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ABSTRACT: CdTe is a potential material for making efficient and stable solar cells. The K [X ORI

present study aimed to systematically investigate the electronic, optical, and thermoelectric _t/7 "™\ ~/11V] /7 <7/\/
properties of different structural phases of CdTe using density functional theory. The %= R

electronic properties were calculated using the modified Becke—Johnson potential with the = \/1\ N/ £ N33 iii
local density approximation (LDA) correlation. The band structure profiles showed a direct <« i | Y4 -1 u
band at the I'-point for a-cubic, #-hexagonal, y-orthorhombic, and an indirect band type for - S auna I LS
the o-trigonal phase from the A-point at valence band maximum to the I"-point at conduction

band minimum. Hybridization between Te-p and Cd-s bands in the main valence region was 4?(i/_,\ 1 ‘—&/)% @g
observed in the partial density of states plots for all the studied phases. The real component :: Vf 7 A /\<Q7Q
static values of jch'e_ dielectric' function sho?ved a slight dec'reas'e with increasing 'photonic ”4_“ 59<%7;‘§5 A :‘§§ <
energy after an initial small increase. The intensity of the imaginary component increased BPEiANTY | gi 74 ><29<
above the threshold energy for each phase, with the -phase showing a higher reflectivity deom L e !

spectrum than the other phases due to its intense peaks, making it ideal for protecting against
high energy radiations. The results indicated that our computed band gaps and refractive
index n(w) were inversely related. The thermoelectric parameters calculated for these phases suggest that they have potential to be
used in thermoelectric devices.

1. INTRODUCTION The genesis of several excitation processes has fundamental
importance, and their makeup employs them in a variation of
optoelectronic devices. These many areas of interest demanded
the integration of theory and experiment that in turn
necessitates the use of reliable theoretical approaches. While
most data in the literature is reported on the cubic zinc-blende
phase, theoretical features of the optical characteristics of the
CdTe system, notably in the other phases, have been examined
very rarely. Based on the full-potential augmented-plane-wave
and local orbitals technique, Merad et al."” investigated the
electrical and optical characteristics of the strained CdTe and
ZnTe in zinc-blende phases, i.e., the d-states of the constituent
metals in these materials. By using the first-principles approach
within the local-density approximation, Huang and Ching'*
investigated the electronic and linear optical properties of 18
cubic binary chalcogenides. Deligoz et al’s'’ ab-initio
calculation was based on the density functional theory and
the norm-conserving pseudopotentials exploring the electronic,
elastic, and lattice dynamical features of (CdS, CdSe, and

Recently, group II-VI semiconducting materials and their
alloys have attracted the interest of many researchers for their
remarkable technological applications such as in photo-
voltaics," in electro-optic crystals with fast response time,
and in light emitting diodes.”~* This inspired many researchers
to model band offsets’ and structural and thermoelectric
properties’ and to study various fundamental physical
properties of these materials based on the first-principles
7% Since they are well-tailored to the solar
spectrum, the group II-VI semiconductors such as CdTe are
considered to be a good choice to be used as a semiconductor
in photovoltaic arrays. With a direct band gap for the
hexagonal phase and cubic phase, CdTe shows a remarkable
semiconducting nature with great light energy absorbing
capability. CdTe also proved to offer a reputable optical
response over an inclusive temperature range and provide
sufficient mechanical durability as a substrate material amongst
the available longer wavelength (418 nm) transparent II—VI
materials.” The CdTe material possesses a decent resilience to

calculation.

moisture sensitivity and is reasonably priced. These qualities Received: February 6, 2023
offer the possibility of producing high-efficiency modules using Accepted:  April 4, 2023
inexpensive production techniques.'”'’ One or the other of Published: April 13, 2023

these phases can be thermodynamically more stable at 3001 K,
as noted."”” The optical characteristics of solids are a very hot
topic both in basic sciences and practical applications.
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CdTe) chalcogenides. Dubowski et al.'® carried out a
photoemission study of the electrical structure of Cd;_ ,Mn,Te
(0 < x < 0.65) in the 20—140 eV photon energy range. In the
cubic phase of the CdTe system, Markowski and Podgorny'’
calculated the density of states and the direct interband
contributions to the joint density of states by employing a self-
consistent semi-relativistic type of linear muffin-tin orbital
computations of the band structures. In order to interpret new
ellipsometry observations, Alouani et al.'® computed the
complex dielectric functions for the semiconductors such as
Ge, InSb, GaAs, and CdTe. Similarly, ZnTe, CdTe, and HgTe
fundamental reflectivity has been measured by Cardona and
Greenaway'~ spanning the energy ranges of 1.0 up to 25 eV at
the ambient temperature and 1.0 up to 6.5 eV at 771 K
temperature.

Some optical characteristics of CdTe samples having a
carrier concentration of around 10'® cm® have been observed
by Davis and Shilliday.”” Accurate first-principles studies
related to the optical characteristics of several semiconductors
have been a rather regular problem in recent years due to the
extensive application of DFT. It is commonly accepted for
genuine crystals that somewhat uneven electronic distributions
are locally characterized by their density. By using this
technology, the optical performance was enhanced in addition
to the electronic properties. This is mostly clarified by band
gap corrections, but optical absorption is also impacted by the
k-dependency of the interacting energies across the band gap.
Researchers are now favoring theoretical methods because
experimental work requires too much effort, expensive
chemicals, accurate results, and a lot of time. The most
precise method to determine all the ground-state properties of
different types of materials is to use DFT calculations.
According to this interpretation, extremely advanced computa-
tional tools support and aid researchers in assessing physical
features. Understanding the band gap and the anticipated
density of states in these semiconductors is crucial. Some
cutting-edge technologies from recent years totally depend on
band gaps and optical absorption. In-depth research of the
structural, optoelectronic, and thermoelectric characteristics of
these structural phases of the binary CdTe chalcogenides is the
main objective of the current study.

2. COMPUTATIONAL DETAILS

The modified Becke—Johnson potential with LDA correlation
(mBJLDA) calculations for the electronic properties were
performed employing the ABINIT ab-initio pseudopotential
plane-waves code”' and using optimized norm-conserving
Vanderbilt pseudopotentials.”* The crystal structures used in
this study were obtained from the Materials Project database.
As shown in Figure 1, the CdTe system crystallizes in the a-
(cubic) (space group of F43m), f3-(hexagonal) (space group of
P6ymc), y-(orthorhombic) (space group of Cmc2l), and &-
(trigonal) (space group of P3121). Optimal pseudopotentials
for the Cd atoms were used.”® The used k-point Brillouin zone
sampling and plane-wave cutoff energies produce total energies
that are converged to less than 1 meV per atom. The atomic
structures were optimized employing the Perdew—Burke—
Ernzerhof generalized gradient approximation (PBE—GGA)
exchange and correlation functional.”* The optical and
thermoelectric property calculations are performed using the
FP-LAPW method that works under the DFT (density
functional theory) and as employed in WIEN2K” and
BoltzTrap packages.’® In the context of Wien2k, a full-

Figure 1. Computed unit cell structures for the (a) a-CdTe (cubic),
(b) p-CdTe (hexagonal), (c) y-CdTe (orthorhombic), and (d) &-
CdTe (trigonal) phases.

potential linearized augmented-plane-wave (FLAPW) code,
Bethe—Salpeter equation (BSE) calculations can be performed
to obtain accurate optical properties of materials. In these
calculations, the ground-state electronic band structure
obtained from DFT calculations serves as the input for BSE.
The optical parameters of these different phases of the CdTe
material were obtained from the dielectric function expressed
as ¢(w) = &;(w) + ie;(w); here, the first part represents a real
and the second part represents an imaginary component of the
frequency-dependent dielectric constant. The imaginary
component is associated with the total absorbed energy by
the material and is also related to the optical band gap of the
materials.””** These real and imaginary parts are most likely
given as follows:*

2 [T gw) C
w
T J, @ 0 W —w

2 h/
&,(w) = m > | M ()Polem, (k) — @ldk

(1)

)

In relation 2,4 is the reduced Planck constant, “m
represents the mass of the electron, M, (k) = uy/eA/u, is the
dipole matrix momentum of the electric field, “e” is the vector
potential which shows the electric field matrix between the
valence and conduction states transition, @ (k) = E, — E,
shows the transition energy, and “d*k” is the volume element of
the Brillouin zone. The other significant optical parameters like
the absorption coefficient, the electron energy loss function,
the refractive index, and the reflectivity were attained from
e,(w), and &,(w) by means of the given equations.””**

10) = 22 (few) + ) — o)

&,(w)
el(w) + e} (w) (4)

L(w) =
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Table 1. Calculated Atomic Positions, Lattice Constants, Unit Cell Volume, Bulk Modulus (B), and Formation Energy (E¢o,)

for the Studied Different Structural Phases of the CdTe System

structures
a-CdTe PBE a(A)y  bA) c(A) V,(A) B(GPa) Epm
(F43m) GGA (eV/fu)
6.62 6.62 662 291.30 71.46 -1.37
6.42"
6:52"
6.44;2
Atoms X y z gigzo
Cd 0.500 0.000 0.500
Te 0.250 0.250 0.250
B-CdTe
(P63mc)
Cd 0.666 0.333 0.500 468 468 767 14582 8321 -1.39
4570 4570 747%
Te 0.666 0.333 0.874
v-CdTe
(Cmc21)
Cd 0.500 0.651 0.999 472 807 7.63 291.04 6874 -1.34
Te 0.500 0.317 0.875
5-CdTe
(P3121)
Cd 0.506 0.000 0.333 462 462 1049 19448  64.73 -1.33
Te 0.502 0.000 0.833

||"l|tln-

oo,

Frequency (THz)

Frequency (THz)

w M r A X M

Figure 2. Calculated phonon dispersion plots for (a) a-CdTe (cubic), (b) f-CdTe (hexagonal), (c) y-CdTe (orthorhombic), and (d) 5-CdTe

(trigonal).
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Table 2. Calculated Band Gaps of CdTe in Different Structural Phases

band gap (eV)

system

sp. group
a-CdTe cubic F43m
p-CdTe hexagonal Pé63mc
y-CdTe orthorhombic Cme21
5-CdTe trigonal P3121

direction PBE—-GGA mBJLDA
direct r 0.58 1.45
direct r 0.61 1.49
direct r 0.60 1.48
indirect A-T 0.01 0.75
direct r 0.0 0.77

(o) = (1e) + o) + e1<w)1)m

Ja(o) +ig,(w) — 1 ’
Ja(o) +ig(w) + 1 (6)

Moreover, the thermoelectric transport properties are
computed with the BoltzTrap code. By means of the
Boltzmann transport theory, these important thermoelectric
parameters can be calculated by employing the Onsager
relations.*

R(w) =

f =oEy — oSVT (7)

J = 6STEy — kVT (8)

Here, the terms ],— S, o, Eq, and VT represent the electrical-
current density, Seebeck coeflicient, electric conductivity,
external electric field, and the temperature gradient,
respectively. The symbol x here denotes the thermal
conductivity, achieved from the electrical conductivity by
employing the Wiedmann—Franz law.

3. RESULTS AND DISCUSSION

3.1. Electronic Properties. We computed the atomic
positions, the lattice constants, and bulk modulus calculations
for these structural phases. By employing the PBE—GGA, the
optimized sites of each individual atom are displayed in Table
1. Similarly, to predict the thermodynamic stability, the
formation energies are also computed, as listed in Table 1.
Each of the studied structural phase rests considerably lower as
compared to the corresponding elemental hull, with their
energies between the range of —1.31 (eV/fu.) to —3.00 (eV/
fu.). These formation energies indicate a very strong linkage
with an ionic character in the Cd—Te bonds. The formation
energy values for these studied phases are much consistent in
terms of the convex hull that was near the composition of
interest.”’~*" Figure 2a—c shows plots of the phonon
dispersions for the studied phases by employing the CASTEP
package®” which also works under the framework of DFT. The
stable nature of these studied phases was predicted and
confirmed from the phonon dispersion calculations. Our
calculations clearly signify that the nonoccurrence of the
negative frequencies undoubtedly confirmed that our studied
structural phases of the CdTe system are dynamically stable in
nature. The electronic band structures of the CdTe systems
were first calculated within the PBE—GGA approach. The
obtained band gaps are summarized in Table 2. The results
show that the band gaps of the CdTe systems in the cubic,
hexagonal, and orthorhombic phases are close in values, of
0.58, 0.61, and 0.60 eV, respectively, while for the trigonal
phase, the band gap is significantly smaller and has a value of
0.01 eV. The Fermi level is arbitrarily shifted to zero.

Additionally, the band gaps are direct at the I"-point except
in the trigonal phase where the indirect band gap from the A-
point at the VBM to the I"-point at the CBM is slightly smaller
than the direct band gap at the I'-point. Since the LDA and
GGA functionals are well known for their underestimation of
the band gaps, and in order to obtain more accurate band gaps,
we also employed the modified Becke—Johnson potential with
the LDA correlation (mBJLDA)’"** using pseudopotential
plane waves (mBJLDA@PP). The mBJLDA@PP approach
provides band gaps with an accuracy comparable to more
sophisticated methods such as hybrid functionals and GW** at
significantly lower computational costs. It is worth noting that
an important drawback of the mBJLDA potential approach is
that it underestimates bandwidths and overestimates carrier
effective masses;”* hence, we shall focus only on the obtained
band gaps. The mBJLDA band gaps (shown in Table 2) are
significantly larger than the PBE band gaps. The band gap of
CdTe in the cubic zinc-blende structure is 1.45 eV, which is in
agreement with the experimental value of 1.501 eV.>* We also
note that the band gaps for the cubic, hexagonal, and
orthorhombic phases are close in values of 1.45, 1.49, and
1.48 eV, respectively. Additionally, the band gap is indirect for
the trigonal phase and has a value of 0.75 eV.

The band structures along high symmetry lines in the
Brillouin zones of the abovementioned systems are displayed
in Figure 3. To gain more insight into the mBJLDA band
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Figure 3. Electronic band structure of the different CdTe systems
within the mBJLDA approach. (a) a-CdTe (cubic), (b) B-CdTe
(hexagonal), (c) y-CdTe (orthorhombic), and (d) 5-CdTe (trigonal).
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Figure 4. Computed total density of states and orbital-projected density of states for the CdTe systems obtained with the mBJLDA potential. (a) a-
CdTe (cubic), (b) p-CdTe (hexagonal), (c) y-CdTe (orthorhombic), and (d) 5-CdTe (trigonal).

structures, we presented the density of states (DOS) and the
orbital-projected density of states (PDOS) for the different
structures, as shown in Figure 4. The PDOS plots show that
for all structures, the upper valence bands are mainly formed
by the anion Te p-states, while the lower conduction band has
the cation Cd s-character, with the Cd bands of the p-character
appearing higher in energy in the conduction region. The semi
core Cd 4d-bands are located below the main valence band
region (~7—8 eV below VBM), followed by the semi-core Te
5 s-bands (~10—11 eV below VBM). It can be also noted from
the PDOS plots that there is hybridization between the Te p-
bands and Cd bands in the main valence region. Mainly, Cd
bands of the p-character appear in the upper part of the valence
bands, with a smaller contribution from the Cd bands of the d-
character, followed by Cd s-character bands appearing in the
lower part in the main valence bands (~2—4 eV below VBM).
Lastly, it can be noted that the main valence bandwidth in the

trigonal §-CdTe is larger than that in the other structures,
which indicates less localization of the Te p-bands.

3.2. Optical Properties. The light energy that passes
through materials causes a variety of phenomena that are
described by a plethora of parameters that predict the optical
performance of materials. The dielectric function (@) is
considered to be the most significant parameter in linear optics
which explicates the absorption and polarization properties of
materials. It is expressed as (w) = & (w) + ig,(@) in which
€1(w) is termed as the real component and &,(w) is the
imaginary component of the complex dielectric function. To
characterize the incident photon influence on the studied four
phases a-CdTe, -CdTe, y-CdTe, and 5-CdTe materials, the
dielectric function’s real and imaginary components along with
the other vital linear optical parameters are resolved. The static
values of the dielectric function’s real component demonstrate
a diminishing tendency with increasing photonic energy after a
small and sharp increase. In all the studied phases, the
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determined positive values of &,(w) are a clear indication of
conductive behavior, whereas negative values demonstrate the
materials” insulating behavior. The static dielectric constants
€,(0) for the respective @, f, 7, and S-phases of CdTe were
computed (see Table 3) to be 6.1, 6.40, 6.41, and 8.10,

Table 3. Computed Zero Frequency Limits of Static
Dielectric Constant £,(0), Refractive Index N(0),
Reflectivity R(0) for the Studied Structural Phases

a-CdTe p-CdTe y-CdTe 6-CdTe

£,(0) 6.1 6.40 6.41 8.10 this work
6.8% 6.46°° other’s work
6.43% other’s work

n(0) 241 2.55 2.55 2.58 this work
2.52% 2.56% other’s work
2.54% other’s work

R(0) 0.17 0.19 0.19 027 this work
021% 0.20* other’s work
0.19%¢ other’s work

respectively. These &,(0) values progressively decline because
the energy band gap increases from phase to phase while going
from the J-phase toward the a-phase. For the @, f, 7, and &-
phases, the £,(®) greatest peak position points are observed to
exist at 2.9, 3.3, 2.6, and 2.2 eV accordingly, and the sharp
peaks then steadily decline and get their minimum value in the
range 5.0—7.0 eV. Furthermore, the real component of the
dielectric function falls below the zero point, becoming
negative at around 6.0, 3.9, 5.3, and 4.7 eV for the -
(cubic), p-(hexagonal), y-(orthorhombic), and &-(trigonal)
phases, respectively, which is because of the incoming photon
beam that is completely reflected from the media below the
zero-point mark for the materials.

The imaginary component of the dielectric function &,(®) is
directly associated with material band gaps, and they are also
determined for the a, f3, 7, and 5-phases of the CdTe system, as
illustrated in Figure Sb. In the &,(w), the critical points are
observed mostly in between the energy range of 2.0—4.0 eV in
these phases. The optical change starts to occur at the 1.0—2.0
€V energy range. The energy values of the &,(@) peaks of the
CdTe material are at about 4.4, 3.2, 3.1, and 2.6 eV for the q,
B, 7, and S-phases of the CdTe system, respectively. In all these
phases of the CdTe system, a decrease in &(®) is noticed
when the energy values are increased. For each phase, the
magnitude of the &,(w) increases with energy above the
threshold energy. Generally, the four phases exhibit similar
dielectric functions over a wide energy range except for the -
(trigonal) phases of the CdTe material. The results of the
absorption coefficients in Figure Sc show that the absorption of
photons starts at 1.5, 1.4, 1.2, and 1.1 eV for the a-(cubic), f-
(hexagonal), y-(orthorhombic), and §-(trigonal) phases of the
CdTe material, respectively. For an increase in the photon
energies, the absorption coefficient increases for these phases
and begins to reach the maximum peak values at approximately
4.7, 3.8,3.95, and 4.8 eV for a, f3, v, and 6 phases of the CdTe
material, respectively. Some additional peaks (see Figure Sc)
are also observed in the 2—6 eV energy range, which are due to
the excitation of electrons from the valence band to the
conduction band. The dynamic dielectric constant is used to
calculate the energy loss function L(®).

The plasma peak that describes the collective excitations of
loosely bounded valence electrons into the unoccupied energy

levels of the conduction bands is a significant character of the
L(w) spectrum. As illustrated in Figure Sd the high intensity
peaks in the L(w) are detected at around 12.71, 12.60, 11.83,
and 1321 eV for the a-(cubic), f-(hexagonal), y-(ortho-
rhombic), and &-(trigonal) phases of CdTe materials,
respectively. Moreover, these high sharp peaks in the L(w)
then start to decrease along the energy axis, indicating plasma
frequency. From these intense peaks of L(®), we determined a
decrease in these values that appear most commonly as rapid.
This is most likely related to the predicted sharp peaks in the
reflectivity and its crossing of the zero static value. The peak of
the loss function corresponds to an abrupt type of reduction in
the reflectivity spectrum R(®). As seen in Figure Se, the
reflectivity spectra static values are observed at some low values
of 0.17, 0.19, 0.19, and 0.27 for the a, 3, y, and S-phases of
CdTe, respectively. The R(w) for the S-phase is higher as
compared to the other phases, and these high peaks arise from
interband transition. Additionally, we also observed a sudden
reduction in reflectivity spectra nearly at 8.0—9.0 eV energy
range for all the a, f, 7, and J-phases of the CdTe system that
confirms the existence of collective plasma resonance. In the
reflectivity profiles, the existence of a few high, sharp peaks
located in the energy range of 3.0—10.0 eV for these phases of
the CdTe material reveals that these phases are strong enough
for high-frequency values and can be ideal protecting materials,
specifically for large energy radiations.

The reflectivity then begins to upsurge linearly and rapidly at
an energy value of about 13.5 eV in all these studied phases. As
shown in Figure Sf, the refractive index static value n(0) (see
Table 3) was noticed at 2.41 for the a-phase, 2.55 for both the
p- and y-phases, and 2.58 for the §-phase of the CdTe system.
The refractive index rises as the incoming photon energy rise,
with high peaks seen at energies of 2.90, 3.41, 3.34, and 2.20
eV for the a, B, 7, and S-phases, respectively. The other peaks
in the energy range of 3—6 eV are due to the interband
transitions in these studied phases. The n(0) values greater
than one indicate that photons entering the compounds are
slowed down by interactions with the electrons in the
materials. Furthermore, for these n(0) values, the phase
velocity of light within the compounds is smaller than the
speed of light in a vacuum. With increasing energy, the
refractive index of each compound decreases, and the
magnitude of n(0) falls below one at high photon energies.
Our findings show that the material band gap and the n(w) are
inversely related to one another in all the studied phases.

3.3. Thermoelectric Properties. We examined the
thermoelectric behavior of the different phases of the CdTe
system in its different phases, ie., a-(cubic), f-(hexagonal), y-
(orthorhombic), and &-(trigonal) and studied their respective
thermoelectric features. We computed the relaxation time
which is of utmost importance for the electronic transport
coeflicients of the potential thermoelectric materials and is
based on the semi-classical Boltzmann transport theory. The
computed 74(fs) values were 183 fs, 174 fs, 171 fs, and 169 fs
for a-(cubic), f-(hexagonal), y-(orthorhombic), and §-
(trigonal) studied structural phases. Figure 6a—d explains the
thermal conductivity, Seebeck coefficient, specific heat
capacity, and figure of merit for these phases. In the case of
semiconductors, the lattice vibrations associated with the
number of atoms increase as the temperature rises. Convection
is capable of moving heat from a higher potential region to a
low potential region. Additionally, thermal conductivity for the
semiconductors in most cases is probably administered by the
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Figure S. Computed (a) real part &;(@) and (b) imaginary part &,(@) of the dielectric function, (c) absorption coefficient I(w), (d) electron
energy loss function L(w), (e) reflectivity spectra R(w), and (f) refractive index n(w) for the four different structural phases of the CdTe system.

involvement of phonons and electrons. The thermal
conductivity (x) displays the tendency of a material to conduct
heat. We measured the electrical part of thermal conductivity
(k.). Heat is not only carried by free electrons in metals but
also by lattice vibrations phonons in semiconductors and
insulators. Thermal conductivity exhibits a similar increasing
trend as electrical conductivity. The graphs indicate that
thermal conductivity rises approximately equally from negative
to positive values through the temperature range from 100 to
850 K due to the charge carrier’s thermal excitation, and this
enhances the process of heat conduction. At 100 K
temperature, the values of thermal conductivity were found
to be 0.5 X 10" W/mK, 0.48 X 10'° W/mK, 0.37 X 10'> W/
mK, 0.23 X 10" W/mK for (a, /3, 7, and §) phases of the CdTe
material, respectively. Consequently, at 300 K, the x values are
about 1.3 X 10" W/mK, 1.3 X 10" W/mK, 1.26 X 10'° W/
mK, and 0.6 X 10" W/mK for the @, f3, 7, and & phases,
respectively. For an increase in temperature up to a value of
850 K, the thermal conductivity attains values of about 3.58 X

10 W/mK, 3.43 X 10" W/mK, 3.21 X 10"® W/mK, and 3.21
X 10" W/mK for these four @, f3, 7, and § phases, respectively.
From the shown plots, the a, f, and y phases have a higher
thermal conductivity than the J-phase, this trend in “k” could
make the @, B, and y phases of the CdTe system as potential
thermoelectric materials at extreme temperatures.

The Seebeck coefficient is also crucial in understanding the
material efficiency in terms of their thermoelectric applications.
The Seebeck coefficient, as calculated for the (a, 3, 7, and &)
phases, of the CdTe system is plotted with temperature. The
Seebeck coefficient of the a-cubic phase is substantially greater
than those of the y and & phases of the material above 300 K
and possesses the same value as that of the #-phase below 300
K, as can be seen in Figure 6b. In the a-phase, at 100 K, the
Seebeck coefficient begins at a lower value of 0.0 #V K™' and
then rises as the temperature goes up and reaches a value of
8.45 uV K" at 850 K. However, for the f3, 7, and & phases of
the CdTe system, the Seebeck coeflicient starts with a negative
value of —1.1, —0.2, and — 1.6 4V K™ at a temperature of 100
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Figure 6. Computed temperature-dependent (a) thermal conductivity, (b) Seebeck coefficient, (c) specific heat capacity, (d) figure of merit, and
(e) electrical conductivity, for the four different structural phases of the CdTe system.

K and the value for the case of the y-phase then rapidly rises to
a value of 5.0 vV K™' at 850 K. At 100 K, the Seebeck
coefficient for the -ZnSe (hexagonal) begins with a negative
value of —1.1 uV K™". The value of the -phase approaches 0.0
uV K" at 300 K, and the value rises as the temperature
increases, reaching a value of 1.0 yV K' at 850 K. The
Seebeck coeflicient values in the positive region indicate the
existence of the dominant charge carrier in the given
temperature range. A negative Seebeck value means that
electrons are the dominant conductors in these materials.

An alternative understanding concerning the lattice
vibrations is achieved through specific heat capacity (C,).
The investigated specific heat capacity (C,) as a function of
temperature is presented in Figure 6¢, which reveals that at
higher temperature values, the y- and J-phases possess a larger
C, value as compared to @- and f-phases. With a rise in
temperature, the C, value of these materials rises. We analyzed

specific heat capacity only on the basis of electronic
contributions. At a lower temperature of 100 K, the calculated
specific heat capacity values of the a, 3, y, and J-phases are
0.21, 0.20, 0.23, and 0.15 J mol™ K, respectively. We noticed
the C, values at 300 K to be 0.71 and 0.74 for the f and y-
phases, and 0.5, and 0.12 J mol™" K™' for the @ and §-phases,
respectively. The high temperature value of C, approaches
3.59, 3.48 ] mol™ K™! and 3.21, 2.45 ] mol™" K™ for the q, f3,
7, and 6 phases at 850 K, respectively. As a result, materials
with less specific heat capacity can recognize and show
temperature variations efficiently, which is the case for the §
phases. Materials having a high specific heat capacity, on the
other hand, are appropriate for constructing oven covers and
insulating materials; this nature was concluded in the o and S-
phases. Another transport parameter that is used to examine
the material proficiency is the figure of merit (ZT). To evaluate
the effectiveness of thermoelectric nature in these studied

https://doi.org/10.1021/acsomega.3c00757
ACS Omega 2023, 8, 14742—14751


https://pubs.acs.org/doi/10.1021/acsomega.3c00757?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00757?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00757?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00757?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

phases, the dimensionless ﬁ$ure of merit (ZT) is computed
and is expressed as follows: "

SZ
°r
K + K, )

ZT =

The variation in the figure of merit with the temperature is
analyzed, as shown in Figure 6d; the figure of merit (ZT) is
calculated up to a temperature value of 850 K for the a, j, 7,
and O-phases of the CdTe system, as shown in Figure 6d. At
about 100 K, the ZT was noticed to be 0.01, 0.02, 0.01, and
0.009 for a-, -, y-, and O-phases, respectively. The ZT values of
the y-phase are higher compared to the other three phases with
the increase in temperature. At 300 K, the ZT values for a-, -,
7-, and O-phases are 0.13, 0.09, 0.17, and 0.13, respectively. At
850 K, a maximum value of ZT was observed that approached
0.49 for the a phase, 0.42 for the /3 phase, 0.51 for the y phase,
and 0.48 for 6 phase, respectively. Similarly, from 100 to 850
K, these computed ZT plots display a similar trend with a small
variation in their values. The y-phase displays an exceptional
value in between both temperature ends, suggesting it to be the
ideal thermoelectric material in this range. The ZT value for
the B-phases is much lesser, concluding that it is not much
appropriate for thermoelectric applications in its pure form at
very low and high temperatures. Figure 6e shows the
computed electric conductivity for the studied phases of the
CdTe system. The plots show a slight increase up to room
temperature in all these structural phases due to the rise in the
carrier concentration in these studied phases. The a-phase
displays a better electrical conductivity as compared to the
other phases. At 300 K temperature, the electrical conductivity
for the studied phases were 1.80 X10?°(Q ms)~", 1.66 X10*°(Q
ms)™, and 1.60 x10*°(Q ms) Yand 1.50 X10*°(Q ms)™* for
the a-, -, y-, and O-phases, respectively. Beyond the
temperature value of 450 K, the electrical conductivity for all
the studied phases gives a linear nature with a constant value
up to a temperature of 850 K.

4. CONCLUSIONS

In summary, the optoelectronic and thermoelectric properties
of the four different structural phases for the CdTe material
were computed with state-of-the-art DFT calculations. The
mBJLDA pseudopotential plane-waves calculations were
performed to get the gap values of 1.45, 1.49, 1.48, and 0.75
eV for the cubic, hexagonal, orthorhombic, and trigonal phases
respectively. The studied phases display a direct band gap
nature for the a-cubic, f-hexagonal, y-orthorhombic, and an
indirect band type nature for the -trigonal phase from the A-
point at the valence band maxima to the I'-point at the
conduction band minima. The PDOS show that for all
structures, the upper valence bands are mainly formed by the
anion Te p-states, while the lower conduction band has the
cation Cd s-character, with the Cd bands of the p-character
appearing higher in energy in the conduction region. From the
PDOS plots, the main valence band width in the trigonal 6-
CdTe is larger than that in the other structures, indicating very
less localization of the Te p-bands. The optical change in the
imaginary component occurs at the 1.0 to 2.0 eV energy range.
The &,(®) increases with energy above the threshold energy.
These structural phases exhibit similar dielectric functions over
a wide energy range except the 6-(trigonal) phases of the CdTe
material. The absorption of photons starts at around 1.5, 1.4,
1.2, and 1.1 eV for a-(cubic), f-(hexagonal), y-(orthorhom-

bic), and -(trigonal) phases, respectively. Some intense sharp
peaks in the L(w) start to decrease along the energy axis
indicating plasma frequency. Similarly, a sudden reduction in
reflectivity spectra nearly at around 9.0 eV energy range in all
the structural phases of the system confirms the existence of
collective plasma resonance. The thermal conductivity rises
approximately equally from negative to positive values due to
the charge carrier’s thermal excitation; this enhances the heat
process of conduction. From the computed plots, the @, $, and
7 phases have higher thermal conductivity than the -phase,
and this mounting trend makes the @, f, and y phases of the
CdTe system as potential thermoelectric materials at extreme
temperatures. The Seebeck coefficient of the a-cubic phase is
noticed to be greater than those of the y and & phases and has a
same value as that of the f-phase at around 300 K. The ZT
values of the y-phase show an increasing trend as compared to
the other three phases with the increase in temperature. The y-
phase displays an exceptional value in between both temper-
ature ends, suggesting it to be an ideal thermoelectric material
in this range.
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