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The structural, optoelectronic, and thermoelectric properties of CaTe, Cag 5.
Bag 5Te, CaTeg55e95, and CagsBagsTeqs5€eq5 alloys are studied using the
full-potential linearized augmented plane wave method within the framework
of density functional theory. The calculated ground-state properties agree well
with available data. The electronic and bonding behavior of the materials is
studied and further verified by electron density contours. Additionally,
mechanical stability is confirmed by calculating the shear modulus, Young’s
modulus, bulk modulus, and hardness values. From the brittle/ductile anal-
ysis, the newly predicted compounds are found to be less brittle (more ductile)
than the parent CaTe compound. The valence band maxima and the conduc-
tion band minima (CBM) of the Ca0,5Ba0,5Te, CaTeo.5Se0.5, and Ca0,5Ba0,5_
Teg 55€9 5 alloys are located at the " point, resulting in a direct bandgap. The
optical properties of the materials are calculated for the energy range of 0—
13.5 eV. As expected, the highest Seebeck coefficient value is observed as
245.8 uV/K and 248.6 uV/K for CaTey55eq95 and CagsBagsTeqs55¢e9.5 alloys,
respectively, at 300 K. The present work exhibits the optoelectronic and
thermoelectric properties, but the available material flexibility has various
other applications.

Key words: Ab initio, mechanical properties, optical properties,
semiconductors, thermoelectric properties

INTRODUCTION

One of the most significant and exciting aspects of
research is bandgap engineering in semiconducting
materials, as it determines various characteristics
such as structural, electronic, thermal, and optical
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properties. Over the past decade, possibilities have
emerged for potential applications in II-VI chalco-
genides, calcium chalcogenides,’ strontium chalco-
genides,? and beryllium chalcogenides.? At ambient
conditions, the alkaline earth chalcogenides form a
closed-shell ionic system, crystallizing in a NaCl-
type structure (B1).*® Recent studies have reported
rare earth chalcogenides as essential materials for
application in optoelectronic®® and thermoelectric
devices.
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Group II-VI  semiconductors and their
heterostructures are well known to form ternary
alloys with a direct bandgap and high absorption
coefficients.’® The energy gaps of ternary II-VI
semiconductor alloys can absorb broad spectra,
and lattice parameters can be tailored indepen-
dently to fabricate high-efficiency photovoltaic
devices.'**® These semiconductors are considered
as potential materials for fabricating thin-film
heterojunction photovoltaic devices. Among all alka-
line earth chalcogenides, calcium chalcogenides
seem to be the most interesting, as they have a
high cation—-anion radius ratio, resulting in high
phase transition pressures.

Several experimental and theoretical studies
have been performed to describe the structural,
electronic, elastic, optical, and thermodynamic
properties at ambient conditions and under high
pressure. Zimmer et al.'® investigated the X-ray
diffraction of structural and pressure volume rela-
tionships in CaTe and SrTe at high pressure.
Cartona et al.!” reported the cohesive properties of
CaX compounds under pressure. The elastic con-
stants were studied using pseudogoten‘cial18 and
tight-binding theory.’® Arya et al.?° investigated
high-pressure structural and elastic properties, and
the linear optical properties of these compounds
were reported using the full-potential linearized
augmented plane wave (FP-LAPW) method.?! Ab
initio investigations of calcium chalcogenides were
conducted by Slimani et al.?* The structural phase
transition and related properties of calcium chalco-
genides were reported by Bhardwaj et al.?® Charifi
et al.?* discussed the structural and electronic
properties of calcium chalcogenides under high
pressure.

The purpose of the present work is to investigate
the structural, electronic, elastic, mechanical, opti-
cal, and thermoelectric properties of barium- and
selenium-doped CaTe semiconductors. A phase
transition is found to occur from a NaCl-type Bl
structure to a cubic 227 (Fd3m) structure in ternary
CagsBag sTe. The essential characteristics of the
absorber material in a solar cell are direct bandgap
in the range of 1.0-1.7 eV and a high absorption
coefficient. The parent binary CaTe alloy has an
indirect bandgap, and its energy gap value is
1.587 eV,%5%¢ whereas the Ba-doped CaTe (ternary
Cag sBag sTe), Se-doped CaTe (ternary
CaTeg55eq5), and both Ba- and Se-doped CaTe
(quaternary CagsBagsTeq 55¢0.5) alloys have direct
bandgaps with energy gap values of 1.693 eV,
1.779 eV, and 1.859 eV, respectively; these values
are close to the optical energy gap of solar cell
absorbers. Hence, ternary CagsBagsTe and
CaTeg55eqs and quaternary CagsBagsTeqsSeqs
have trigged immense interest for the potential
application as solar cell absorbers. The

thermoelectric properties of materials have always
attracted great interest due to their practical appli-
cations in coolers and generators.?” To develop an
efficient thermoelectric material, which typically
demands direct conversion of heat to electricity,
high-performance materials are needed.?®*! Direct
heat to electricity conversion has a vital role in
future energy production, conversion, utilization,
etc. Since wide-energy-bandgap semiconductors
have promising applications in the field of thermo-
electric materials, the present study focuses on
bandgap tuning by both doping and co-doping. The
effect of doping is to reduce the thermal conductivity
and thereby increase the figure of merit.

CALCULATION METHOD

In order to calculate the structural, electronic,
mechanical, elastic, and optical properties of CaTe,
Ca0.5Ba0.5Te, CaTeO_5Se0.5, and CaO.5BaO.5Te0_5Se0.5
alloys, the FP-LAPW method is used to solve the
Kohn—-Sham equations. All the calculations are
carried out using the WIEN2k code®? within the
framework of density functional theory (DFT). The
generalized gradient approximation (GGA) as
parameterized by Perdew et al.>® is employed for
the exchange—correlation potentials. The [, value
for the wave function expansions inside spheres is
confined to lnax = 10. The Ryt X Knax =7 and
Gmax = 12 are chosen for the plane wave expansions
in the interstitial region and charge density Fourier
expansion, respectively. The muffin-tin radius Ry
is assumed to be 2.5, 2.5, 2.5, and 2.08 for Ca, Ba,
Se, and Te atoms, respectively. For k-space sum-
mation, 10 x 10 x 10 k-points are used. The self-
consistent calculations are iterated until the total
energy converges to < 0.0001 Ry and charge con-
verges to less than 0.001 eV. In order to model the
Cag 5Bag 5Te alloy, we employ a 16-atom supercell of
the type 2 x 2 x 2. The lattice structure of
CagsBag sTe (CaTeg55eq.5) is obtained by replacing
four Ca (Te) atoms with an equal number of Ba (Se)
atoms in the crystal lattice of CaTe, whereas in the
case of CagsBagsTeqgsSeq5, Ca is replaced by Ba
atoms and Te 1is replaced by Se atoms
simultaneously.

RESULTS AND DISCUSSION
Structural Properties

The structural properties of the II-VI binary
compound CaTe and its ternary alloy CagsBagsTe
is investigated at ambient conditions using a GGA
scheme. CaTe crystallizes in a NaCl-type B1 struc-
ture with the space group 225, whereas
CagsBagsTe crystallizes in a cubic structure with
space group 227. The constituent Ca atom is
positioned at (0, 0, 0), and the Te atom is positioned
at (0.5, 0.5, 0.5). Ba-doped CaTe (ternary



Influence of Ternary and Quaternary Inclusion on Bandgap Tuning of CaTe: Prediction of

Potential Thermoelectric Materials

Cag.sBag sTe) is found to undergo a phase transfor-
mation from Fm3m (225) to Fd3m (227) structure.
Ternary CaTepsSeps and quaternary CagsBags.
Tep.55eq5 alloys undergo a phase change from a
cubic-type structure with space group Fm3m to
another cubic-type structure with space group
Fd3m (227) and F43m (216), respectively, and the
crystal structure of the alloys is shown in Fig. 1.
The lattice constant g, bulk modulus B, and
pressure derivative of bulk modulus B’ are obtained
by fitting the total energy versus volume according
to the Birch-Murnaghan equation of state.>* The
atomic positions (Table I) and structural properties
calculated for CaTe, CagsBagsTe, CaTeqsSep5a,
and CagsBagsTeos5eps alloys are presented in
Table II. The calculated results of the parent com-
pound CaTe are in good agreement with the avail-
able experimental and theoretical values.?*%

Electronic Properties
Density of States

The density of states (DOS) and band structure
are calculated using the FP-LAPW method within
GGA and presented in Figs. 2 and 3. The DOS below
the Fermi level (0 eV) is the valence band due to the
completely filled states, whereas the DOS above
0 eV is the conduction band due to the unoccupied
states. In the binary CaTe alloy (Fig. 2a), the DOS
below the Fermi level is mainly due to the Te-5s and
5p states, and above the Fermi level is mainly due to
the Ca-4s and 3d states, whereas in the ternary
CagsBagsTe alloy (Fig. 2b), the DOS below the
Fermi level is mainly due to the Te-5s and 5p states,
with a small contribution from Ba-p and d states,
and above the Fermi level is due to Ca-d and Ba-d
states. From Fig. 2a, it can be observed that there is

(©)
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Fig. 1. Graphical representation of the relaxed structure of (a) CaTe, (b) CagsBagsTe, (c) CaTegsSeos, and (d) CagsBagsTepsSeo s.
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Table I. Atomic positions of CaTe, CagsBagsTe, CaTeg55€e05, and CagsBagsTeos55€0.5

Alloy Atom

CaTe Ca
Te

Ca0,5Ba0,5Te Ca
Ba
Te

CaTe0_5Seo_5 Ca

Ca0,5Ba0_5Te0,5Se0,5 Ca

Atomic positions

(0, 0,0
(0.5, 0.5, 0.5)
(0, 0, 0) (0.25, 0.25, 0) (0.25, 0, 0.25) (0, 0.25, 0.25)
(0.5, 0, 0) (0.75, 0.25, 0) (0.75, 0, 0.25) (0.5, 0.25, 0.25)

(0.25, 0.25, 0.25) (0.75, 0.25, 0.25) (0, 0, 0.25) (0.5, 0, 0.25)

(0, 0.25, 0) (0.5, 0.25, 0) (0.25, 0, 0) (0.75, 0, 0)

(0.25, 0.25, 0.75) (0.75, 0.75, 0.25) (0.75, 0.5, 0) (0.25, 0, 0.5)

(0, 0, 0.75) (0.5, 0.5, 0.25) (0.5, 0.75, 0) (0, 0.25, 0.5)
(0, 0, 0) (0, 0.25, 0.25) (0.25, 0.25, 0) (0.25, 0, 0.25)
(0, 0, 0.5) (0, 0.25, 0.75) (0.25, 0.25, 0.5) (0.25, 0, 0.75)
(0.125, 0.125, 0.125) (0.125, 0.875, 0.875)
(0.875, 0.875, 0.125) (0.875, 0.125, 0.875)
(0.125, 0.125, 0.625) (0.125, 0.875, 0.325)
(0.875, 0.875, 0.625) (0.875, 0.125, 0.375)
(0.375, 0.375, 0.375) (0.375, 0.625, 0.625)
(0.625, 0.625, 0.375) (0.625, 0.375, 0.625)
(0.375, 0.375, 0.875) (0.375, 0.625, 0.125)
(0.625, 0.625, 0.875) (0.625, 0.375, 0.125)

Table II. Equilibrium lattice constant a, (A), bulk modulus B (GPa), pressure derivative bulk modulus B’,
total energy (Ry), and bandgap E, (eV) for CaTe, CasBaosTe, CaTe(55¢05, and CagsBagsTe 5S¢0 5 alloys

CaTe
Experimental Other
Parameter Present work work work Cao‘5Bao.5Te CaTe0_58e0,5 Cao‘5Bao_5Teo.5seo_5
ao (A) 6.398 6.348 [1] 6.396 ['] 6.774 6.2019 6.5808
6.396 [%%]
B (GPa) 35.689 41.8 [18] 39.6 ['] 32.221 41.301 35.4736
38.7 [2%]
B 5.3675 4.0746 4.122 4.2154
E (Ry) —14954.853315 —179310.710207 —84705.622191  —144377.281647
Eg (eV) 1.587 1.53 [1] 1.693 1.779 1.859
1.578 [?2]

strong hybridization between Ca-d and d-t2g states
and Te-p and d states, indicating the covalent
bonding nature of the atoms. It can be observed
from Fig. 2b that the charge sharing between the Ca
atom and Ba atom at the Fermi level indicates the
covalent nature of the atoms. In the CaTeq5Seq 5
combination, it is observed from Fig. 2¢ that the
DOS below the Fermi level is due to Te-s,p states
and Se-p states, and above the Fermi level is
contributed mainly by Ca-d states, and there is a
small contribution of Te-p,d and Se-p,d states. In
addition, hybridization is observed between Te-p
and Se-p states below the Fermi level, and between
Te-p,d and Se-p,d states above the Fermi level. The
CagsBag sTeq55€e09.5 DOS histogram shows that the
DOS below the Fermi level originates from Te-s,p
states and Se-s,p states, and above the Fermi level
from Ca-d and Ba-d states, respectively. From
Fig. 2d, it can be clearly seen that a similar

hybridization occurs in CagsBagsTeqs55€e05 as in
CaTeo.5Se0.5.

Band Structure

The self-consistent scalar relativistic bandgaps of
CaTe, CagsBagsTe, CaTepsSeqs, and CagsBags.
Teg55eq5 alloys are calculated and presented in
Table II, and are compared with the theoretical
values and the available experimental data. The
lowest sharp band in the conduction band is due to
the electron effective mass, whereas along the same
symmetry, the maximum of the valence band is a
hybrid of flat and sharp bands. The combination of
flat and sharp bands enhances the electron trans-
port, as the flat band is responsible for the higher
value of electron electrical conductivity. Thus, the
hybrid band is more effective for solar cell materi-
als. The valence band maxima (VBM) and the
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Fig. 2. Total density of states of (a) CaTe, (b) CagsBapsTe, (c) CaTegsSeqs, and (d) CagsBagsTepsSeo s.

conduction band minima (CBM) of CagsBagsTe
(CaTeg 5S¢0 5/CagsBag 5Tep55e05) alloy is located
at the I' point, resulting in a direct bandgap,
whereas in the case of the parent compound CaTe,
the nature of the bandgap is indirect such that the
VBM lies at the " point and the CBM at the X point
of the Brillouin zone. Figure 3e, f, g, and h shows
that the fat band structure of Ca-d, Ca-d-t2g, Te-p,
and Te-d states confirms the hybridization between
Ca-d and d-t2g states, and Te-p and d states
indicate the covalent bonding nature of the atoms.

Charge Density Plot

In order to understand the nature of chemical
bonding, charge density plots are drawn for CaTe,
Ca0.5Bao.5Te, CaTeo.5Seo.5, and Ca0.5Ba0.5Te0,5Se0,5
alloys, as shown in Fig. 4. From Fig. 4a, it can be
observed that the directional charge density contour
that encloses the Ca and Te atoms indicates the
strong hybridization between Ca-d and d-t2g and
Te-p and d states. It can be attributed to the
covalent nature of the material.®”*® In Fig. 4b, it is
clearly seen that the covalent interaction occurs

between Ca and Ba atoms, due to charge sharing
between Ca and Ba atoms. At the same time, Ba
doping breaks the covalent bonding between Ca and
Te atoms. The near-spherical charge distribution
around Te indicates the bond between Ca and Te is
ionic, with no charge sharing between the atoms. In
Fig. 4c and d, it is observed that the Se atoms are
doped at the Te site (Ba atom in the Ca site), hence
it decreases the covalent bonding nature of CaTe,
but the presence of bonding charge is evident for
mixing of ionic and weak covalent bonding of the
material.

Optical properties

The optical properties, namely complex dielectric
function, absorption coefficient, optical conductivity,
energy loss function, and reflectivity, are calculated
for CaTe, CagsBag 5Te, CaTeq 5Seq 5, and Cag sBag 5.
Teg 55€eq 5 alloys and are shown in Fig. 5. All calcu-
lations are performed with no intra-band
contributions added. The complex dielectric func-
tion &(w)* is determined by the transition between
the valence and conduction bands and is given by:
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Fig. 4. Charge density plot of (a) CaTe, (b) CagsBagsTe, (c) CaTeysSeqs, and (d) CagsBagsTegsSep s.

&(w) = e1(w) + i eg(w). The real and imaginary parts
of the dielectric function correspond to the disper-
sive and absorptive behavior of the material, respec-
tively. The static dielectric constant is the most
important quantity in the real part of the dielectric
function, which strongly depends on the energy gap,
and it is given (Fig. 5a) as 6.8, 6.5, 6.2, and 6.0 for
the CaTe, CagsBagsTe, CaTeypsSeqs, and
Cag sBag 5Teq 55¢€0 5 alloys, respectively. The absorp-
tion coefficient determines the ability of the mate-
rial to absorb the incident photon of specific
frequency.®® It can be seen from Fig. 5¢ that the
absorption part of binary CaTe and ternary
CagsBagsTe and CaTepsSeps and quaternary
CagsBagsTegsSeps spectra starts with nearly
1.8 eV, 2.1 eV, 2.2 eV, and 2.0 eV, respectively. In
binary CaTe, Eo = 1.58 eV, the first peak appears
for 4.5 eV, and the optical conductivity has a
maximum value of 7500 [1/(Q cm)], whereas in
Cag s5Bag 5Te, (CaTeg 55eq 5/Cag.sBag sTeq 55€0.5)
Ey=1.69 eV (2.1 eV/2.0 V), the first peak appears

for 4.7 eV (4.2 eV/4.6 V) (Fig. 5d), and the optical
conductivity has a maximum value of 6800 (6600/
6400) [1/(Q cm)] corresponding to the visible region
of the electromagnetic spectrum.

The energy loss spectrum describes the energy
loss of a fast electron traversing in the material.*
Its main peak is defined as the bulk plasma
frequency, which occurs where ¢;(w) and es(w) reach
the zero point and the reflectivity spectrum attains
a minimum. From Fig. 5e, the main peak of the
energy loss spectrum of CaTe, CagsBagsTe,
CaTeg5Seq5, and CagsBagsTegsSeqs is roughly
located at 13 eV, 11.5eV, 12.6 eV, and 12.0 eV,
respectively. The value of reflectivity at zero fre-
quency is known as the static reflectivity (Rg). From
Fig. 5f, it can be observed that, depending on the
energy value, the reflectivity has many peaks. For
CaTe, Ca0,5Ba0,5Te, CaTe0,5Se0,5, and Cao,sBa0,5_
Teg 55eq 5 alloys, Ry = 0.2, 0.19, 0.18, and 0.17 (from
Fig. 5f), respectively. The reflectivity has a maxi-
mum value R, = 0.58 (0.53/0.51/0.49) at energy of
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Fig. 5. Optical properties of (a) CaTe, (b) CagsBapsTe, (c) CaTegsSeqs, and (d) CapsBagsTeosSeos.

7.5 eV (7.2 eV/8.1 eV/7.5 eV) and a minimum value
R in = 0.38 (0.33/0.3/0.29) at 8.8 eV (8.2 €V/9.9 eV/
89eV) for CaTe (CagsBagsTe/CaTeqgsSeqs/
Ca0_5Ba0,5Te0.5Se0.5).

Mechanical and Elastic Properties

Elastic constants of solids give important infor-
mation such as interatomic bonding characteristic
between adjacent atomic planes, equations of state,
and phonon spectra. To study the stability of the
considered alloys, we have calculated the three
independent elastic constants, namely Cq4, C1, and
C44. The calculated elastic constants satisfy the

stability criteria.*! Using elastic constants,*? one
can determine the mechanical properties such as
shear modulus (G), Young’s modulus (E), Cauchy
pressure (C15—Cy4y), Poisson’s ratio (v), and hardness
(Hvy),*>** and the computed values for the alloys are
given in Table III. The larger value of shear mod-
ulus indicates the pronounced directional bonding
(covalent bonding) between atoms,*’ and it
describes the material’s response to shearing strain.
Covalent materials have a high shear modulus, and
the shear modulus can provide better correlation
with hardness than the bulk modulus. The high
value of shear modulus represents that the material
is hard. Bulk modulus*’ is defined as the ratio of
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Table III. Calculated elastic and mechanical properties of CaTe, CagsBagsTe, CaTeos5Sep5 and

CaysBagsTeos5Se.5

CaTe
Parameter Present work Other work CaysBagsTe CaTey5Seo 5 CagysBags5Te55€eq.5
C11 (GPa) 92.28 89.26 [1] 72.62 93.25 81.32
Ci2 (GPa) 10.73 14.77 ] 11.38 15.54 13.46
Cy4 (GPa) 27.84 18.52 [ 13.84 22.91 17.38
G (GPa) 32.45 19.14 28.35 22.79
E (GPa) 75.75 47.82 69.26 56.49
C12—Cy4 (GPa) -17.10 —2.46 -7.38 -3.92
G/B 0.86 0.60 0.68 0.63
N 0.17 0.25 0.22 0.24
Hy 9.10 3.18 5.29 3.96

volume stress to volume strain, and it measures the
resistance to volume by applied pressure. Young’s
modulus is a measure of the stiffness of the solid,
defining the relationship between stress and strain
in a material in the linear elasticity regime of a
uniaxial deformation, and it has an impact on the
ductility. From Table III, it can be noted that the
stiffness of the material decreases in the following
order: CaTeq 55eq 5 (69.26 GPa)-Cag sBag 5Teqs55€e0 5
(56.49 GPa)-CagsBagsTe (47.82 GPa). A similar
trend is observed for shear modulus, bulk modulus,
and hardness values. From the analysis of shear
modulus, bulk modulus, and hardness values, we
can state that the strength of covalent bond, binding
energy, and hardness of the considered alloys are
decreased.

The ductile/brittle analysis is conducted using
Cauchg/’s pressure, G/B ratio,***®* and Poisson’s
ratio,*”®° and the calculated values are shown in
Table III.

(i) Cauchy’s pressure values are negative; the
material exhibits brittle nature.
(i1)) G/B ratio is greater than 0.57; the material
exhibits brittle behavior.
(iii)) Poisson’s ratio is less than 0.3; the materials
are of brittle nature.

From the calculated Cauchy’s pressure (Ci5—Cgy4)
and G/B ratio (in Table III), the trend of diminish-
ing brittleness follows the order of CaTeqsSeq5
(-7.38 GPa and 0.68)—030.5]330‘5'].‘60.5860.5
(-3.92 GPa and 0.63)—CagsBagsTe (—2.46 GPa
and 0.60). From the above study, it can be revealed
that the Ba and Se doping in CaTe decreases the
brittle nature (improves ductile nature) of the
material.

Thermal properties

The sound velocities for longitudinal and shear
waves (V1 and Vg), Debye average velocity (V,,),

Debye temperature (0p),°1>® melting temperature
(T'\),*® and Griineisen parameter ({)°**® have been
calculated for CaTe, Cag sBagsTe, CaTeq 55eq 5, and
CagsBag 5Teq55€e 5 alloys and presented in Table -
IV. Debye temperature is correlated to the strength
of covalent bonds, and it is used to measure the
thermal conductivity of materials. Debye tempera-
ture (0p) is directly related to average sound
velocity, indicating that the greater the average
sound velocity, the greater the Debye temperature.
The Griineisen parameter ({) is defined as the
measure of the anharmonicity of the crystal, and it
depends on elastic moduli through sound velocities.
The calculated Debye temperature and the corre-
sponding Gruneisen parameter (in Table IV) values
follow the order as CaTeg55e¢5(205 K and 1.368)—
Ca0,5Ba0,5Te0.5Se0.5 (180 K and 1.432)—030.5330.5_
Te(144 K and 1.497). Hence, the lower Debye tem-
perature (0p) and large value of Griineisen
parameter ({) indicate the soft bonding nature of
the given crystal. The melting temperatures®® of the
materials are calculated from the elastic constants
and modulus values, where the elastic constants
and moduli are in GPa and are discussed in our
previous studies.

Thermoelectric properties

Using BoltzTraP code, the thermoelectric proper-
ties such as thermal conductivity (x), electrical
conductivity (o), Seebeck coefficient (S), power
factor, and figure of merit (ZT) are studied for the
considered compounds. The values of electrical
conductivity (¢), Seebeck coefficient (S), and power
factor are calculated for the temperature range from
100 K to 1000 K at Fermi energy. Graphs are
plotted between S versus T, ¢/t versus T, and S2o/
7 versus T and presented in Fig. 6. The power factor
was calculated by using the formula S2¢. The
figure of merit (ZT) at temperature T (K) of a
material is as follows: ZT = S“¢ T/k, where S is the
Seebeck coefficient, ¢ is the electrical conductivity, x
thermal conductivity, and 7T is the absolute



Manjula, Muthumari, Krishnaveni, Kuznetsov, and Veluswamy

Table IV. Calculated sound velocities for longitudinal and shear waves (Vi, and Vg), Debye average velocity
(Vw), Debye temperature (@p), melting temperature (T,,), and Grineisen parameter ({) of CaTe, CaysBagsTe,

CaTeg5Seq5, and CagsBagsTeos55€¢.5

Parameter CaTe CagsBagsTe
Vi (10% m/s) 8.741 2.228
Vs (103 m/s) 5.525 1.287
Vo (10° m/s) 6.079 1.429
Op (K) 568 144
T (K) 1398 1282
¢ 1.168 1.497

CaTeq55eq.5 CagsBagsTe55€0.5

2.816 2.427
1.686 1.427
1.865 1.582
205 180
1404 1333
1.368 1.432

temperature of the material. The calculated values
of S, o/t, S/, and power factor at Fermi energy
for room temperature are presented in Table V.

The Seebeck coefficient is also known as thermo-
electric power, and the convention of the Seebeck
coefficient depends on the majority of charge carri-
ers. The Seebeck coefficient®® is considered positive
for a material which possesses a majority of charge
carriers as holes, whereas it is considered negative
for electrons. In the present study, the considered
calcium chalcogenides are found with holes as the
majority charge carriers, and therefore the Seebeck
coefficients become positive, as shown in Fig. 6a and
b, and the values are given in Table V. This
suggests the possibility that the CaTe, CagsBagsTe,
CaTeg 55€eq 5, and CagsBagsTeg5Seq s alloys are p-
type semiconductors.

From Fig. 6a it is observed that the value of
Seebeck coefficient (S) starts to increase at low
temperature and then decreases at high tempera-
ture for CaTe and CagsBagsTe alloys; a similar
trend was observed in PbTe alloys.5’7 At room
temperature, the value of S for CaTe is 44.547
(uV/K), which is in agreement with the values
reported for PbTe and PbSe.?” When Ca is doped
with Ba, the Seebeck coefficient value decreases to a
very low value of 4 (uV/K); this can be attributed to
a shift in the Fermi energy level and also a change
in the direct-bandgap energy. Thus, doping Ca with
Ba does not enhance the Seebeck coefficient, which
is an essential parameter in utilizing the material
for thermoelectric energy conversion of heat into
electricity. When Te is doped with Se, the Seebeck
coefficient value increases to 246 (uV/K) and 249
(uV/K), and decreases with an increase in temper-
ature for CaTeysSey5 and CagsBagsTeqsSeqs
alloys (shown in Fig. 6b); a similar trend was
observed and explained by Singh®® for a CaSe alloy.
The reason for the high Seebeck coefficient is the
location of hole pockets near the Fermi energy level
in these two alloys. This high value makes these two
alloys suitable material for thermoelectric
applications.

In general, electrical conductivity is a measure of
a material’s capability to move electric charge
carriers throughout the material. It depends on
the type of material, stress states, and the chemical

composition, and it provides information about the
current flow and energy required to traverse the
energy gaps. From Fig. 6¢, the value of electrical
conductivity first increases and then decreases with
respect to temperature for CaTe and CagsBagsTe
alloys, whereas in CaTeysSeps and CagsBags.
Teg 55eq5 combinations, it increases with respect
to temperature, as shown in Fig. 6d. The electrical
conductivity values for CaTeq 55eq 5 and CagsBags.
Teo 5Seo 5 alloys are of the order of 10'®, which is in
excellent agreement with values reported by Subra-
manian® for efficient thermoelectric materials. The
corresponding electrical conductivity (¢/t in 1/
Q ms) values of CaTe, CagsBagsTe, CaTesSeq s,
and CagsBagsTegs55e95 alloys at 300 K are
2.2968 x 10%°, 1.9706 x 10*%, 1.1157 x 10'®, and
1.3423 x 10'®, respectively.

The electronic contribution to thermal conductiv-
ity, that is kg/t values (W/m Ks), for CaTe,
Ca0~5Ba0,5Te, CaTe0.5Seo.5, and Ca%5Ba0‘5Te0,5Se?5
alloys at 300 K is 1.6181 x 10", 1.362 x 10%,
2.6545 x 10'3 and 3.2673 x 10', respectively. In
the present study, it is observed that the thermal
conductivity increases as the temperature
increases. Considering relaxation time of
1 x 107, at 300 K the electronic thermal con-
ductivity (Wm/K) is 1.6181 x 10%, 1.362 x 10%
0.2654, and 0.3267 for CagsBagsTe, CaTeqs5eq s,
and CagsBag 5Teq 55¢€¢ 5 alloys, respectively.

The maximum value of the Seebeck coefficient
and the corresponding electrical conductivity are
used to calculate S2¢ /1. In the case of CaTe (Fig. 6e)
and Cag sBag 5Te (Fig. 6f), the value of S2%q /1 is very
high due to the very high value of ¢/z. In the case of
CaTeO,5Se0,5 and Ca0‘5BaO‘5Teo,5Seo,5 alloys, SQO'/T
decreases with increasing temperature (Fig. 6g),
due to the similar trend exhibited by S and /7. If
the value of S%v/t is multiplied by 7, the power
factor is obtained.

The figure of merit (ZT)%° is the most significant
factor for investigating the quality of a material for
its possible use in thermoelectric applications, and
is dependent on the Seebeck coefficient, electrical
conductivity, thermal conductivity, and tempera-
ture. For a good thermoelectric material, the mate-
rial should have a high Seebeck coefficient and
electrical  conductivity and low  thermal
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Fig. 6. The thermoelectric properties of (a) Seebeck coefficient versus temperature of CaTe and CagsBagsTe, (b) Seebeck coefficient versus
temperature of CaTegsSeqgs and CagsBagsTegsSegs, (C) electrical conductivity versus temperature of CaTe and CagsBagsTe, (d) electrical
conductivity versus temperature of CaTeg sSeq s and Cag sBag sTeo sSe 5, (€) power factor versus temperature of CaTe, (f) power factor versus
temperature of CagsBagsTe, and (g) power factor versus temperature of CaTeg sSeq 5 and Cag sBag sTeg 550 5.

conductivity. From this study, among the four good thermoelectric materials, having high Seebeck
studied alloys, the ternary CaTeq 55eq 5 and quater- coefficients and corresponding electrical conductiv-
nary CagsBagsTeqsSeqs alloys are identified as ity and low thermal conductivity.
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Table V. Thermoelectric properties of CaTe, CagsBags5Te, CaTe5Se¢5, and CagsBagsTeq55€e95 at 300 K for

Fermi energy

Parameter CaTe CagsBagsTe CaTeo55¢e¢5 CagsBags5Teo55€05

Seebeck coefficient (S) (uV/K) 44.547 4.3646 246 249

o/t [1/(Q m s)] 2.2968 x 102 1.9706 x 10% 1.1157 x 108 1.3423 x 10'®

S? 6/t 101 [W/(cm K2 s)] 4.55 0.0375 0.00067 0.00083

Power factor 10%° [pW/(cm K2 s)] 4.55 0.0375 0.00067 0.00083
CONCLUSIONS (DST) funded by the Ministry of Science and Tech-

The structural, electronic, optical, mechanical,
elasticc and thermal properties of CaTe,
Ca0.5Bao,5Te, CaTe0,5Seo,5, and Ca0.5BaO,5Te0.5SeO.5
alloys are investigated using the full-potential lin-
earized augmented plane wave (FP-LAPW) method
based on DFT within generalized gradient approx-
imation (GGA). From the results of DOS and band
calculations, we can conclude that the considered
alloys are direct-bandgap semiconductors with a
covalent bonding nature. Because of the band
matching with the incident photon energy, the
direct bandgap has technological importance, and
the presence of the lowest sharp band in the
conduction region and the maximum hybrid band
in the valence region enhances the electron trans-
port. To determine the optical properties of the
alloys, the optical parameters dielectric constants,
absorption coefficient, optical conductivity, and
energy loss function are calculated for radiation up
to 13.5eV. The other important features of
Cags5BagsTe, CaTeq55eq5, and CapsBagsTes55€0.5
alloys are the maximum Sigma (electrical conduc-
tivity) at lower photon energy and the maximum
electron E).ss at higher energy. Hence, the calcu-
lated electronic and optical properties of
Cags5Bag 5Te, CaTeo55eq5, and CagsBagsTeqs55€0.5
alloys show that the studied alloys are better
candidates for electronic devices, optical devices,
and solar cell applications. Out of the four studied
alloys, the two Ca chalcogenides CaTeg55eq5 and
CagsBag sTep 55¢q 5 are found to display good ther-
moelectric behavior, having a larger Seebeck coef-
ficient (thermoelectric power) and lower thermal
conductivity. In order to understand the effect of
doping, calculations are performed for both ternary
addition in cation and anion sites separately, and
quaternary addition in both sites parallelly. Due to
the presence of Te-p and Se-p states hybridization
(below the Fermi level) and Te-p,d and Se-p,d states
hybridization (above the Fermi level), selenium in
co-doping yields better results than the other
systems.

ACKNOWLEDGMENTS

The authors would like to thank the Indian Na-
tional Science Academy: Visiting Scientist Pro-
gramme (INSA/SAP/VSP-09/2020-21/02 March,
2020), the Department of Science and Technology

nology FIST (SR/FST/PSI-193/2014), and the Inno-
vation in Science Pursuit for Inspired Research
(INSPIRE) Faculty Program (DST/INSPIRE/04/
2017/002629).

CONFLICT OF INTEREST

All authors declare that they have no conflict of
interest.

REFERENCES

1. Z. Charifi, H. Baaziz, F. El, H. Hassan, and N. Bouarissa, «J.
Phys. Condens. Matter 17, 4083 (2005).

2. S. Labidia, H. Meradji, M. Labidia, S. Ghemid, S. Drablia, F.
El, and H. Hassan, Phys. Proc. 2, 1205 (2009).

3. V. Wagner, J.J. Liang, R. Kruse, S. Gundel, M. Keim, A.
Waag, and J. Geurts, Phys. Status Solidi B 215, 87 (1999).

4. M. Dadsetani and A. Pourghazi, Phys. Rev. B 73, 195102
(2006).

5. L.-Y.Lu,d.J. Tan, O.-H. Jia, and X.-R. Chen, Phys. B 399, 66
(2007).

6. R. Pandey and S. Sivaraman, J. Phys. Chem. Solids 54, 211
(1991).

7. S. Asano, N. Yamashita, and Y. Nakao, Phys. Stat. Sol. 89,
663 (1978).

8. W. Lehmann, J. Electrochem. Soc. 117, 1389 (1970).

9. Y. Nakanishi, T. Ito, Y. Hatanaka, and G. Shimaoka, Appl.
Surf. Sci. 65, 515 (1992).

10. M. Ameri, K. Boudia, A. Rabhi, S. Benaissa, Y. Al-Douri, A.
Rais, and D. Hachemane, Mater. Sci. Appl. 3, 861 (2012).

11. O. Akinci, H.H. Giirel, and H. Unli, Thin Film Chalo-genide
Photovolt. Mater. 517, 2431 (2009).

12. S.J. Panchu, M.A. Adebisi, E. Manikandan, and M.K.
Moodley, J. Electron. Mater. 49, 1957 (2020).

13. K.C. Wilson, E. Manikandan, M. Basheer Ahamed, and
B.W. Mwakikunga, J. Alloys Compd. 585, 555 (2014).

14. P. Veluswamy, S. Sathiyamoorthy, P.T. Gomathi, K. Jaya-
bal, R. Kumar, D. Kuznetsov, and H. Tkeda, Appl. Surf. Sci.
496, 143658 (2019).

15. P. Veluswamy, S. Suhasini, F. Khana, A. Ghoshd, M.
Abhijit, Y. Hayakawaa, and H. Ikedaa, Carbohydr. Polym.
157, 1801 (2017).

16. H.G. Zimmer, H. Winze, and K. Syassen, Phys. Rev. B 32,
4066 (1985).

17. P. Cartona and P. Masri, J. Phys. Condens. Matter 10, 8947

(1998).

18. F. Marinelli and A. Lichanot, Chem. Phys. Lett. 367, 430
(2003).

19. G.K. Straub and W.A. Harrison, Phys. Rev. B 39, 10325
(1989).

20. B.S. Arya, M. Aynyas, and S.P. Sanyal, J. Optoelectron. Adv.
Mater. 10, 1311 (2008).

21. O.K. Anderson, Phys. Rev. B 42, 3060 (1975).

22. M. Slimani, H. Meradji, C. Sifi, S. Labidi, S. Ghemid, E.B.
Hannech, and F. El Haj Hassan, oJ. Alloys Compd. 485, 642
(2009).



Influence of Ternary and Quaternary Inclusion on Bandgap Tuning of CaTe: Prediction of
Potential Thermoelectric Materials

23.

24.

25.

26.

27.
28.

29.
30.

31.
32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

P. Bhardwaj, S. Sing, and R.K. Singh, Journal of Optoelec-
tronics and Advanced Materials 12, 1297 (2010).

Z. Charifi, H. Baaziz, F. E1 Haj Hassan, and N Bouarissa, J.
Phys.: Condens. Matter 17, 4083 (2005).

I.B. Shameem Banu, G. Kalpana, B. Palanivel, P. Shenba-
garaman, M. Rajagonalan, and M. Yusuf, Int. J. Mod. Phys.
B 12, 1709 (1998).

R. Khenata, M. Sahnoun, H. Baltache, M. Rérat, D. Rached,
M. Driz, and B. Bouhafs, Phys. B 371, 12 (2006).

Abram.F. Joffe, Scientific American. 199, 31 (1958).

PF Poudeu, J D’ Angela, AD Downey, JL Shor, and TP
Hogan, Angew Chem Int Ed 45, 3835.

G. Chen, M.S. Dresselhaus, G. Dresselhaus, J.-P. Fleurial,
and T. Caillat, Int. Mater. Rev. 48, 45 (2003).

V. Kumar, Dr Roy. J. Mater. Sci. 53, 8302 (2018).

E.V. Shah and D.R. Roy, Appl. Nanosci. 9, 33 (2018).

P. Blaha, K. Schwarz, G.K.H. Madsen, D. Kvasnicka, and J.
Luitz, WIEN2k An Augmented Plane Wave Plus Local Or-
bitals Program for Calculating Crystal Properties (Vienna:
Vienna University of Technology, 2008).

J.P. Perdew, S. Burke, and M. Ernzerhof, Phys. Rev. Lett.
77, 3865 (1996).

F. Birch, Phys. Rev. 71, 809 (1947).

P. Cartona and P. Masri, J. Phys.: Condens. Matter 10, 8947
(1998).

G.K. Straub and W.A. Harrison, Phys. Rev. B 39, 10325
(1989).

K. Ephraim Babu, N. Murali, K. Vijaya Babu, Paulos Tad-
desse Shibeshi and V. Veeraiah, Acta Physica Polonica A
125, 1179 (2014).

Enamul Haque and M. Anwar Hossain, Results in Physics,
10, 458 (2018).

E. Viswanathan, M. Sundareswari, D.S. Jayalakshmi, M.
Manjula, and S. Krishnveni, Indian J. Phys. 91, 1 (2017).
W. Setyawan and S. Curtarolo, Comput. Mater. Sci. 49, 299
(2010).

M. Manjula, M. Sundareswari, and E. Viswanathan, Mater.
Chem. Phy. 181, 90 (2016).

M. Manjula and M. Sundareswari, in Materials Today:
Proceedings (2016) pp. 2991-2996.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

59.

60.

N. Miao, B. Sa, J. Zhou, and Z. Sun, Comp. Mater. Sci. 50,
1559 (2011).

H. Ozisik, E. Deligoz, K. Colakoglu, and E. Ateser, Inter-
metallics 39, 84 (2013).

E. Viswanathan, M. Sundareswari, S. Krishnaveni, M.
Manjula, and D.S. Jayalakshmi, J. Superhard Mater. 41,
321 (2019).

S.F. Pugh, Philos. Mag. 45, 823 (1954).

Bushra Fatima, Sunil Singh Chouhan, Nikita Acharya, and
Sankar P. Sanyal, Comput. Mater. Sci. 89, 205 (2014).

H. Ozisik, E. Deligoz, K. Colakoglu, and E. Ateser, Inter-
metallics 39, 84 (2013).

V.V. Bannikov, I.R. Shein, and A.L. Ivanovskii, Phys. Status
Solidi (RRL) 1, 89 (2007).

dJ. Haines, J .M. Leger, and G. Bocquillon, Annu. Rev. Mater.
Res. 31, 1 (2001).

LR. Shein and A.L. Ivanovskii, Intermetallics 26, 1 (2012).
P.V. Reddy, M.B. Reddy, V.N. Muley, K.B. Reddy, and Y.V.
Ramana, J. Mat. Sci. Lett. 7, 1243 (1988).

M. Manjula, M. Sundareswari, and E. Viswanathan, Bull.
Mater. Sci. 91:41, 1 (2018).

O.L. Anderson, J. Phys. Chem. Solids 24, 909 (1963).

V.N. Belomestnykh, Tech. Phys. Lett. 302, 91 (2004).

K. Rajput and D.R. Roy, Phys. Chem. Chem. Phys. 22, 1
(2020).

I. Kudaman, Jorunal of Materials Science 7, 1027 (1972).
Jaspal Singh, Megha Goyal, and S. S. Verma, (2019) IEEE
2nd International Conference on Renewable Energy and
Power Engineering.

T.M. Tritt and M.A. Subramanian, MRS Bull. 31, 188
(2006).

S. Krishnaveni and M. Sundareswari, Int. J. Energy Res. 42,
764 (2018).

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and institu-
tional affiliations.



	Influence of Ternary and Quaternary Inclusion on Bandgap Tuning of CaTe: Prediction of Potential Thermoelectric Materials
	Abstract
	Introduction
	Calculation Method
	Results and Discussion
	Structural Properties
	Electronic Properties
	Density of States
	Band Structure
	Charge Density Plot

	Optical properties
	Mechanical and Elastic Properties
	Thermal properties
	Thermoelectric properties

	Conclusions
	Acknowledgments
	Conflict of interest
	References




