being used to integrate Brillouin zone (BZ).[38]

The energy cutoff is set to 520 eV. The energy convergence and
force tolerance are 10�6 Ry and 10�2 eV Å�1. A finite difference
method implemented in VASP code is used to calculate elastic
tensor. A k-point sampling is done using a mesh of 13� 8� 7 in
the irreducible BZ within Monkhorst Pack scheme.[39] Ground-
state properties of all the compounds are obtained after it reaches
self-consistency with energy convergence of 10�6 Ry. The Bader
charge analysis is also being done to compute the charge transfer
among atoms using a combination of VASP and postprocessing
VASP utility Bader.[40–43] The TE coefficients such as thermo-
power and electrical conductivity are being calculated using
the Boltzmann transport theory implemented in BoltzTraP
code.[44] Two approximations, such as the constant scattering
time approximation (CSTA) and another one rigid band

approximation (RBA),[45–47] have been used to calculate the
near-equilibrium TE coefficients. The static part of optical prop-
erties has been computed using VASP. A postprocessing tool
VASPKIT[48] has been used to extract the optical properties using
VASP outputs.

3. Results and Discussion

3.1. Structural Properties

The investigated compounds A2MoS4 (A¼ K, Rb, Cs) and
Cs2MoSe4 are built of [MoX4]2� (X¼ S, Se) cluster and Aþ ions
crystallizing in an orthorhombic structure with space group
Pnma (62) having four formula units.[49–52] In particular,
Cs2MoS4 and Rb2MoS4 are a derivative of the structure of β-
K2SO4

[53] and (NH4Þ2MoS4
[54] and K2MoS4 is isostructural to

Cs2MoS4 and Rb2MoS4.
[49] The crystal structure is shown in

Figure 1.
Table 1 shows the comparison between the theoretically cal-

culated and experimentally reported lattice parameters. Our cal-
culated optimized results are in good accordance with the
experimental values.

Elastic constants are fundamental properties of any crystalline
material which describe the resistance of the material when
undergoes mechanical pressure, strain, and so on. This also sig-
nifies the stability of the materials. The investigated compounds
crystallize in an orthorhombic structure which has nine indepen-
dent elastic components, namely, C11, C22, C33, C44, C55, C66,
C12, C13, and C23. These are calculated at a constant theoretical
volume as shown in Table 2 and are found to satisfy Born criteria
of mechanical stability for orthorhombic structure as given in the
previous study.[55] Using these single-crystal elastic constants, we
also calculated polycrystalline aggregate properties such as bulk
(BX ,X ¼ V ,R, and H) and shear moduli (GX ,X ¼ V ,R, and H)
under Voigt,[56] Reuss,[57] and Voigt–Reuss–Hill[58] approxima-
tion. Furthermore, we also computed Debye temperature (ΘD)
which is a fundamental quantity of any material as it is linked
to specific heat, thermal conductivity. From the low values of
the elastic constants, Young modulus, and Bulk modulus, we
can conclude that both the systems have less resistance to used
strain, pressure, and so on, and could be resulted in a structural
transition at an intermediate pressure value. The pressure

Figure 1. Crystal structure of A2MoS4 and Cs2MoSe4.
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studies on the compound Cs2MoS4 have been reported earlier by
Lorenz et al.[59] which suggests two structural phase transition at
8 and 9.7 GPa due to phonon-softening. The Debye temperature
is an essential parameter for every material as it signifies the tem-
perature of the normal mode of vibration of the lattice.
Essentially, the value of ΘD plays an important role in thermo-
dynamic and thermal properties such as phonons, specific heat,
and thermal expansion.[60] ΘD � ffiffiffiffiffiffiffiffiffiffiffi

Y=M
p

, which signifies the
relation of Debye’s temperature and elastic properties. ΘD is also
connected to lattice thermal conductivity also, which is an inte-
gral part for any TEmaterials. A higher value ofΘD suggests high
κl, but for our investigated compound it turned out to be low as
shown in Table 2, which indicates the compounds to possess low
thermal conductivity and which checks out with the calculated κl,
presented in a later section.

3.2. Electronic Structure Properties

Using the optimized lattice parameters, the electronic structure
and transport properties have been computed. The electronic
properties were calculated using PBEsol XC functional. The band
plot of K2MoS4 is shown in Figure 2a. The band plot for

remaining compounds is shown in Figure S1, Supporting
Information. It is evident from the band structure that the com-
pounds are direct bandgap semiconductors with gap of 1.19,
1.30, 1.64, and 1.07 eV for A2MoS4 (A¼ K, Rb, Cs) and
Cs2MoSe4, respectively. Evidently, there is an increase in the
bandgap as we move from K to Cs, and this behavior of the
bandgap suggests that the alkali atoms play almost no role near
the Fermi level and are not the key players for TE aspects,
whereas in case of Cs2MoSe4 and Cs2MoS4 we observe a
decrease in the bandgap, which is expected as we go down
the column of elements in the periodic table. These details
can be observed in the DOS plots as shown in Figure 2b,c.
The profile of the bands is important for our case as it is tied
to the effective mass of the charge carriers. The effective mass
is an essential quantity for TE materials. Effective mass is
inversely proportional to the curvature of the bands which is
nothing but the second-order derivative of band dispersion.[61]

The profile of the bands is almost the same for all the investigated
compounds. Along the three crystallographic directions, the dis-
persion of bands in the conduction band region is very much
alike in all the investigated compounds.

Also, the dispersive nature of the conduction band is quite
prominent and hence an indication to smaller effective mass
m�. In case of valence band along Γ–X direction, we observe flat
bands implying high effective mass of the charge carriers com-
pared with other crystallographic direction. This also indicates
that thermopower for holes will be higher than the electrons.
As a part of this work is focused on TE properties of A2MoX4
and Cs2MoSe4, calculating effective mass is a necessity to extract
the TE coefficients. We have calculated the effective masses of
concerned compound in different crystallographic direction in
BZ and the same is shown in Table 3.

To analyze more about the electronic structure, a knowledge of
DOS is important for both the compounds and is shown in
Figure 2b,c. For both the compounds, we observe narrow deep
lying states centered around –7.5 to –8 eV below the Fermi level,
which are due to the alkali p orbital. Bit closer to the Fermi level,
we observe hybridized states between chalcogen p and Mo d
orbital. In the close proximity of the Fermi level in the valence
band region, the p orbital of the chalcogen dominates. In the con-
duction band region, the unoccupied states near the Fermi level
have large contribution from Mo d orbital; deep within the con-
duction band the states are due to again alkali atom. The behavior
of the bandgap observed can also be explained by the DOS. For
the alkali series, all the alkali atoms contribute to deep lying
states and moving from K to Cs the gap increases. In case of
Cs2MoSe4 and Cs2MoS4, the chalcogen atom contributes near
the Fermi level and therefore moving from S to Se more states
become available and therefore the gap decreases.

Furthermore, the insight to contribution of atoms near Fermi
level is an important one because this can be utilized in selecting
dopant that can enhance the TE properties.

To understand the nature of bonding, the charge density is
being plotted along (010) plane as shown in Figure 2d for
K2MoS4. The charge density plots for other compounds are
shown in Figure S2, Supporting Information.

From the plots, it is observed that there is covalent bonding
between the transition metal Mo and chalcogen atoms. Due to
the high electronegativity (K¼ 0.82; Rb¼ 0.82; Cs¼ 0.79;

Table 1. Calculated lattice parameters of A2MoS4 (A¼ K, Rb, Cs) and
Cs2MoSe4 along with the experimental values.

K2MoS4 Rb2MoS4 Cs2MoS4 Cs2MoSe4

Compounds Theo. Exp. Theo. Exp. Theo. Exp. (27) Theo. Exp.

a [Å] 9.35 9.32 9.66 9.65 10.05 10.04 10.40 10.33

b [Å] 6.74 6.84 6.91 7.03 7.12 7.24 7.35 7.47

c [Å] 12.00 12.08 12.27 12.43 12.62 12.78 12.90 13.06

Table 2. Calculated elastic constants Cij , Young’s modulus (GPa), bulk
modulus (GPa), velocities of sound (vl, vt, vmean; in km s�1), and
Debye temperature ðθD in K).

Elastic constants K2MoS4 Rb2MoS4 Cs2MoS4 Cs2MoSe4

C11 29.6 25.52 22.09 19.32

C22 35.0 32.43 31.23 29.63

C33 29.8 25.43 21.86 23.09

C44 6.82 7.41 7.49 6.46

C55 5.88 6.85 6.54 5.37

C66 8.66 8.97 8.13 7.18

C12 8.35 8.11 8.778 7.10

C13 10.62 9.38 8.57 8.28

C23 6.60 6.80 7.72 6.86

EH 21.76 21.23 19.41 17.66

BH 16.19 14.62 13.77 12.82

GH 8.53 8.43 7.67 6.95

v1 3.22 2.84 2.58 2.20

vt 1.78 1.62 1.45 1.23

vmean 1.99 1.80 1.62 1.37

ΘD 198.18 174.30 151.83 124.80
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Mo¼ 2.16; S¼ 2.58; Se¼ 2.55) difference between the alkali and
the other atoms, it forms an ionic bond with rest of them,
whereas the electronegativity difference between them is small
and therefore the covalent nature can be seen between them.
To get more details about the charge transfer, we have also cal-
culated the average charge per atom of the investigated com-
pounds shown in Table 4. The number of electrons
contributing to pseudopotential used for our calculations is 9,
12, and 6 for alkali, Mo, and chalcogens, respectively. The electro-
negativity of chalcogens is higher as compared with alkali and
Mo atom as discussed earlier. This nature is reflecting in the val-
ues of average charge per atom in Table 4. The chalcogens are
gaining the charge, while the alkalis and Mo atom are losing it.

The net charge lost by alkali and Mo atoms is same as the net
charge gained by chalcogens which is a sign of ionic bonding.

The importance of bonding linked with other physical prop-
erties of a material is explained here. The observed high ionicity
between the alkali atoms and the rest of them in all the com-
pounds could be the reason for exhibiting low elastic constants
which might drive structural transition. Covalent bonding
between Mo and chalcogen atoms may contribute to lighter
charge carriers as the effective mass is inversely proportional
to the overlap integral of the orbitals. Similarly, ionic nature
of alkali atom provides very less overlap, leading to higher effec-
tive mass of charge carriers. Lighter bands favoring high mobility
together with heavier bands leading to higher thermopower may

Figure 2. a) Band structure of K2MoS4, the DOS of b) A2MoS4 and c) Cs2MoSe4, and d) the charge density of K2MoS4 along (010) plane.

Table 3. Calculated effective masses of A2MoS4 (A¼ K, Rb, Cs) and Cs2MoSe4 along crystallographic directions of the BZ.

K2MoS4 Rb2MoS4 Cs2MoS4 Cs2MoSe4

Direction MhðmeÞ MeðmeÞ MhðmeÞ MeðmeÞ MhðmeÞ MeðmeÞ MhðmeÞ MeðmeÞ
Γ–X 1.61 0.16 1.40 0.17 1.80 0.17 1.47 0.15

Γ–Y 0.19 0.14 0.25 0.14 0.82 0.10 0.27 0.13

Γ–Z 0.31 0.13 0.32 0.15 0.31 0.18 0.28 0.14
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project these compounds as good thermoelectic material which is
discussed in the upcoming section.

3.3. TE Properties

In this section, we will discuss the TE properties of the investi-
gated compounds. We have utilized Boltzmann transport
theory as implemented in BoltzTrap[44] code to compute the
TE properties of the compounds. Here, we have computed
thermopower (μV/K), electrical conductivity scaled by relaxation
time (Ω�1m�1s�1) and power factor scaled by relaxation time
(W mK�2s�1). The probed compound is orthorhombic and we
have computed TE properties along the three crystallographic
directions as a function of electron and hole concentration as
shown in Figure 3 and 4 for K2MoS4. It is important to consider
the directional dependence of the TE properties as it reveals the
anisotropy in the system[8,14,62] which was observed in PdCoO2

and PtCoO2 where a large difference between in-plane and out-
of-plane TE properties was noted.[62]

The thermopower is a measure of asymmetry in band
structure and scattering rates near the Fermi level[3] and the same
is shown in Figure 4a and Figure 5a and Figure S3a–S8a,
Supporting Information. The thermopower for holes is found
to be higher than electrons throughout the whole temperature
range. The difference between the thermopower of holes and
electrons is about 100–200 μV K�1. The thermopower for holes
of A2MoS4 (A¼ Cs, Rb, K) at 300 K is nearly 720, 610, and
580 μVK�1, respectively, and for Cs2MoSe4 derivative, it is
600 μVK�1. It reaches a maximum value of 800 μVK�1 at
700 K for Cs2MoS4. For the electrons, the thermopower is mostly
within 650 μV K�1 at 300 K for all the compounds and reaches a
maximum value of nearly 680 μVK�1 at 700 K for Cs2MoS4.

The comparative study with well-known TE materials is
reported earlier such as Bi2Te3, which has thermopower of
225 μVK�1 at room temperature[6,63] Tl2PbHfSe4 which pos-
sesses thermopower around 420 μV K�1 at 520 K, and a thermo-
power value of nearly 600 μVK�1 for CuGaTe2

[8] emphasizes that
thermopower is huge in our case, and it indicates that the

investigated system can fetch application in power generation.
Some other previous works on TEs such as olivine-type
Fe2GeCh4 (Ch¼ S, Se, Te)[64] and OsX2 (X¼ S, Se, Te)[65] which
have the same group elements as our investigated compounds
are found to have a thermopower of 600–800 μVK�1 for hole
doping which supports the current study. We also observe an
anisotropy along a-axis in case of holes, which is due to the occur-
rence of a flat valence band along Γ–X direction meaning high
effective mass. Contrastingly, we find almost isotropic thermo-
power for electrons along the crystallographic directions.
Though a very small anisotropy exists in case of Cs2MoS4, it
should also be noted that the thermopower for electrons is also
quite high. As we move from K to Cs, the bandgap increases,
which results in increase in thermopower. Also for S and Se
derivative, Cs2MoS4 has high thermopower. Out of all the inves-
tigated compounds, p-type K2MoS4 has greater thermopower.

Along with the thermopower, we have also calculated electrical
conductivity scaled by relaxation time (σ=τ) and are shown in
Figure 4b and 5b and Figure S3b–S8b, Supporting
Information. All the compounds have a higher value of electrical
conductivity along the b-axis. We observe large anisotropy in the
case of holes. We observe high dispersion along Γ–Y which
might be due to the covalent bonding between Mo–X (X¼ S,
Se), resulting in a low effective mass and therefore higher value
of electrical conductivity. In the case of electrons, the observed
anisotropy along the crystallographic direction is lesser than
the holes.

We have calculated one of the important transport properties
called mobility scaled by relaxation time along all the three crys-
tallographic directions. The mobility of any material evaluates its
transfer efficiency. Mobility as a function of carrier concentration
is shown in Figure 3d and 4d for K2MoS4. The mobility plots for
other three compounds are shown in Figure S9, Supporting
Information. From the plots, it is observed that the mobility is
carrier independent for a long range of carrier concentration
ranging from 1018 to 1020 cm�3. The order of mobility for both
carriers is almost the same. The anisotropy can also be seen in
carrier mobility especially for holes in all the compounds. The
similar order of mobility for both carriers along with anisotropic
nature infers that both types of carriers are suitable for device
applications, and holes are more favorable.

Furthermore, we have calculated the power factor presented in
Figure 4c, and 5c. The power factor for other compounds is
shown in Figure S3c–S8c, Supporting Information. The power
factor is a combined effect of both thermopower and the electri-
cal conductivity scaled by relaxation time. For all the compounds,
the power factor along b-axis is higher due to the higher value of
σ=τ along that direction. From the plots, it can be seen that power
factor for holes A2MoS4 is higher than electron, whereas
Cs2MoS4 has high power factor than Cs2MoSe4. We observe
anisotropy along the crystallographic direction for concentration
ranges from 1018 to 1019. The anisotropy is increasing as a func-
tion of both carrier concentration and temperature. However, we
can say that all the compounds favor hole doping for TE proper-
ties, but the contribution to TE properties for electron doping is
also good.

Unfortunately, there are no reported data available for the TE
properties of these compounds and therefore our calculations
await experimental confirmations.

Table 4. Bader charge calculated for the compounds. Here, A is being
used for corresponding alkali atom.

Av. atomic
charge per atom

K2MoS4 Rb2MoS4 Cs2MoS4 Cs2MoSe4

A(1) 8.189 8.193 8.204 8.190

A(2) 8.171 8.176 8.234 8.207

Mo 10.643 10.650 10.632 10.941

S(1) 6.797 6.759 6.748 –

S(2) 6.736 6.756 6.755 –

S(3) 6.701 6.718 6.724 –

S(4) 6.762 6.744 6.743 –

Se(1) – – – 6.656

Se(2) – – – 6.795

Se(3) – – – 6.640

Se(4) – – – 6.640
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3.4. Thermal Conductivity

Lattice thermal conductivity hugely depends on the lattice vibra-
tions, more precisely on the elastic constants of the system.
More importantly, the acoustic phonon-modes play a major
part in heat transfer in semiconductors.[66] The anharmonicity[67]

in system also lowers the value of κl as observed in
AgSbTe2

[68–70] Cu2SbSe3, SnSe[14] and so on. The strong
phonon–phonon-scattering will limit the value of mean free path
and therefore reducing the lattice thermal conductivity.[71,72] For
the investigated compounds, we have used Cahill’s model[73] to
estimate the order of thermal conductivity, as shown in Table 5.
We observe a decrease in the value of κl as we move from K to Cs
and attain the lowest value for Cs2MoSe4. For all the investigated
compounds, we find small values of elastic properties but
K2MoS4 having the highest and Cs2MoSe4 having the lowest
of all and this may be due to weak interatomic interactions that
are reflected in the elastic properties.[74] To get a better idea, first-
principles quasiharmonic phonon-calculations are required, but
a qualitative assessment can be given using Slack’s model[66,75] of
thermal conductivity. The model depends directly on the third
power of ΘD. Therefore, K2MoS4 will have higher thermal con-
ductivity and Cs2MoSe4 will have lowest of the lot which is also
seen in Table 5. Importantly enough κmin for all the compounds

are less than unity and therefore these investigated compounds
might be promising TE materials.

4. Optical Properties

Here, we report the optical properties of the investigated com-
pound. Dielectric function ϵ(ω) can be utilized to relate with a
linear response of the electromagnetic radiation, i.e., describing
the interaction between photon and electron. The optical transi-
tion mechanism is described by the imaginary part ϵ(ω). ϵ(ω) has
two contributions to its interband and intraband transitions.[76]

The intraband transitions are prominent for metals.
Furthermore, interband transitions have two parts: direct and
indirect transitions.[77] The indirect optical transitions include
phonon-scattering and have a small part in ϵ(ω)[78] and
therefore has been neglected here. The imaginary part of the
dielectric constant is calculated using the empirical relation as
given in the previous work,[77] and the real part of the
dielectric function is evaluated using the relation as reported
in the earlier work.[79]

The evaluation of the ϵR(ω) requires good knowledge of ϵI(ω)
up to high energies. Here, we have calculated ϵI(ω) till 50 eV and
used this as truncated energy. Within this energy range, we have
converged Kramers–Kronig transformation. To evaluate

Figure 3. TE properties of K2MoS4 for holes: a) thermopower and b) electrical conductivity, c) power factor and d) mobility scaled by relaxation time.
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important optical properties such as refractive index, reflectivity,
and absorption coefficient, the knowledge of both ϵI and ϵR is
required. As the compounds are orthorhombic, the optical
properties along the three axes are calculated. The imaginary
part of ϵ(ω) for all the compounds is found to have similar nature
plotted in Figure 5a for K2MoS4. The optical properties for the
other compounds are shown in Figure S10–S12, Supporting
Information.

Figure 4. TE properties of K2MoS4 for electrons: a) thermopower and b) electrical conductivity, c) power factor and d) mobility scaled by relaxation time.

Figure 5. The optical properties of K2MoS4: a) real and imaginary parts of the dielectric function, b) refractive index, and c) absorption spectra.

Table 5. Minimum thermal conductivity calculated for the compounds.

Compounds κl [Wm�1 K�1]

K2MoS4 0.41

Rb2MoS4 0.35

Cs2MoS4 0.30

Cs2MoSe4 0.24
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For all the compounds, the anisotropy along the crystallo-
graphic axis is seen. The peaks for ϵI(ω) are observed at 1.95,
3.47, and 5.44 eV for Ks2MoS4 and 2.03, 3.42, and 5.54 eV for
Rbs2MoS4 (Figure S10a, Supporting Information), respectively,
whereas the dominant peaks are observed at 2.16, 3.44, 4.51, and
5.50 eV for Cs2MoS4 (Figure S11a, Supporting Information) and
1.66, 2.98, 3.98, and 4.67 eV for Cs2MoSe4 (Figure S12a,
Supporting Information), respectively. We observe the contents
of the imaginary dielectric function to be shifted toward higher
energy as we move from K to Cs, whereas shifting toward lower
energy as we go down from S to Se derivative of Cs, and it can be
related to band structure. It is important to identify these peaks
occurring in ϵI from our band structure calculations. We observe
these peaks to occur due to the chalcogen p-states and 4 d states of
Mo atom playing as initial and final states in the transitions. The
real part of dielectric function ϵR is shown in Figure 5a for
K2MoS4. The behavior for A2MoS4 is very much similar to
the contents shifted toward higher energy as we move from K
to Cs. Almost three peaks are seen for all the compounds and
about 4 eV parts of ϵR go below zero–till 6 eV. The negative values
show the metallic behavior because zero absorption occurs in
this range and the light is reflected.[80] We observe considerable
anisotropy along the three crystallographic axes in the ϵI and ϵR
spectra in the higher energy region. This anisotropy observed in
the optical properties is a result of lower crystal symmetry and the
band structure. The dielectric constant connects the optical and
electronic properties. The strength of the interaction between the
valence and conduction state in the presence of external electric
field is given by polarization. For larger bandgap, the polarization
is small, while small bandgap leads to easy polarization of the
material and high value of dielectric constant. This explains
the high value of ϵR(0) for K2MoS4 and Cs2MoSe4 than any other
compound.

Next, we have calculated the refractive index which is similar
to ϵR, which divides the light into its components along the three
crystallographic directions, as shown in Figure 5b, for Ks2MoS4.
The nearly isotropic nature is found in a low energy regime
which increases as the energy increases. The refractive index
attains a maximum with the increasing energy and higher
energy values start to decrease. At energy greater than 12 eV,
the spectra are isotropic and fairly constant for all the
compounds. The refractive index for A2MoS4 decreases as
we move from K to Cs, whereas the refractive index increases
from Cs2MoS4 (Figure S11b, Supporting Information) to
Cs2MoSe4(Figure S12b, Supporting Information) opposite of
the bandgap. The static refractive index along the three crystallo-
graphic directions is shown in Table 6.

From the dielectric constants ϵR and ϵI, we further calculated
the absorption spectra as a function of photon energy is shown in

Figure 5c for K2MoS4. The absorption spectra of the other com-
pounds are shown in Figure (S10c, S11c, S12c, Supporting
Information. The absorption spectra reveal the way materials
absorb incident radiation. The absorption spectra can be con-
nected to the electronic properties as it starts at the equivalent
photon energy to the bandgap of all the compounds. Below this
value, all are transparent. The peaks in absorption spectra char-
acterize the transition between the states lying at the same energy
interval. The first peak in all the compounds lies nearly around
2.5 eV. The anisotropy in the absorption spectra is less in the
lower energy regime and is found to be increased with energy.
The peaks lying in the higher energy region are evident for the
same. The absorption spectra and isotropic nature in the refrac-
tive index reveal that the investigated compound can play a key
role in device applications in nearly visible and UV regions. In
addition, the value of refractive indices for the investigated sys-
tems lying between 2 and 3 along with direct bandgap might
fetch optoelectronic applications.

5. Conclusion

The first-principles study of A2MoS4 and Cs2MoSe4 is done to
explore their structural, mechanical, electronic, TE, and optical
properties. The optimized parameters are in good agreement
with the experimentally reported one. The electronic structure
calculation shows the systems to have a direct bandgap. We have
calculated TE properties as a function of carrier concentration.
We observe very high thermopower for both charge carriers,
but the hole contribution edges over slightly. From the absorp-
tion spectra, we observe the compound to be optically active in
the visible and UV region. The carrier mobility is found to be
almost same for the both carriers with significant anisotropy
in the case of holes. The giant thermopower along with nearly
isotropic nature in the refractive index opens up a channel for
future device applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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