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ABSTRACT: In this study, we conducted first-principles calculations interfaced with Boltzmann transport theory to examine the
carrier-dependent thermoelectric properties of CrS, . Te, (x: 0, 1, 2) dichalcogenides monolayers. We conducted a systematic
analysis of the structural, phonon band structures, elastic properties, electronic structures, and thermoelectric properties, of electron
(e) and hole (h) doped CrS,_,Te, (x: 0, 1, 2) dichalcogenides monolayers. The studied 2D TMDCs exhibit structural stability, as
indicated by the negative formation energy. Additionally, the phonon band structures indicate no negative frequencies along any
wave vector, confirming the dynamic stability of the CrS,_,Te, monolayers. CrS, and CrTe, monolayers are semiconductors with
direct bandgaps of 1.01 and 0.67 eV, respectively. A Janus CrSTe monolayer has a smaller bandgap of 0.21 eV. Temperatures range
between 300 and 500 K, and concentrations of e(h) doped in the range of 1.0 X 10"*~1.0 X 10** cm™ are used to compute the
thermoelectric transport coefficients. The low lattice thermal conductivity is predicted for the studied compounds, among which
Janus CrSTe and CrTe, have the minimum value of k,, & 1 W/mK @ 700 K. The figure-of-merit ZT projected value at the optimal
e(h) doping concentration for the CrS, monolayer is as high as 0.07 (0.09) at 500 K. Our findings demonstrate how to design
improved thermoelectric materials suitable for various thermoelectric devices.

1. INTRODUCTION dichalcogenides MX, is a big family of 2D materials that have
Two-dimensional (2D) transition metal dichalcogenide more than 200 members. Numerous in-depth investigations on
(TMDC) materials have been garnering attention due to the configurations and architectures of 2D materials have been
their tunable bandgap, large effective mass, and valley spurred by the materials’ prospective applications in a range of
degeneracy. These properties make them promising for industrial and technological fields.~'* Most 2D MX, materials
thermoelectric applications. 2D materials are becoming share the same structure as MoS2, attracted the interest of
significantly helpful and have been the subject of many researchers due to their low cost, ease of synthesis, and

exciting research works which become suitable to specific use
in our daily life.' " This is due to the relatively simple layered
crystal structure and their tunable structural, electronic, and
thermoelectric properties.”” Researchers in the twentieth
century discovered a variety of 2D materials that are utilized
in multiple applications to improve the standards of our daily
life. Most of the uses established in the past century relied on
nonrenewable energy sources. A unique kind of functional
material with significant structural, electronic, optical, and
thermoelectric properties is 2D materials. Transition metal

. .9 . .
superior, tunable properties.” 2D layered semiconducting
materials have found extensive use in various applications,
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and scientists are constantly exploring new efficient 2D
materials that still need to be investigated. 2D materials have
been used to build a wide range of technologies, including
electronics, spintronics, solar cells, sensing devices, and LED
(light-emitting diodes).'® Researchers grew interested in these
materials because of their use in the previously mentioned
devices, and many of these materials with MX, hexagonal
crystal structures have been found and reported.”’

2D materials and their van der Waals (vdW) heterostructure
with staggered band gaps at commensurate lattice constants
have incident photon energy conversion predicted theoretically
and demonstrated in laboratory.””* The current energy crisis
is due to the fact that energy consumption and demand are
rising every day and that our natural fuel resources are limited.
Hence, we need to reduce energy consumption and find
alternative natural fuels. Thermoelectricity is the new field to
generate electricity from the waste heat and can be considered
a green energy source.”””'” 2D materials used for thermo-
electric application must have good thermoelectric perform-
ance evaluated through the dimensionless figure of merit
(zT)."® Thermoelectricity based on the Seebeck effect and
Peltier effect has piqued academic curiosity for a long time.
Theoretical and experimental efforts are being considered to
improve the thermoelectric performance of materials.'” The
performance of thermoelectric generators is calculated by the
figure of merit (ZT) using the equation:

2
G
Ke + Klat (1)

in which o, S, T, k,, and Ky, are the electronic conductivity,
Seebeck coefficient, working temperature, and electronic and
lattice thermal conductivities, respectively. Investigation for a
material to be employed in thermoelectric devices is in
progress, and it must have Z > 1.* The following methods can
enhance the ZT of thermoelectric materials: (i) clamping the
phonon conduction, which will result in low lattice thermal
conductivity, and (ii) enhancing electronic conductivity and
Seebeck coeflicient and reduced electronic thermal conductiv-
ity. Currently, few 2D materials have high ZT > 3, and the
researchers are consistently trying to enhance ZT because
reducing dimensionality, which terminated the electronic
motion in the vertical direction of the plane of material.'”"’
Among 2D materials, transition metal dichalcogenides
(TMDCs) is the largest family of 2D materials that have
been got considerable attention in recent years in the field of
thermoelectricity.””>' Thermoelectric properties of TMDCs
such as MoS,, MoSe,, MoTe,, WS,, WSe,, and WTe, have
been studied for their possible thermoelectric applications.””**

Furthermore, when compared to the bulk counterpart of the
2D materials, the monolayer has a direct bandgap, which
enhances the electronic conductivity and Seebeck coefficient,
which results in a large ZT.*** Material scientists are actively
involved in enhancing the efficiency of materials used in
thermoelectric devices by improving ZT. Usually, ZT is greater
than three of the conventional thermoelectric materials used in
thermoelectric devices.”> TMDCs have electronic dispersion in
which the energy of electrons does not vary significantly with
wave vector “k”, i.e,, the bands have small curvature, resulting
in a higher effective mass. As we know, the thermopower
strongly depends on the carrier-effective mass, so the TMDCs
monolayer exhibits high thermoelectric performance compared
to the bulk phase, which is attributed to the direct and

quantum confinement of electron motion in a 2D plane.
Besides this, 2D materials have low electronic thermal
conductivity and phonon conductivity (k. = K, + Kug),
which is essential to enhance ZT.

There are various strategies to enhance the thermoelectric
performance of the TMDCs monolayer, including functional-
ization, substitutional doping, and external field. For example,
researchers have proposed 2D materials and 2D van der Waals
heterostructures for thermoelectric applications.”**” Identify-
ing a promising material with a high thermoelectric efliciency is
still a challenge despite the various attempts to predict such
materials through both theoretical and experimental means.
This article focuses on the electronic and thermoelectric
properties of CrS,, CrSTe, and CrTe, monolayers [see Figure
1(a—c)]. Thermoelectric properties will be investigated as a
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Figure 1. Schematic top and side view representation of the hexagonal
crystal structure (a, b) 1H-CrS,, (c, d) 1H-CrSTe, and (e, f) 1H-
CrTe, monolayers. The Cr, S, and Te atoms are represented by green,
black, and blue spheres, respectively.

function of electron (e) and hole (h) doping concentrations
and working temperatures. The review also considers the
impact of the Janus effect on the electronic and transport
properties of the pristine monolayers.

2. COMPUTATIONAL METHODOLOGY

First-principles calculations within the framework of DFT**
were performed using QUANTUM ESPRESSO package.”
The generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof (PBE) parametrization was used to
calculate the exchange-correlation energy and potential.* The
ultra-pseudopotentials were parametrized using the recipe of
Rappe, Rabe, Kaziras, and Joannopouls.”’ The valence
electrons were treated fully relativistically for the spin—orbit
coupling (SOC) calculations. A pseudopotential developed by
Dal Corso within the PBE form was utilized, which considered
only the valence electrons for physical and chemical properties.
For example the valence electrons are 4s'3d° for Cr, 3s*3p* for
S, and 4s*4p* for Se atoms. These pseudopotentials are freely
available on the QUANTUM ESPRESSO webpage: https://
www.quantum-espresso.org/pseudopotentials/. We employed
the following freely available pseudopotentials from the
QUANTUM ESPRESSO webpage: Cr.pbe-spn-rrkjus-
psl.1.0.0.UPF, S.pbe-n-rrkjus-psl.1.0.0.UPF, and Se.pbe-n-rrkjus-
psl.1.0.0.UPF for Cr, S, and Se atoms, respectively.

The electronic wave functions were expanded in a plane
wave basis set with an energy cutoff of 60 Ry and a charge
density cutoff of 240 Ry. To sample the first Brillouin zone
(BZ), the Monkhorst—Pack scheme is used*” with a 12 X 12 X
1 mesh for geometry optimization. A denser 22 X 22 X 1 mesh
was used to calculate the electronic properties. For the
geometry optimization, the fractional coordinates of all atoms
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Table 1. Optimized Lattice Constant a, Bond Lengths Cr—S (denoted as b¢,_g)b and Cr—Te (bc,_r.), Thickness of the
Monolayer (Ah), Bonding Angle Cr—X—Cr, E; and Direct and Indirect Bandgap of All the Investigated Compounds

compound a (A) be—s (A) be—re (A) Ah (A)
CrS, 3.04 (3.05)* 232 2.93
CrSTe 3.27 (3.32)* 2.42 2.75 3.16
CrTe, 3.47 2.13 3.41

3.31)* (2.36)" (2.12)"

O(XCrX) (deg) E; (eV) E,(K-K) (eV) Ey(I'—K) (meV)
87.17 -3.23 1.01 1.34
84.30 —2.43 0.83 0.31
91.26 —-2.0S 0.67 0.95

(0.95),” (0.89)**

present in the unit cell were allowed to relax until the
Hellmann—Feynman forces were lower than 0.002 Ry/Bohr.
To ensure the thermodynamic stability, we estimated the
formation energy, which is defined as

Ef = {Etot[CrSTe] - Etot[Cr] - Etot[S] - Etot[Te]} (2)

where E,c.ste represents the ground state energy of CrSTe,
compounds and Ec), Eiorsy and Ere) represent the
optimized total energy per Cr, S, and Te atoms in the most
stable phase, respectively. The most stable phase of the Cr
atom is its natural phase (BCC: body-centered cubic), which is
made of two atoms per primitive unit cell.>* For the S atom,
the total energy is calculated by considering the hexagonal
phase of the (Ss) molecule,”* which is utilized to determine the
chemical potential of halogen. We also calculated the phonon
spectrum and lattice thermal conductivity, which will be
explained in the next separate section.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of CrS,_,Te, Monolayers.
The ball and stick model of the 1H-CrS, ,Te, hexagonal
crystal with space group P3m1 in the 1H phase is depicted in
Figure 1(a—f). Figure 1(a,b) represents the schematic top and
side views of the CrS, monolayer. Six chalcogen atoms
surround the Cr atom and form a hexagonal crystal structure.
TMDCs are layered structures having three atomic layers
stacked together with covalent bonding. Figure 1(a,b) depicts
the conventional unit cell of the CrS, monolayer, where the Cr
atom is covalently bonded with the chalcogen atoms. We first
optimized the ground state properties of the CrS, monolayer,
and the results are listed in Table 1 and are compared with
previously reported results. Once we confirmed the accuracy of
our calculations, we further considered Janus CrSTe and CrTe,
monolayers for our investigation. Functionalizing the CrS,
monolayer with 50% concentration of the Te atoms, a Janus
CrSTe monolayer is formed as shown in Figure 1(c,d). The Te
atom is substituted at the S-sites in the CrS, monolayer. Figure
1(e,f) shows the top and side views of the CrTe, monolayer.
Theoretically, calculated total energies as a function of volume
are fitted to the Murnaghan equation of state to obtain
equilibrium lattice constant.”®

For the lattice constant optimization, we used the smallest
unit cell of the CrS,_,Te, monolayer, which contains three
atoms per unit cell. The GGA+PBE optimized lattice constants
are listed in Table 1. The lattice parameter and electronic
bandgap are strongly affected by the type and concentration of
chalcogen atoms present in the CrS, ,Te, monolayer. The
isolated Cr atoms are magnetic in nature, and also Cr-X bonds
formed in the 1H-CrS, ,Te, monolayer induce strong
anharmonicity, which will result in low phonon conduction,
which is essential for novel thermoelectric materials. The
ground state lattice parameter are 3.04, 3.27, and 3.47 A for
CrS,, CrSTe, and CrTe, monolayers, respectively [see Table
1]. The calculated bond length b,_g slightly increased because

23784

the S atom was replaced with the Te atom. By increasing the
concentration of the Te atom, the b, got enhanced. As a
result, the thickness Az of the monolayer increased (see Table
1). The previously reported lattice constants are 2.99,” 3.47,"
and 331 A” for CrS, CrSTe, and CrTe, monolayers,
respectively. These values are slightly different from our
reported values. This is due to the different scheme of
pseudopotentials methods.*'

The values enclosed in parentheses are associated with the
corresponding compounds. For instance, in the initial row of
Table 1, we compare the computed lattice constant of CrS2
monolayers with the previously reported values, which are
listed in the small brackets. Table 1 shows that as we substitute
the S atom with Te atoms in the CrS, monolayer, the thickness
of the monolayer increases due to the electronegativity (EN)
difference between the S and Te atoms. The EN of the Te
atom is 2.1, slightly less than the EN (2.58) of the S atom.
Formation energy is the change in energy when a materials is
formed from its constituent atoms in the their natural phase.
For example, the negative sign of the calculated formation
energy indicates that when the Cr (BCC phase) and S (Sq
phase) is used as a source, the CrS, monolayer formation
reaction is exothermic, so negative formation energy represents
thermodynamic stability of the compounds. To check
structural stability, formation energy (Ef) is calculated at the
equilibrium lattice constant. The obtained E; values are —3.23,
—2.43, and —2.0S eV, for CrS,, CrSTe, and CrTe, monolayers,
respectively. Experimentally, the compound with negative
formation energy will be easily formed in exothermic
reaction.”” The CrS, has a more negative formation energy,
which means that it is more stable compared to the other
investigated compounds.

The trend followed by the formation energies of the
investigated compound is consistent with the thermodynamic
stability, which decreases as the lattice constant increases. This
is also consistent with electronegativity differences between the
constituent elements, i.e., the lattice increases with an increase
in electronegativity difference between Cr-X atoms present in
the compound. Next, to check the dynamic stability, we
calculated the phonon dispersion of all the compounds under
consideration.

3.2, Phonon Band Structure and Lattice Thermal
Conductivity. To calculate the second-order interatomic
force constants (IFCs-2) harmonic terms, PHONOPY code™®
was used by employing the finite displacement method. The
graph in Figure 2a—c displays the phonon band structure along
the high symmetry points that form a closed path '-M—K-TI"
in the first Brillouin zone. It is noteworthy that there are no
negative frequencies at any vector for the phonon band
structure, indicating that the compounds being studied are
kinetically stable. The mechanical stability of CrS,_,Te,
hexagonal crystal structures can be confirmed by calculating
the two independent elastic constants C,; and C;, define as

https://doi.org/10.1021/acsomega.4c01767
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Figure 2. Phonon band structure of (a) pristine CrS, monolayer, (b)
Janus CrSTe monolayer, and (c) pristine CrTe, monolayer at
equilibrium lattice constant.

1 0E* 1 o

C,=C,,=— and C,= ———
. . A, 65121 2 A, 0g,0¢, (3)

Here, E is the total energy of a supercell 2 X 1 X 1
(rectangular unit cell) used for the calculations, and A, is the
area of the rectangular unit cell at ground state lattice constant.
The calculated elastic constants are listed in Table 2, which

Table 2. Calculated Elastic Constants C;, Shear Modulus
(G), Young’s Modulus (Y), and Poisson’s Ratio (V) for CrS,,
CrSTe, and CrTe, Monolayers”

compound C=C, Cp, G Y v
CrS, 112.45 29.76 21.30 29.23 0.26
CrSTe 97.56 22.45 18.85 21.98 0.23
CrTe, 83.76 19.83 16.75 19.36 0.23

“The elastic constants are measured in units of Newton per meter. G,
Y, and v are dimensionless.

satisfy the Born criteria C;; > 0, C;; — C;, > 0, and Cg > 0 of
mechanical stability for hexagonal crystal structures, which
ensure that 2H CrS,_,Te, monolayers are mechanically stable.
Table 2 listed the Young’s modulus of CrS, and CrSTe
monolayers, which shows that Y of CrSTe is slightly smaller
than that of the CrS, monolayer, which is the indication of
more flexible behavior of the CrSTe monolayer than the CrS,
monolayer. This occurs due to the weak Cr—Te bond length
compared with the Cr—S bond length, as shown in Table 1.

However, the phonon thermal conductivity plays a vital role
in calculating the thermoelectric characteristics of a material.
Based on the supercell approach using the finite displacement
method, different PW inputs are created, among which atomic
positions are displaced by amount 0.03 A. Using PHONO3PY
code,"*** the third-order interatomic force constant (IFCs-3)
is obtained by using a 3 X 3 X 1 supercell with a k-point mesh
of 5 X § X 1. Using IFCs-2 together with IFCs-3, the lattice
thermal conductivities are computed by sampling the
reciprocal spaces of primitive unit cells using 20 X 20 X 1
meshes. The PHONO3PY code was used to solve the BTE
with a single-mode relaxation time approximation and calculate
the lattice thermal conductivity.

The lattice thermal conductivity (k) of CrS,, CrSTe, and
CrTe, monolayers has been calculated at room temperature
and at higher temperatures (Figure 3). At room temperature,
Kjq values for CrS,, CrSTe, and CrTe, are 5.92, 2.64, and 2.28
Wm™!/K, respectively. At 400 K, k,, values are 4.53, 2.06, and
1.76 Wm™!/K for CrS,, CrSTe, and CrTe, monolayers,
respectively. At 500 K, the k;,, values are 3.67, 1.66, and 1.41

0 @ L L 1
0 300 600 900

T (K)

Figure 3. Lattice thermal conductivity k, as a function of
temperature. The black empty circle, green filled square, and blue
triangular line points indicates the ki, calculated CrS,, CrSTe, and
CrTe, monolayers, respectively.

Wm™'/K for CrS,, CrSTe, and CrTe, monolayers, respectively.
The lattice thermal conductivity decreases with an increase in
temperature and reaches a minimum value at 900 K and is
given by 2.09, 0.99, and 0.80 Wm™'/K for CrS,, CrSTe, and
CrTe, monolayers, respectively.

3.3. Electronic Structure of CrS,_,Te, Monolayers. To
explore the electronic properties of CrS,_,Te, monolayers, the
electronic band structure is calculated by using the GGA+PBE
method as shown in Figure 4(a—c). The estimated direct band

(@) CrS, (a=3.04A) (c) CrTe, (a=3.47 A)

v

(b) CrSTe (a=3.27 A)

Energy (eV)
o

K G M KK G M KK G MK

Figure 4. Black solid line (without SOC) and red dashed line (with
SOC) represent the calculated electronic band structures of (a) CrS,
[E, = 1.01 eV (K=K)], (b) Janus CrSTe [E, = 0.31 eV (I'-K)], and
(c§ CrTe, [Eg = 0.67 eV (K—K)] dichalcogenides monolayers. The
horizontal black line represents the Fermi energy level.

-2

gaps are 1.01 (K—K), 0.37 (I'=K), and 0.67 (K—K) for CrS,,
CrSTe, and CrTe, monolayers, respectively. Meanwhile,
considering the disadvantages of the GGA+PBE functional in
underestimating the bandgap for semiconductors, the hybrid
functional HSE06 is used in this work to estimate the
electronic bandgap accurately. We only used self-consistent
field HSE calculations to estimate the HSE bandgap values.
The HSEO06 calculated band gap values are 1.52, 1.45, and 1.07
eV for CrS,, CrSTe, and CrTe, monolayers, respectively. The
previously reported HSE06 bandgap values are 1.48, 1.34, and
0.89 for CrS,, CrSTe and CrTe, monolayers, respectively.’”*
2D materials were demonstrated to exhibit tunable bandgaps
achieved via increasing the layer thickness, strain engineering,
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chemical bonding, interface effect, and substitutional doping.*®
For example, previously, it was demonstrated for 2D materials
that due to applied compressive (tensile) biaxial strain, a
transition from indirect (direct) to direct (indirect) bandgap
occurred,®*” so when we replace the S atom with the Te-atom
in the case of a Janus CrSTe monolayer, it induces an interface
effect and strain effect, due to which direct to indirect bandgap
transition occurs.

In addition, the electronic band structures of CrS,, CrSTe,
and CrTe, monolayers are calculated at the equilibrium lattice
constant with and without spin—orbit coupling, as shown in
Figure 4(a—c). However, we found no significant spin-splitting
in these compounds. The magnitude of the SOC at the K-
point is approximately 90 meV in all of these compounds. In
the next section, we will discuss the thermoelectric response of
the CrS,_ ,Te, monolayers. With an increasing demand for
clean energy, researchers in the thermoelectric field have been
exploring the use of 2D materials in thermoelectric generators.
The conversion of vast amounts of heat into useful energy has
long been considered a promising renewable energy source.
Several records for the highest ZT have been broken in recent
years due to novel materials, new processing methods, and new
mechanisms.***’ Khazaei et al,” calculated a very high
Seebeck (S) value for the Ti,CO, and Sc,C(OH), compounds.
In our previous work,> ! we presented a computational
method for thermoelectric calculations.

We calculated the electron charge density displayed in
Figure S(a—c) in order to support our theory regarding the

Scale: A n(r)
+0.0000
+0.0400
+0.1600
+0.3599
+0.6398
+0.9997

Figure S. Calculated electronic charge density along (001) surface is
computed for 2D CrS,_,Te, monolayers; (a) CrS,, (b) Janus CrSTe,
and (c) CrTe,. The green, black, and blue sphere represents the Cr, S,
and Te atoms, respectively.

electronic band structure. The electron charge density
indicates that the majority of the charge density is
concentrated around the Cr atoms, while there is some charge
localization around the S/Te atoms. This significant charge
localization corresponds to the flat band in the electronic band
structure with a small band curvature. As illustrated in the
electronic band structure [refer to Figure 4(a-c)], the CrS, has
a smaller (larger) band curvature, which leads to the large
(small) effective mass of the hole (electron). Consequently,
the hole has a larger Seebeck coefficient. As we know, a larger
Seebeck coeflicient corresponds to a higher thermopower
factor, PF, which will ultimately result in a higher value of the
figure-of-merit ZT.

3.4. Thermoelectric Properties of CrS,_,Te, Mono-
layers. Scientists have traditionally used the semiclassical
Boltzmann equation to calculate the thermoelectric properties
of different compounds.® This equation is based on the
constant relaxation time approximation, which assumes that
the material’s scattering time remains unchanged with energy.
This method has been effective in predicting the thermo-
electric behavior of various 2D and 3D materials in the past, as
evidenced by previous research studies.”’~>* This has been
examined both experimentally and conceptually, and the
results are highly accurate.”"*” In the BoltzTrap code, constant
relaxation time (7 = 10') is used in the computations for the
thermoelectric properties.55 In a recent study, the relaxation
time (7 = 10') was used to determine the thermoelectric
properties of the 2D CrS,_,Te, monolayer.

In the 2D CrS,_,Te, monolayer, unlocalized charges,
electron and hole, were added to the host to study the effects
on thermoelectric properties. By setting the chemical potential
equal to the Fermi energy, an estimate of the thermoelectric
characteristics as a function of temperature and electron (hole)
(denoted as the e(h)) doping concentration for CrS,_,Te,
monolayers is derived. For CrS,_,Te, monolayers, the
electronic conductivity is represented by o(T, e(h)) in Figure
6(a—c). The electronic conductivity ¢(T, e(h)) is plotted
against the T and e(h) doping concentrations. Because the
Fermi level lies approximately 0.60 eV below the CBM, Figure
6(a) illustrates that the electrical conductivity (6(T, e(h)) does
not change considerably with varying temperatures. The
conductivity of a material, represented by o(T, e), remains
unchanged when the temperature is increased due to thermal
excitation. This suggests that the electrons in the material did
not receive enough energy to move into the conduction band
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Figure 6. Electronic conductivity (6(T, e(h)) of CrS,_,Te, monolayers as a function of temperature and electron (hole) doping concentrations
e(h). (a) o(T, e(h)) of CrS,, (b) 6(T, e(h)) of a Janus CrSTe, and (c) o(T, e(h)) of CrTe, monolayers.
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Figure 7. Thermoelectric characteristics of CrS, monolayers as a function of temperature and e(h) doping concentrations. (a) Seebeck coefficient
(S), (b) power-factor (PF), (c) electronic (hole) thermal conductivity (x,), and (d) figure-of-merit (ZT).

and begin conducting. However, the conductivity of the
material due to holes, represented by 6(T, h), shows a slight
variation in response to changes in the temperature. This is
because the hole will readily begin conduction as temperature
changes because the Fermi level is near the valence band. It is
demonstrated that as the concentration of e(h) doping rises
logarithmically, o(T, e(h)) increases in a nonlinear manner.
The in-plane (T, e(h)) of the CrS, and CrTe, monolayers is
shown in Figure 6(a, c), which suggests that it is not
considerably affected by the temperature. On the other hand,
o(T, e(h)) of a Janus CrSTe monolayer is shown in Figure
6(b), which shows a notable increase when the temperature is
raised from 300 to 500 K. Additionally, a considerable change
in o(T, e(h)) is projected as the doping concentration varies.
Thus, the concentration of e(h) doping significantly impacts
thermoelectric parameter optimization. This is why we
considered an e(h) range of 1.0 X 10"®—~1.0 X 10*° cm™.
The electronic band structures presented in Figure 4(a—c)
indicate that the electron above the Fermi level in the
conduction band follows a parabolic dispersion K—I" spanning
over the energy range of 0.10—1.0 eV in CrS,_,Te,
monolayers. In contrast, holes followed a flat dispersion at
I'—M in the valence band. As we know, effective mass (m*) is

inversely proportional to band curvature, ie., a flat band
centered at I' point in the valence band means the band
curvature is small, which results in a large effective mass of the
carriers in cases where an electron or hole follows parabolic
energy-momentum (E ~ k*) dispersion. A flat band results in a
heavy hole compared to electrons. The heavy holes give a large
value of the Seebeck coefficient (S) in the case of h-type
doping in CrS,_,Te,, as shown in Figure 7(a) and Figure 9(a),
respectively. For example, at optimal hole doping concen-
tration 1.0 X 10" cm™ and at room temperature, the
compound values of Seebeck coefficients are 442, 350, and 597
#V/K for CrS,, CrSTe, and CrTe, monolayers, respectively.
The values of the Seebeck coefficient are larger than the
absolute value of materials used for thermoelectric applica-
tions.”” For example, using the two-probe method at room
temperature, thermoelectric measurement was carried out, and
the absolute value of Seebeck coeflicient 389 uV/K was
recorded for a few layers WS, material.*® Such type of efficient
thermoelectric material shows an excellent electronic mobility
of 16.5 cm?/(V s) and validates the potential of 2D TMDCs in
thermoelectricity generation.”® The trend is also consistent
with previously reported in-plane Seebeck coefficient for two-
dimensional ZrS, and ZrSSe monolayers.*’ It is also found that
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Figure 8. Thermoelectric characteristics of Janus CrSTe monolayers as a function of temperature and e(h) doping concentrations. (a) Seebeck
coefficient (S), (b) power-factor (PF), (c) electronic (hole) thermal conductivity (x,./7), and (d) figure-of-merit (ZT).

the Seebeck coeflicient in the case of n-type doped CrS,_,Te,
monolayers followed pretty much the same behavior and has a
lower value than p-type doped CrS, ,Te, monolayers.
However, the Seebeck coefficient for the studied compounds
decreases with an increase in the temperature, as shown in
Figure 7(a) and Figure 9(a).

Generally speaking, a higher ZT may be possible where the
PF is high and total thermal conductivity is low. It has been
previously reported that 2D ZrSe, and HfSe, monolayers have
low lattice thermal conductivity and a promising figure of
merit.”” Among 2D TMDCs, MoS$, is considered a promising
candidate material for thermoelectricity because it has a high
power factor since the discovery of 2D materials.”® Figure 7(b)
represents the PF of the CrS, monolayer; the calculated PF
increases correspondingly with increasing e(h) doping
concentrations and temperature. For p-type doped CrS,
monolayer at doping concentration level 1.0 X 10*° cm™,
the calculated values of PF are 0.80 X 1073, 0.67 X 1073, and
0.50 X 107> W/Km for 300, 400, an]d 500 K, respectively. For
bilayer MoS, at high carrier concentrations, the experimentally
observed value of PF is 8.5 X 107> W/Km."® The magnitude of
PF is expected to increase up to the optimal doping

concentration level; after that, PF starts decreasing even for
further high doping concentrations as the increasing electrical
conductivity [Figure 6(a)] is offset by the decreasing Seebeck
coefficient [Figure 7(a)].

The computed band structure shows that the hole dispersion
at the K point proliferates in the valence band, resulting in
higher electrical conductivity compared to Janus CrSTe and
pristine CrTe, monolayers. The high electrical conductivity
and high Seebeck coeflicient result in good thermoelectric
characterization of CrS, monolayers instead of Janus CrSTe
[Figure 8(a,b)] and pristine CrTe, monolayers [see Figure
9(a,b)]. Figure 4(b) shows the flat band dispersion for holes in
the valence band and the parabolic dispersion for electrons in
the conduction band. Due to this, hole conductivity grows
slowly compared to electronic conductivity, as shown in Figure
7(b). Due to this reason, the PF calculated for a Janus CrsTe
monolayer was suppressed in magnitude, as shown in Figure
8(b). For n-type doped CrSTe monolayer at doping
concentration level 1.0 X 10% cm™, the calculated values of
PF are 0.41 X 107, 0.48 X 107>, and 0.47 X 10~ W/Km for
300, 400, and 500 K, respectively. Similarly, in the case of
CrTe, monolayer, at a doping concentration level of 1.0 X 10*
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Figure 9. Thermoelectric characteristics of CrTe, monolayers as a function of temperature and e(h) doping concentrations. (a) Seebeck coefficient
(S), (b) power-factor (PF), (c) electronic (hole) thermal conductivity (k,/7), and (d) figure-of-merit (ZT).

cm™3, the calculated values of PF are 0.61 X 1073, 0.48 X 1073,
and 0.37 X 1072 W/Km for 300, 400, and 500 K, respectively.

Electron-generated heat flow in a material is called electronic
thermal conductivity, represented by the symbol «, and
similarly, hole thermal conductivity is represented by k;,. The
sum of the heat conduction from phonons (x,,) and the
electronic or ionic thermal conductivity from electron (hole)
conduction is the total thermal conductivity, written as K.
Figure 7(c)—Figure 9(c) show the estimated electronic (hole)
thermal conductivity (T, e(h)). The electronic thermal
conductivity k, is related to the electronic conductivity ¢ by the
Wiedemann—Franz law: k, = LoT, where L is the Lorentz
number. The electronic thermal conductivity and electronic
conductivity follow a similar pattern. Figure 7(c) indicates that
changes in temperature and the doping carrier concentration of
e(h) affect electronic thermal conductivity. It is shown that in
comparison to increases in e(h) doping concentrations, x,(T,
e)) climbs quicker with increasing for n-type doped CrS,
monolayers, so the k,(T, e) increases at a substantially higher
pace than the (T, h), resulting in a high figure-of-merit ZT
value. A similar trend is followed by Janus CrSTe and pristine

CrTe, monolayers, as shown in Figure 8(c) and Figure 9(c),
respectively.

It has been observed that the increase in (T, h) is slower as
compared to k,(T, e) for CrS,_,Te, monolayers. This results in
high ZT values for hole-doped CrS,_,Te, monolayers. ZT is
the determining factor for the efficiency of a material in
thermoelectricity. Experimental reports show that the semi-
conducting p-type MoS, monolayers have a ZT value of 0.18 at
T = 1000 K, obtained by embedding VMo,S, nanoinclusions
in MoS, monolayer.” Despite having a very small electronic
thermal conductivity,”” it is still a good conductor. In

6S’T

determining the values of ZT = , clearly in the

K, + Kiat
denominator both k, and kj, are added together. So, we
treat the value of xj, is a constant parameter at constant
temperature and varying the value of k, is a function of electron
and hole doping concentration.

Figures 7(d) and 9(d) present ZT at various temperatures
and varying e(h)-doping concentrations. It can be seen that in
our current study, the highest ZT value for CrS, monolayer is
calculated as 0.02 at room temperature, while ZT = 0.09 at 500
K. Figure 8(d) shows that at doping concentration 2.0 X 10"
ecm™, ZT is computed 0.01 for electron-doped Janus CrSTe
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monolayer, smaller by amount 0.05 than the figure-of-merit
estimated for hole-doped CrS, monolayer. At the particular
(optimal) doping concentration, we demonstrated that the
figure-of-merit increases with an increase in temperature and
decreases with an increase in the e(h)-type dopant
concentration. The above observations suggest that thermo-
electric devices operated at high temperatures may utilize
CrS,_,Te, monolayers. High ZT values can be achieved in
monolayer compounds of CrS,_,Te, by inclusion of p-type
doping concentrations. These compounds exhibit better
thermoelectric performance when compared to n-type doping
concentrations. The improved performance is due to the heavy
hole’s large effective mass and low hole thermal conductivity.

4. CONCLUSION

In the present study, the structural, phonon spectrum, elastic,
electronic, and thermal transport properties of CrS,, Janus
CrSTe, and CrTe, dichalcogenides monolayers are systemati-
cally investigated using first-principles calculations together
with semiclassical Boltzmann transport theory. The negative
formation energy, phonon spectrum, and elastic constants
demonstrate that CrS,, Janus CrSTe, and CrTe, possess
structural stability, dynamic stability, and high mechanical
stability, which in turn realize the feasibility of the synthesis of
these monolayers in the experiment. The pristine CrS, and
CrTe, monolayers are semiconductors with GGA+PBE
calculated direct bandgap (K—K) of 1.01 and 0.67 eV,
respectively. The Janus CrSTe monolayer is a semiconductor
with a small indirect bandgap of 0.31 eV (I'=K). Due to the
strong anharmonic scattering, at higher temperatures, low
lattice thermal conductivity is calculated for CrS,, CrSTe, and
CrTe, monolayers with values 2.09 0.99, and 0.80 W/mK,
respectively. This will imply excellent thermoelectric perform-
ance. Comparisons are made between pristine CrS,, CrTe,,
and Janus CrSTe monolayers. The CrS, and CrTe, monolayers
follow nearly identical trends in thermoelectric parameters as
the temperature and e(h)-doping concentrations increased. In
contrast, the electrical conductivity enhanced while electronic
thermal conductivity decreased. The calculated S(T, h) is
larger than the S(T, e) of the CrS, monolayer at any
temperature and doping concentration value. At 500 K, the
e(h)-doped CrTe, has a ZT value of around 0.09 (0.05),
indicating that it has an efficient n(p)-type thermoelectric
performance and can be considered a potential candidate for
thermoelectric applications. The ZT for the CrS,_,Te,
monolayer slightly decreased with an increasing temperature
at fixed concentrations. According to our calculations,
CrS,_,Te, might be employed in thermoelectricity generation
at high temperatures for thermopower generation and highly
effective waste heat recovery. Our findings would provide not
only a basic understanding of electronic and thermoelectric
characteristics of CrS,_,Te, monolayers but also fresh
recommendations for the experimental investigations of
CrS,_,Te, monolayers.
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