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Chalcogenide crystals are used in many different industries, but most notably as energy-conversion
thermoelectric materials. We have calculated the Seebeck coefficient, electrical conductivity,
electronic thermal conductivity, power factor, and figure of merit of MgBSs (B = Hf, Zr) chalcogenide
crystals using semiclassical Boltzmann theory and first-principles calculations. A Quantum Espresso
program is used to determine the Fermi level and compute the electronic properties. The transport
properties are then computed using the BoltzTraP algorithm. We first make our materials available
to the public. We report on our first principle investigation of MgBSs (B = Hf, Zr), a new class of ternary
semiconductor alloys. The structural and elastic properties of these constituents demonstrate their
low energy of formation and mechanical stability. In the valence band maximum, the observed
electronic energy band gap data show a direct electronic transition including Hf-d states (B = Hf & Zr)
along the I'-symmetry direction, as well as mixed contributions from Mg-s states, Hf-d states, and Zr-
d states. Furthermore, to assess the thermoelectric potential of pure MgHfS3 and MgZrSs, the
temperature-dependent transport properties were examined. Among the simple measures employed
were the "maximum" thermoelectric figure of merit, zT, power factor, Seebeck effect, and their
anticipated thermal and electrical conductivity. It provided findings with improved zT values, higher
PF, moderate Seebeck effect, and efficient thermal and electrical conductivity compared to the current
state of bulk thermoelectric materials. Furthermore, we discover that it is highly improbable to get
the necessary zT values for typical device applications by using several additional semiconductors, or
chalcogenides perovskites, as described in our work. These results provide an excellent bulk
chalcogenide database that is necessary for many potential applications in the renewable energy
sector.

1. Introduction

interaction between these characteristics. It is encouraging

Tas? that a lot of ideas for enhancing zT have surfaced because of

A dimensionless figure of merit of zZT = ———, where T  recent work, and several approaches have been put out to

is the temperature, G is the electronic conductance, S is the
Seebeck coefficient, Ke
conductance, and Kpn is the lattice thermal conductance, can
be used to quantify the efficiency of a thermoelectric device
that directly converts heat and electricity to each other [1-
3]. Since thermoelectric devices require low thermal
conductance, a big Seebeck coefficient, and a large
electronic conductivity, zT = 2 is preferred. Improving the
figure of merit is difficult, though, because of the high

electronic thermal

Ke+Kph) .. . . . . .
(1ce1pn) address this issue, including creative transport engineering,

all scale hierarchical architecture engineering, band
structure  engineering, and innovative transport
engineering.

High-doped semiconductors and unit cells with high
average coordination numbers and lots of atoms have
attracted a lot of interest [4, 5]. Clathrates [6, 7],
skutterudites [8, 9], disordered compounds with high
atomic number elements [10], and materials with
intrinsically low lattice thermal conductivity, such as
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AgSbTe, [11], are examples of such thermoelectric
materials. A single crystal chalcogenide semiconductor
called CusSbSes was recently identified by researchers as a
new possible TE material after an experiment revealed an
unusually low thermal conductivity of 0.7-1.0 W/mK [12].
The extremely low measured thermal conductivity, which is
similar to other chalcogenide crystals [13] and well-known
thermoelectric materials, has also been attributed to its
complex crystal structure because it reduces the effective
acoustic mode Debye temperature to low values [14]. Butin
the last few years, the need to cut back on fossil fuels and
environmental concerns have made the creation of new
renewable energy sources and materials to replace them
essential [15].

Graphene, as an organic material, has relatively weak
spin-orbit interaction and weak hyperfine interaction, so
that spin memory can be as long as a few seconds [16].
Experimental data have clearly demonstrated that organic
molecules can be used as spacers for electronic transport
[17]. Spin polarized transport through magnetic molecular
layers sandwiched between non-magnetic layers has been
demonstrated for systems involving carbon nanotubes [18],
other organic m-conjugated systems [19], molecular bridges,
and self-assembled organic monolayers [20]. Graphene is a
perfect material for spin-polarized electron injection and
transport applications in molecular junctions because of
these characteristics. Moreover, there has been theoretical
research on spin-polarized transport across organic
molecules positioned between two contacts [21].
Researchers have investigated the thermal transport
through the junctions in addition to the charge transport
[22]. The coupling of charge and heat currents in electric
conductors produces thermoelectric effects. The conduction
and valence bands intersect at the Dirac points, which are
situated at the corners of the hexagonal first Brillouin zone,
due to graphene's distinct lattice structure [23]. The two-
dimensional Dirac-Fermi effect [24], the quantum
tunnelling effect, the quantum Hall effect at ambient
temperature [25], and many other unique features are
caused by the band structure's linear dispersion relation
close to the Dirac points. Bipolar nanoelectronics systems
may benefit from the use of graphene, a two-dimensional
material with several remarkable properties [26].

Low-dimensional or nanoscale systems can exhibit
significantly higher zT values than bulk materials, as shown
by theoretical predictions and experimental results [27].
For thermoelectric applications, this characteristic may lead
to a promising future [28].

Furthermore, the presence of quantum antidots in
different materials causes the scattering of electron and
phonon-defect. As a result, there is a considerable drop in
thermal conductance [29]. Recent experimental studies
have focused on quantum antidot arrays. Numerous
methods have been used to create these arrays with varying
geometries. Novel uses of band structure engineering,
lattice  anharmonicity, nanowires, nano-structured
materials, and two-dimensional materials technology have
all been sought to enhance the increasing value of zT [30].

Quantum antidot lattices in graphene have garnered a lot
of interest lately. This interest stems from the fact that a
band gap, which is necessary for employing graphene in
transistor topologies, can be created by creating a variety of
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holes (quantum antidots) in the graphene layer. The
number of separated atoms, the size of the antidot shape,
and the geometry of the quantum antidot shape can all be
changed to modify the gap's size [31]. Additionally, the
thermoelectric ~ characteristics of  two-dimensional
graphene antidot lattices have been investigated in recent
research. As a result, materials with high zT have been
produced. Additionally, the ternary chalcogenides,
commonly referred to as semiconductors, I-I1I-V], and their
alloys have been thoroughly discussed in earlier research
[32, 33]. These studies show that the materials have notable
optoelectronic and thermoelectric properties, which make
them promising choices for optoelectronic and photovoltaic
applications. This enthusiasm swiftly spread to further
family-related resources [34]. Even if there are numerous
studies on the compounds in the literature, in-depth
research that reveals the compound's fundamental and
technological features is still lacking. To create energy
materials for future technology, we therefore offer a
thorough first principle analysis in this study that highlights
the technological aspect of their physical characteristics. In
this study, we focus on comparing the physical
characteristics of these materials to determine which of
these novel ternary semiconductors is best suited for
thermoelectric or photovoltaic applications [35].

The electronic transport parameters of the recently
proposed material, MgBSs (B = Hf and Zr) perovskite, were
estimated in this study to provide insight into its
thermoelectric characteristics. Comparisons between the
obtained results and the other well-known TE compounds,
BaZrSs-f and BaZrSs-a [35], NasZnXs4 (X=0, S, Se) [36, 37],
and CalnSez [38], were done to precisely evaluate their bulk
thermoelectricity and performance. Along with electronic
transport, vibrational characteristics were also calculated to
estimate the source of the experimentally observed low
lattice thermal conductivity.

2. Computational Approach and Methods

The exchange correlation functional was modeled using
the generalized gradient approximation (GGA) in the form
of Perdew-Burke-Ernzerhof for solids (PBEsol) [39], and
we employed first-principles computations using the
Quantum Espresso technique [40]. We have investigated
the use of GGA-PBEsol instead of HSEO5 since it is suitable
for high-throughput material screening of our electron-ion
interaction and is more computationally efficient than
HSEO5. It can also be applied to bigger systems.
Additionally, GGA-PBE was used to produce accurate
results for our materials based on the use of Hf and Zr
elements in the d and f-orbitals. Even though HSE05 usually
offers more precise band gaps. The latter was insufficient
for our vast material system and was computationally
pricey. Moreover, the PBE functional, a specific application
of the GGA technique, has been shown to provide
acceptable band gaps for a range of materials, including
ours, and GGA-PBE thrives in bulk computations where
overall structural characteristics are more important than
precise band gap values and in studies of materials
interacting within metal surfaces. Atoms with valence
electrons in Hf, Zr, and S. of [Kr] 4d?® 5s2, [Ar] 3d? 4s?, [Ne]
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3s? 3p*, [Xe] 4f* 5d? 6s%, and so on were subjected to the
all-electron projector augmented wave (PAW) technique. A
plane wave set with an energy cut-off of 50 Ry was used to
increase the plane waves of the electronic wave functions
[41]. The convergence test was conducted with a kinetic
energy cut-off of 250 Ry for the charge density and 50 Ry
for the plane-wave basis set expansion. The compound's
relaxation produced a set of new values for the atomic
locations and cell dimensions for the perovskite
compounds MgHfS3 and MgZrSs. Denser k-mesh of 12 x 12
x 12 was utilized for density of state and thermoelectric
calculations, while a 4 x 4 x 4 k-point mesh sampling
technique of Monkhorst-pack was used to simulate the
Brillouin Zone integration. The plane-wave basis cutoff was
set at 150 Ry to maintain balance between accuracy and
velocity. An ultrasoft pseudo-potential was proposed to
explain the ionic cores and the valence -electron
interactions [42]. The Methfessel-Paxton [43] smearing
with a Gaussian spreading C = 0.01 Ry was used to expand
the energy levels to improve the convergence of the
solution of the self-consistent Kohn-Sham equations. A
well-converged ground state energy was obtained by
setting the total energy convergence in the iterative
solution of the Kohn-Sham equations [44] at 1.0 x 10-7 Ry.
The BFGS algorithm [45] was used to fully relax all
structures with a threshold force of 10-3 Ry/Bohr. The
Boltzmann transport equations were solved inside the rigid
band by the BOLTZTRAP program, and transport
calculations were performed using the constant relaxation
time (s) approximations. A wide range of thermoelectric
materials are compatible with this approach. To guarantee
convergence and obtain accurate carrier group
velocities—which are essential for determining the
transport parameters—the transport calculations were
carried out using a 12 x 12 x 12 Monckhorst-Pack k-point
grid. The ability to compute TE transport parameters using
the semiclassical Boltzmann theory within the BoltzTraP
code's constant scattering time approximation (CSTA) is a
unique feature of QE [46]. The following equations [47, 48]
can be used to express the Seebeck coefficient, electrical
conductivity, and electronic thermal conductivity in this
theory:
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The transport distribution tensor elements in this case
are determined by Fourier interpolation of the band
structure, denoted by caf3. The tensor indices are denoted

by a and {3, while the cell volume, chemical potential, Fermi
distribution function, and absolute temperature are
represented by Q, y, fo, and T, respectively. The crystal
structure and the band structure on a uniform grid are the
input data required to execute the BoltzTraP function. The
Boltzmann equation [49] is solved by the BoltzTraP
algorithm, where f is the distribution function, v is the
particle's velocity vector, and k is the wave vector.
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= VS — =Si= 5
ot or h Sk dt scattering

Several simplifying approximations are introduced: the
chemical potential (p) is set to the Fermi level energy (uF)
because conductivities (thermal and electronic) depend
proportionally on the relaxation time t within the constant
relaxation time framework; those values can then be
simply multiplied by the constant relaxation time (10-1*s,
as this value is used in BoltzTraP code) to obtain the final
transport properties; the Seebeck coefficient does not
depend on the relaxation time within the constant
relaxation time approximation; the CSTA assumes that the
relaxation time T is independent of energy; as a result, the
power factor is T dependent and ZT is T independent). The
constant relaxation time approximation (CSTA) of t=10""*
s is used, to accommodate more electrons scattering and
intense lattice vibration within the materials and the
temperature increases.

3. Results and Discussions
3.1.Structural Properties

Fig. 1 demonstrates the crystal structures of MgHfS3 and
MgZrSs. Our analysis of the output data revealed that the
materials contain an orthorhombic perovskite structure.
The three-dimensional configuration of the structure and
all the necessary properties for the perovskites are shown
in Table 1. Regarding experimental and theoretical values
for lattice constants, the outcomes agreed with earlier
studies. The minimum energy of MgHfSs is found at 9.59A
and that of MgZrS3 is found at 9. 194 on a parabolic curve
that is produced when the total energy for MgBS3 is plotted
against the lattice constants. In terms of optimization, their
most optimal point is the one that shows convergence and
has the lowest total energy cut-off in relation to the k-point
sample curve.

The estimated lattice constants, which are listed in
Table 1, correspond well with the experimental data that is
currently available. In addition, the formation enthalpy of
the compounds is also studied to confirm the materials’
capability for synthesis. Balogun et al.'s relation [50]
is used to compute low formation enthalpy, which
guarantees a compound's ease of synthesis. Our
computed values of formation energy closely match the
known theoretical results and are presented in Table 1 with
the results of the crystal structure analysis.
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Fig. 1. Crystal Structure of (a) MgHfS3, (b) MgZrSs
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Table 1. Calculated GGA lattice constants, bulk modulus B?, and Moduli derivative B!

S/N Crystals a(d) b(A) c(A) B°(GPa) B! AH(eV
/atom)

1 MgHfS3 6.56 7.02 9.59 78.9 5.57 -1.11

2 MgZrSs 6.56 7.02 9.19 251.3 6.01 -1.05

3 MgTiSs 6.66 7.03 9.27 170.6 443 -0.96

4 Expt. 7.56 5.55 [50]. -1.019
[52], 6.87 [51] [50]
8.90
[44]

5 BaZrS3-p* 7.02 7.05 9.98 - -

6 BaZrS3-a* 7.04 7.15 10.03 - -

7 Na6Zn04 7.55 7.55 5.83 65.25 4.34 -1.16

8 NasZnS4 8.81 8.81 6.94 35.81 4.32 -1.06

9 NasZnSes 9.25 9.25 7.12 33.33 4.89 -0.98

*Ref. 56

3.2.Electronic Properties

The quantum-mechanical behaviour of electrons within
amaterial can be explained by the band theory or structure.
For the configuration of all atoms, the energy level diagram
has bands of levels that match the energy levels in solids in
addition to discrete levels. The flow of electrons in the form
of currency in a conducting material is made possible by the
movement of electrons and holes between the conduction
and valance bands, which are situated above the greatest
filled level [51]. Nevertheless, because insulators have an
energy level that is far higher than the maximum filled
level, electrical current cannot pass through them. For
classifying materials, the energy gap, a region where there
is no electron in the electronic band gap and which
corresponds to the bonding and antibonding levels, is
significant. The band structure, total density of states
(TDOS), and partial density of states (PDOS) of the MgBS3
(B = Hf and Zr) chalcogenide perovskite is shown in Fig. 2.
Figures 2a and 2b demonstrate the direct bandgap at the I'-
point of 1.43 eV for MgHfS3 and 1.3 eV for MgZrS3,

respectively. Our findings support the notion that alkaline
earth chalcogenides are advantageous materials for
photovoltaic applications due to their potential for direct
band gaps with high optical absorption coefficients that are
comparable to those of traditional optoelectronic
semiconductors like GaAs and their substantial band
dispersion which suggests good carrier mobility. Some
chalcogenides in the phase such as SrZrSs, BaZrSes and
SrHfSes, display more acceptable band gaps (1.0 eV-1.5 eV)
which are identified as the promising materials for solar
energy conversion. The electronic structure of MgZrSs or
MgH(Ss was dominated by the chemical bond hybridization
of Mg-2p Zr-5d or Hf-5d and S-2p. The binding connection
is located inside the atoms closer to the Fermi energy level,
as indicated by the density of states (DOS) in Figure 2(a-b).
The materials' semiconductor nature is demonstrated by
the calculated DOS and PDOS. The materials' conducting
nature for solar applications was further confirmed by the
bandgap estimate derived from the band structure. The
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atomic states of Mg, Hf, Zr, and S were thoroughly examined
in the s, p, and d configurations. Hf-5d occupies the valence
band region more often than Zr-5d occupies the conduction
band region, as seen in Figs. 2(a) and (b). As a result of their
higher energy within the region, Zr-5d and Hf-5d occupy
distinct conductivity bands. Higher zirconium doping
would raise the material's energy level, whereas Hf doping
would lower it because fewer electrons are occupied in the
conduction band. These boost solar energy's utilization of
electron-hole recombination [52]. The obvious overlap

Band-Gap DOS PDOS
Band Structure-MgHfS3 1DOS- MgHrsa PDOSMgHS3
TR ] 4

?.ﬁ‘ "2.‘~" Illl III!I[]IIIII.. |||||||I||Tq
NS e
AN 3 Mgels 1 %
=12 1.k
“|=—13s-2p "

Hf-2s
S |

E-Ef{eV)

s nl o a B aig 0 5 [ o ol ool o bl o al s s 0gla

AN

S AV

G S G u
Wave-vector

1- "Tlllll Ll
4 0102030405060 0 05 1 15

T

L]

(a) MgHfS3

Fig. 2. Calculated Band Structure, TDOS and PDOS

3.3. Thermoelectric Properties

The figure of merit (zT) is the defining factor for an
optimal or perfect thermoelectric material. Fig. 3
represents the figure of merits for MgHfS3 and MgZrS3. The
figure of merit for the p region of MgHfS3 increases slightly
with temperature, with values of 0.38 at 100K, 0.32 at
200K, 0.35 at 300K, and 0.37 at 500K. In contrast, the figure
of merit for MgZrS3 responds differently to temperature
increase, with values of 3.5 at 400K, 0.89 at 500K, 0.77 at
600K, and 0.5 at 700K for p regions. This is dependent on
the  Seebeck coefficient, electrical conductivity,
temperature, and thermal conductivity. A greater efficiency
in transforming thermal energy into electrical energy is
indicated by MgZrS3. This suggests improved functionality
and performance for uses such as thermoelectric cooling or
waste heat recovery. However, with greater chemical
potential at various higher temperatures, MgHfS3
efficiency could be increased. Although their maximum zT
is close to ambient temperature and around 600-700 K,

between the magnesium and zirconium sulphur
equivalents of the DOS structures throughout the energy
range indicates that the materials are chemically bound by
covalent bonds with minimal ionicity. There are high-
symmetry locations in the first Brillouin zone that have
been missed in some previous theoretical studies. The
bandgap values of magnesium zirconium and hafnium
sulphides were determined using the wave-like properties
of their band structures [53].
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respectively, our work is in good agreement with that of the
lead chalcogenide PbX (X = S, Se, or Te) and bismuth
telluride (Bi2Te3) compounds [54]. However, the toxicity
oflead and telluride has recently sparked a lot of interest in
research on less dangerous alternatives. In comparison to
the binary alloys, the calculated power factor (PF) (shown
in Fig. 4) by relaxation time values for MgHfSs at the p
region can reach up to 2.54 x 1011 W/msK? at 500K, 1.7 x
1011 W/msK? at 400K, 1.32 x 1011 W/msK? at 300K, and
8.04 x 1010 W/msK? at 200K. In contrast, the PF values for
MgZrS3 were found to be 4.54 x 1011 W/msK? at 500K, 3.7
x 1011 W/msK? at 400K, 2.54 x 101t W/msK2 at 300K, and
1.6 x 1011 W/msK? at 200K of the order. In addition, the PF
value rises as the temperature rises, guaranteeing that the
compounds operate at a high temperature. The
thermoelectric results indicate that NasZnSes and NasZnSa
may exhibit superior thermoelectric qualities. Further
theoretical and experimental researches on materials for
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their use as a new thermoelectric material in medium and
high temperatures may be prompted by the surprisingly
high PF power factor values for ternary semiconductors
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Fig. 3. Figure of Merit for (a) MgHfSs, and (b) MgZrSs
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Only CulnSez has an advantage over our materials at
850K, according to a comparison of our PF results with
selected chalcogenides materials displaced in Table 2.
However, if our materials are subjected to the same
temperature as the former, they will fare better than other
selected materials in the table. The surprisingly high PF
power factor values for ternary semiconductors [57],
which were first reported, imply an inherent advantage in
their thermal and electrical transport characteristics. This
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[55-57], which suggest an inherent advantage in their
electrical and thermal transport properties that was first
made known to us here.
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could therefore prompt further theoretical and

experimental studies on materials to be used, including
new thermoelectric materials at medium and high
temperatures. As free electrons migrate from the highest to
the lowest temperature, the Seebeck coefficients (S)
measure the voltage produced between the two ends of
various materials. Fig. 5(a) illustrates how the Seebeck
coefficient varies with chemical potential (p).
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Table 2. Carrier concentration, n (e'/cm3), the FoM, zT, Power Factor, PF, Seebeck coefficient, S, electrical conductivity cete, and thermal conductivity

Kele

# Crystals Carrier zT PF (W/msK?2) S(nV/K) cX1020 Kele X 10 15
Con.(e.cm3) (W/msK) (W/ms.K)
1 MgH(S3 101 0.37 2.4 (500K) 650 1.35 (500K) 1.5
(500K)
2 MgZrS3 101 0.89 4.4 (500K) 2000 1.25 (500K) 0.95
(700K)
3 NasZnO04 1020 - 1.4 (800K) -
4 CulnSe2 102t 0.541 4.67 (850K) 7.78
(850K)
5 NasZnS4 1020 0.8 1.5 (800K) -
(800K)
6 CuBS: 1020 0.943 1.12 (900K) 1.18,0.199
(900K)
7 NalnSe: 1018,1019 0.948 0.433 (900K) 0.411,0.308
(800K)
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Fig. 5. Seebeck coefficient

The Seebeck coefficient decreases with increasing
temperature, with the corresponding peak values for the p
region of MgHfSs being 2850 nV/Kat 100K, 2100 p V/K at
200K, 1380 u V/K at 300K, 1100 p V/K at 400K, and 650 p
V/K at 500K, and for the n region being - 1200 p V/K at
100K, - 1050 p V/K at 200K, - 1350 p V/K at 300K, - 1280
nV/K at 400K, and - 1200 p V/K at 500K . The conduction
is area dominant, according to the Seebeck coefficient.
When designing thermoelectric devices like energy
generators or thermocouples, the material's negative
Seebeck coefficient and preponderance of n-type charge
carriers are essential. The Seebeck coefficient also
decreases in Fig. 5(b) with corresponding values of 2000 p
V/Kat 500K, 2500 p V/K at 400K, 3500 p V/K at 300K, 780
p V/K at 200K, and 120 p V/K at 100K for the p region of
MgZrSs, and - 4000 p V/Kat 500K, - 3550 p V/K at 400K, -
860 p V/Kat 300K, - 300 p V/K at 200K, and - 400 p V/K
at 100K. These results in a positive Seebeck coefficient,

indicating that the material's conduction is dominated by
p-type (hole-rich) charge carriers, which are the primary
charge carriers for the thermoelectric voltages. Since
electrons have enough thermal energy to move from the
valence band to the conduction band as the temperature
rises, electron-hole pairs are created, and electrical
conductivity increases [57-62]. The ability of a substance to
carry an electric current is known as electrical conductivity
in solids. The presence of free electrons and the band
structure of the material are two examples of factors that
affect this capacity [63, 64]. As the temperature rises,
electrons receive sufficient thermal energy to move from
the valence band to the conduction band, producing
electron-hole pairs and increasing electrical conductivity.
Figure 6 illustrates how electrical conductivity varies with
constant relaxation time (o/t) as a function of chemical
potential p. This indicates a material's ability to allow
electric charges to freely travel and, as a result, how an
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electric current flows. To account for increased electron
scattering and strong lattice vibration inside the materials
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As the temperature rises, the electrical conductivity
value decreases slightly. For MgHfS3, the highest peak
values are 1.11x 1020 at 100K, 1.21x 1020 S/ms at 200K,
1.25x 102° S/ms at 300K, 1.30x 1020 S/ms at 400K, and
1.35x 1020 S/ms at 500K, as shown in Fig. 6(a). For MgZrSs,
peak at 500K is 5.75 x 101? S/ms and the highest peaks of
1.25 x 1020 S/ms at 400K, 1.05 x 102° S/ms at 300K, 1.10x
1020 S/ms at 200K, and 1.00 x 1020 S/ms at 100K are
observed, as shown in Fig. 6(b). The observed o/t trend is
consistent with band theory concepts. It is commonly
known that when a semiconductor is heated, charge

as well as temperature increases, the constant relaxation
time approximation (CSTA) of T = 10™** s is employed.
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carriers are formed inside the material. By raising the
concentration of carriers, higher temperatures may result
in increased electrical conductivity. The greatest value,
1.35 x 102° S/ms, was observed by MgHfSs at 500K, but
MgZrSs was claimed to have 1.25 x 1020 S/ms at 400K. Its
high o/t value strongly suggests that it is a suitable
thermoelectric material [65]. Although lattice thermal
conductivity is the ability of a solid material to conduct heat
through vibrations of its atomic lattice, mainly through the
movement of phonons, we neglected the influence of
phonons in our simulations because of the ultralow heat
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conductivity of the lattice in chalcogenide perovskites [66].
Phonons are quantized vibrations of the lattice that carry
thermal energy, and their interaction with other lattice
imperfections and each other phonons determine the
thermal conductivity. Lattice thermal conductivity (kL)
measures the efficiency of heat transfer via lattice
vibration. To prevent our work from being understudied,
we have used every other thermoelectric tool at our
disposal to standardize our research and contrast it with
the best thermoelectric materials on the market [67]. When
creating a suitable thermoelectric material, a substance's
capacity to transmit heat from one location to another is
crucial. The sum of its electron part (ke) and phonon part
(xp) results in the total contribution to the thermal
conductivity (k). Due to the limitations of the BoltzTraP
code based on classical theory, only the electronic portion
k has been approximated [68]. Fig. 7 indicates that the
materials' thermal conductivity rises with temperature.
For MgHfSs, Fig. 7(a) displays peak values of 1.5 x 1015
W/ms at 500K, 1.25 x 1015 W/ms at 400K, 0.89 x 1014
W/ms at 300K, 0.52 x 1014 W/ms at 200K, and 0.25 x 1014
W/ms at 100K. For MgZrSs, Fig. 7(b) displays values of 0.95
x 1014 W/ms at 500K, 0.75 x 10* W/ms at 400K, 0.50 x
101*W/ms at 300K, 0.4 x 101* W/ms at 200K, and 0.15 x
1014 W/ms at 100K, all in the positive region of the
chemical potential. Our materials' exceptionally low heat
conductivity characteristics are a crucial quality for the
development of thermoelectric devices. Our data supports
the hypothesis that thermal conductivity is frequently
significantly stronger at low temperatures than electronic
thermal conductivity [69], which is corroborated by
additional examination of our results [70]. However,
thermal conductivity rapidly decreases at higher
temperatures; electronic thermal conductivity
predominates in semiconducting materials. As a result,
materials such as MgHfSs and MgZrSs hold great potential
for thermal energy conversion, and researchers ought to be
motivated to assess their thermoelectric characteristics for
real-world applications. Furthermore, the temperature
dependence of electrical conductivity (o/t) and electronic
thermal conductivity (xe/t), which both rise with
temperature, is shown in Figs. 6 and 7 Both ¢/t and kc/t
rise because of an increase in carrier concentration brought
on by temperature changes. Furthermore, MgBS; is
classified as a semiconducting perovskite based on its
behaviour. In contrast to ours, the materials in Fig. 5 and
Table 2. should only include one type of carrier that shows
lower Seebeck coefficient values, 0.0095 for HfSz and
0.0015 for ZrSs, both at 200K, to ensure that the Seebeck
coefficient is large. Both charge carriers migrate to the cold
end because of mixed n-type and p-type conduction,
eliminating the induced Seebeck voltages. Semiconductors
and insulators with low carrier concentrations have large
Seebeck coefficients; see Equation (3). However, low
carrier concentration results in low electrical conductivity.
In thermoelectric materials, the figure of merit ZT (S20T/x),
where k is the thermal conductivity, must be maximized by

striking a balance between big S and high electrical
conductivity.

Conclusion

The electronic and thermoelectric properties of the two
chalcogenide compounds, MgHfSs and MgZrSs, were
investigated using a combination of first-principles band
structure calculations with Boltzmann's transport theory
under the charge-carrier relaxation time and rigid band
approximations. We compared these compounds to other
potential TE materials, such as NasZn0O4, NalnSez, CulnSez,
NasZnS4, and CuBSz. Our main findings are summarized as
follows: The calculated structural parameters and elastic
constants agree with the available experimental and
theoretical reports. By using the wave-like properties of the
band structures of magnesium zirconium and hafnium
sulphides to calculate the bandgap values, the improved
GGA-PBEsol electronic band structure shows that MgHfS3
is a semiconductor with a direct fundamental band gap I'-
M of a direct bandgap at the I'-point of 1.43 eV for MgHfS3
and 1.3 eV for MgZrSs. Additionally, the MgHfSs and MgZrSs
band structures are characterized by a blend of heavy
metals such as Hf, Zr, and light charge-carrier effective
masses of magnesium and sulfur, which leads to
anisotropic and improved TE characteristics.

The p region of the chemical potentials showed that
MgHfS3; had a Seebeck coefficient of 650 p V/K at 500K,
whereas the p region showed that MgZrSs had a significant
Seebeck of 200 p V/K at 500K. The electrical conductivity
value falls somewhat as the temperature rises, peaking at
1.35 x 1020 W/msK for MgHfSs at 500K and 1.25 x 1020
W/msK for MgZrSs at 400K, with an ideal electro-hole
concentration of 1.5 x 101% cm-3. For p-doped MgZrSs, the
optimum figure of merit (zT) is 3.5 at 400K, whereas for p-
doped MgHfS3, it was 0.37 at 500K. Although MgHfSs is not
a high-performance material for TE applications as a result,
its TE performance can be enhanced by partially
substituting heavy elements for its constituent parts.

The primary focus of their zT upgrade is power factor
improvement. Developing efficiently doped structures
without affecting the crystal structure is a crucial approach
for enhancing their power factor. Our materials' low carrier
concentration and electrical conductivity are the primary
obstacles to reaching high zT. Through appropriate doping,
MgHfSs can achieve higher electrical conductivity and
carrier concentration, which can change its electronic
structure and lead to a tolerable zT. In contrast to indium
and tin chalcogenides, which belong to the mid-
temperature range of thermoelectric materials, our
findings provide an overview of the current state of
knowledge regarding chalcogenides perovskites. The
structural characteristics, zT-improvement techniques,
thermoelectric characteristics, disadvantages, and uses of
materials are all compiled in one comprehensive
document. More research is required to enhance the
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thermoelectric  performance of mid-temperature
chalcogenide-based thermoelectric materials, even though
a few ideas have been proposed to improve their
thermoelectric properties.
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