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1. Introduction

A comparative DFT study of different structures of
ZnTe: for optoelectronic and thermoelectric
applications

Banat Gul,? Mohannad Mahmoud Ali Al-Hmoud,? Muhammad Salman Khan @ *<d
and Siti Maisarah Aziz®

In the present study, a comprehensive comparative investigation of ZnTe in its zinc-blende, wurtzite, and
tetragonal structural phases was performed employing density functional theory to analyze their
electronic, optical, and thermoelectric properties for potential optoelectronic and thermoelectric
applications. All three phases possess a direct band gap at the I' point, with computed energy gap values
of 2.1 eV (zinc-blende), 1.5 eV (wurtzite), and 1.3 eV (tetragonal), revealing their semiconductivity. The
density of states study found that Zn and Te orbitals made significant contributions across the valence
and conduction bands, with substantial variations in bonding interactions between these phases. Optical
investigation revealed that the tetragonal phase has the highest static dielectric constant (7.65) and
refractive index (2.70), while the zinc-blende phase has superior absorption properties and the highest
peak in the optical conductivity spectrum at 6.3 eV, demonstrating increased photon absorption
efficiency. The energy loss function also shows that the tetragonal phase has greater energy dissipation
potential. The Seebeck coefficient increased with temperature in all phases, with the tetragonal structure
reaching the greatest value of 115 pV K™ at 500 K. At high temperatures, the wurtzite phase had the
maximum electrical conductivity, which can be associated with its favorable electronic band dispersion
near the Fermi level. The figure of merit (Z7), an essential indicator for thermoelectric efficiency, is
highest for the tetragonal phase (ZT = 0.387 at 500 K), overcoming both the wurtzite (ZT = 0.36) and
zinc-blende structures. These results show that structural configuration has an essential effect on the
multifunctional properties of ZnTe. The tetragonal phase is a very attractive candidate for thermoelectric
applications, while the zinc-blende structure provides superior optical performance for optoelectronic
devices.

optical characteristics. These materials are useful for numerous
technical applications, including THz emitters, detectors,

The II-VI group of semiconducting materials continues to be
the main regime of research interest in condensed matter
physics despite their high complexity and defective forms due to
their wide band gap characteristics."™ One of the II-VI semi-
conductor material prototypes is zinc telluride.* Due to their
direct energy band gaps and ability to generate light at ambient
temperature, these semiconductors have garnered a lot of
attention in recent years.>” Additionally, as computer process-
ing power increases, it becomes simpler to accurately calculate
material properties such as solids' structural, electronic, and
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imaging systems, thin-film transistors, photovoltaics, control
systems, and solid-state lasers.®™® Several properties of mate-
rials can now be computed because of advancements in ab initio
approaches. The structural and mechanical characteristics of
ZnX (X = O, S, Se, Te) have been the subject of numerous ab
initio studies."* Hattori et al.** determined the refraction index
of ZnTe in the visible spectrum. Recently, Yu et al.** used first-
principles ground-state and response-function computations
to examine the elastic, dielectric, and thermodynamic proper-
ties of the B3 structure of ZnTe. The ZnTe band structure was
studied by Walter et al'* with the Wu-Cohen Generalized
Gradient Approximation (WC-GGA) approximation. By utilizing
DFT within the generalized gradient approximation (GGA) for
exchange-correlation energy, Sahraoui et al.*® have calculated
the elastic stiffness coefficients and bulk modulus for ZnS
under hydrostatic pressure.

The zinc-blende ZnTe was studied by Ding et al,'® whose
space group was F43m and the lattice parameter was a = 6.1037
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Fig. 1 The crystallographic structures and polyhedral model of the coordination for (a) and (b) zinc-blende, (c) and (d) wurtzite, and (e) and (f)
tetragonal phases of the ZnTe system.

A. The space group for wurtzite ZnTe is P6ymc, and for this these orbitals are regarded as being in the valence band. The
investigation, the initial structure parameters are used. The Zn experimental parameters serve as the first ones for the struc-
and Te have orbitals 3d"°4s® and 4d'°5s>5p*, respectively, and tural optimization.”” The ZnTe is significant for possible
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application in multi-junction tandem solar panels.*®*>* At 300 K,
ZnTe has a band gap energy of 2.26 eV, in the cubic phase, and
has an experimental lattice parameter of 6.10372 A, of the IIy-
VI, family is ZnTe. It also exists in other phases, like as in the
wurtzite with lattice constant (@ = b = 4.27 A, and ¢ = 6.99 A)
and at a 10.5 GPa pressure with lattice constant of (a = b = 4.062
A and ¢ = 9.434 A)*¢ discussed the experimental data for the
electronic characteristics of ZnTe. Fig. 1 signifies the crystal
structures for the investigated phases. The current research
focuses on the electronic, optical, and thermoelectric properties
of ZnTe in various structural forms, such as zinc-blende, wurt-
zite, and tetragonal configurations. Density functional theory is
used in these analyses. Notably, the modified Beck-Johnson
approximation is the most recent and precise approach for
predicting the energy band gaps, with experimental precision
nearing a 10% margin of error.”” This study is significant
because there is a lack of knowledge about the structural,
optoelectronic, and thermoelectric properties of ZnTe, which
are vital for its usage in nonlinear optoelectronic and thermo-
electric technologies.

2. Computational details

The density functional theory was used in the present work,
which employs both the WIEN2K code*® and the BoltzTrap
package.” For materials with localized electron states, such as
transition metal complexes, modified Beck-Johnson exchange-
correlation potential attempts to enhance the description of
electronic properties, such as band gaps and optical proper-
ties.** It modifies the exchange potential to more accurately
predict the band gaps observed experimentally for different
materials, such as semiconductors, insulators, and compounds.
The Tran-Blaha modified Beck-Johnson (TB-mB]) potential is
employed for the calculation of the electronic characteristics of
these structural phases. The modified Beck-Johnson potential
was demonstrated as follows.

1 /5 [ 2t,(r)
() = evih 3¢—2)=\/51] = 1
A0 = el )+ Ge-2 ) S W)
here pU:ZZ wio? is electronic density,

to = (1/2) Y, VW, -VWig is kinetic energy density, and the

Vs shows Becke-Roussel potential.** The real and imaginary
components are probably presented separately.**

B 2 _[° we(w) |,
el(w)fl—l-EPJ‘O L dw )
(o) = —o5 s [ M0 l0n () - ol ()

When creating the plane wave basis for the Brillouin zone of
zinc-blende ZnTe, 256 k-points are used, whereas 550 k-points
are used for the wurtzite structure. The first stage was to fine-
tune the energy cut,s and the k-point mesh using self-
consistent test computations. The stable structure's ground
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state volume is defined as the volume in which the system has
the lowest total energy. For both Zn and Te atoms, the atomic
muffin-tin radii (RMT) are set to 2. Where RMT represents the
muffin tin's smallest radius and K. is the reciprocal lattice
vector's greatest value, (RMT X Kpyax) is set to 7, and the cutyg
energy is 8.0 R,. The k-point values are employed for both
phases of their structural optimizations in the BZ integration
and evaluated at 1000 K k-points while considering optical
qualities.

3. Results and discussions
3.1 Structural properties

The ZnTe zinc-blende, in the cubic phase (see Fig. 1), has
a space group F43m. The Zn>" is attached to four equivalent
Te”>” atoms that form corner-sharing ZnTe, tetrahedra. All Zn-
Te bond lengths are 2.55 A. The Te?” in the cubic phase was
bonded to four equivalent Zn** atoms, and it forms a corner-
sharing TeZn, tetrahedra. The ZnTe in the wurtzite structure
is in the hexagonal phase and has a space group P6;mc. The
Zn*" in the wurtzite was bonded to its four equivalent Te*~
atoms and formed a corner-sharing ZnTe, tetrahedra. All Zn-Te
bond lengths are 2.75 A. The Te*~ was bonded to the four cor-
responding Zn*" and formed corner-sharing TeZn, tetrahedra.
Similarly, the zinc telluride structure crystallizes in a tetragonal
structure with a space group P4/mmm. The Zn** in this phase
was bonded in a linear geometry to four equivalent Te*~ atoms.
Both Zn-Te bond lengths are 3.30 A. These materials’ structural
relaxation was performed using PBE-GGA approximations. The
initially anticipated equilibrium volume remained constant
while thirteen alternative volumes were created in the second
stage. The structure was then relaxed by changing the atomic
locations. By taking into account different exchange-correlation
factors for structures across these atomic volumes, the cohesive
energy was calculated. The lowest cohesive energy volume was
identified as the ideal volume for the construction, from which
the structural parameters were derived.*”** We obtain signifi-
cant ground-state characteristics, including the lattice
constants, the bulk modulus B, and the optimized unit cell
volume of these structures (see Table 1). The energies required
for the formation of the various structural phases were deter-
mined, which were anticipated to be —1.47, —1.44, and —1.35
(eV per f.u.) for the zinc-blende, wurtzite, and tetragonal phases
of ZnTe, respectively. The fact that these energies range from
—1.3 eV per fu. to —1.5 eV per f.u., suggesting that these
materials are stable. The considerable connection between
formation energy and the level of ionicity in Zn-Te bonds shows
that lower formation energy is an indicator of stronger ionic
bonds. A more dependable convex hull is associated with the
reported formation energy values and is closest to the compo-
sitions of interest.****

3.2 Electronic band structures

By employing the Tran-Blaha modified Beck-Johnson (TB-mBjJ)
potential, the band structure in the zinc-blende, wurtzite, and
tetragonal structure systems was computed along the chosen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The atomic sites coordinate, lattice constants, formation energy, bulk modulus, and cohesive energy, for the investigated structural

phases of ZnTe

PBE-GGA
R . . Etorm Econ
Systems Atoms  x y z a (A) b (A) c(4) (ev per f.u.) B (GPa) (eV per atom)
Cubic-ZnTe 6.14 6.14 6.14 —1.47 57.5 4.51
(F43m) 6.10 (ref. 16) 52.0 (ref. 23)
6.11 (ref. 26)
6.19 (ref. 35)
6.12 (ref. 36)
n 0.500 0.500 0.000
Te 0.330  0.330 0.330
Hexa-ZnTe 4.41 4.41 7.22 —1.44 55.11 3.12
(P63mc) 4.27 (ref. 17)  4.27 (ref. 17)  6.99 (ref. 17) 51.0 (ref. 23)
4.29 (ref. 25)  4.29 (ref. 25)  6.99 (ref. 25)
4.43 (ref. 35)  4.43 (ref. 36)  7.17 (ref. 35)
4.52 (ref. 36)  4.52 (ref. 35)  7.11 (ref. 36)
Zn 0.500  0.250  0.003
Te 0.003 0.250  0.333
Tetra-ZnTe
(P4/mmm)
Zn 0.250 0.356  0.777 3.34 3.34 6.73 —-1.35 78.31 2.34
Te 0.500 0.350 0.666

high-symmetry directions in the Brillouin zone (BZ). The
valence band maximum and conduction band minimum are
localized at I'-point of the BZ for all three examined ZnTe
structures, confirming a direct energy gap semiconducting
behaviour. The size of their energy gaps was the primary
distinction between the analyzed compound topologies.
Calculated band gaps for ZnTe in cubic zinc-blende, hexagonal
wurtzite, and tetragonal structures are shown in Fig. 2, were
1.8 eV, 1.5 eV, and 1.2 eV, respectively. The computed band gap
values were found to be in good agreement (see Table 2) with
the reported theoretical?®*** and experimental values.”” Among
the structural phases, the band gap of ZnTe in the tetragonal
phase is less than that in cubic zinc-blende and hexagonal
wurtzite. The valence bands, which are made up of three split-
ting bands that correspond to the heavy hole band, light hole
band, and spin split-off band, respectively, are illustrated in
Fig. 2. The conduction bandwidth in ZnTe can change
depending on the crystal structure. In general, a material's
conduction bandwidth is affected by several variables,
including bonding interactions, atomic organization, and
crystal symmetry. The conduction band of ZnTe was wider in
the face-centered cubic and hexagonal crystal structures of zinc-
blende and wurtzite than tetragonal crystal structure. A flatter
curvature around the band edge corresponds to a greater
effective mass, while a steeper curvature indicates a lower
effective mass. The symmetry and degeneracy can help with
band broadening by allowing additional states to overlap and
they are not the only factors that influence. Bond lengths, such
as the Zn-Te bond in the studied zinc telluride structures, may
exert a more noticeable effect. Shorter Zn-Te bond lengths
promote orbital overlap between the atoms, thus increasing the
electron mobility across the lattice and resulting in larger
electronic bands. As a result, in these three structures, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

differences in Zn-Te bond lengths can have a significantly
greater impact on bandwidth than symmetry or degeneracy. It is
also true and correct that shorter Zn-Te bonds generate
stronger interactions between atoms, broadening the energy
bands. The zinc-blende and wurtzite phases are both extremely
symmetric structures, although with different specific symme-
tries. Zinc-blende (cubic) has a highly symmetric cubic structure
with the space group F43m, giving it an exceptional level of
symmetry in three dimensions. Wurtzite (hexagonal) has
somewhat lesser symmetry than zinc-blende, although it
nevertheless has a greater degree of symmetry because of its
hexagonal lattice. Tetragonal phases frequently have lesser
symmetry than zinc-blende and wurtzite. The band structure of
the crystal and the type of binding interactions influence the
effective mass of the charge carriers. These elements can be
used to explain the differences in effective mass among the
three phases of ZnTe. The maximum value of the valence band
in the wurtzite structure is located at the center of the Brillouin
zone, and the valence bands converge strongly around this
point. Near the valence band maximum, this curve aids in the
formation of charge carriers with higher effective masses. A
lower effective mass for charge carriers results from the
increased spherical or symmetrical dispersion, which is made
possible by higher symmetry. Table 2 summarizes the band gap
energy predicted for ZnTe in cubic zinc-blende, hexagonal
wurtzite, and tetragonal phases, with comparisons to experi-
mental and theoretical results.

3.3 Density of states

Fig. 3 depicts the results of the Tran-Blaha modified Beck-
Johnson (TB-mB]J) potential calculation of the densities of states
for the three phases. Understanding the behavior of state
occupancy across a particular energy interval is made easier by

RSC Adv, 2025, 15, 15550-15560 | 15553
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Fig. 2 The calculated electronic band profiles of (a) zinc-blende, (b) wurtzite, and (c) tetragonal phases of the ZnTe system.

the concept of density of states. The states available for occu-
pation are those with a high density of states at a particular
energy level. The total density of state and partial density of
state for the cubic zinc-blende of ZnTe are shown in Fig. 3(a).
The Te contributes most in the valence band region, ranging
from 0.0 eV up to —2.0 eV, whereas the Zn contributes mini-
mally. The Te and Zn make up the majority of the contribution
from —3.5 up to —4.5 eV. The greater peaks for Zn in the total
density of state suggest that the Zn atoms have contributed
more to the electronic states at that particular energy level in the
cubic structure. This suggests that, as compared to Te atoms,

15554 | RSC Adv, 2025, 15, 15550-15560

the Zn atoms have a higher density of accessible valence states
or a stronger electronic connection in that energy range in the
cubic structure. The Zn and Te make the dominating contri-
bution, ranging from 2.3 up to 5.0 eV. The Zn-s, -p states from
0.0 eV to —3.0 eV exhibit a high contribution in the PDOS for
cubic zinc-blende ZnTe, while from Te, the only Te-p state has
a large contribution from 0.0 eV to —3.0 eV in the cubic struc-
ture. This demonstrates that the Zn-s and p-states account for
the majority of the valence band of ZnTe in specific energy
ranges. Furthermore, the Te-p state of Te makes a significant
contribution, implying that Te atoms play a role, although to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The computed band gaps, zero frequency limits for the static dielectric constant, refractive index, and reflectivity for ZnTe, along with

other theoretical and experimental data from the literature

Band gaps (eV)

High symmetry Our TB-mB]J

Systems Sp. group  point calculations  Others theoretical ~Experimental £(0) n(0) R(0)
Cubic-ZnTe  F43m r-r 2.1 2.07 (ref. 25) 2.13 eV (ref. 23) 6.21 2.51 0.18
6.52 (ref. 25)  2.52 (ref. 25)  0.21 (ref. 25)
6.9 (ref. 27)  2.54 (ref. 27)  0.19 (ref. 27)
Hexa-ZnTe  P6ymc r-r 1.5 1.48 eV (ref. 23) 1.6 eV (ref. 27)  7.01 2.61 0.19
1.67 €V (ref. 25) 7.52 (ref. 25)  2.56 (ref. 25)  0.20 (ref. 27)
8.9 (ref. 27)
Tetra-ZnTe  P4/mmm r-r 1.3 7.65 2.70 0.22

a lesser extent than Zn. The maximum contributions come from
the Zn-s, -p, and -d states, as well as the Te-p and -s at —3.5 eV to
—4.5 eV. The Zn-s, -p, states, and Te-p states with energies
ranging from 2.3 eV to 5.0 eV account for the majority of
contributions in the conduction band region. The electronic
states that are associated with the zinc atom, specifically the s-,
and p-states, are referred to as Zn-s and p-states. These states
cause high peaks in partial density states, significantly
increasing the number of electronic states in this energy range.
Te-p and Te-s states are the electronic states that are associated
with the Te atom. Te-p state plays an especially important role
in this energy field. As a result, the higher peaks visible in the
partial density states are attributed to the Te-s state, which
represents the electronic states associated with the s-orbital of
Te atoms in the ZnTe cubic structure. Fig. 3(b) depicts the total
density of state and partial density of state for the six-layer ZnTe
structure. The Te states contribute the most to the valence area
of 0 to —2.5 eV, whereas the Zn levels contribute only slightly.
The Te and Zn provide the highest peak and donate mean-
ingfully to the wurtzite structure, ranging from —4.0 up to
—5.0 €V. The Zn and Te states make a significant and preceding
influence in the conduction band, from 2.0 to 5.0 eV. In the
partial density of state for wurtzite hexagonal ZnTe in the
valence band, the s and d states of Zn have high peaks and their
largest influence from 0 to —3.0 eV, whereas Te-s and p-states
make significant contributions in the same energy range. The
Zn-d states and Te-s states account for the majority of the
contributions from —4.0 eV up to —5.0 eV. The higher peak
values and significant contributions of Zn-d and Te-s states in
the wurtzite structure imply a strong electronic coupling and
interactions with these orbitals within the valence band at
—4.5 eV. The electronic and bonding characteristics of ZnTe in
that energy range are greatly influenced by these electronic
states. While Zn-s, -p orbitals and Te-s, -d orbitals from 2.0 up to
5.0 eV cause the majority in the conduction band region. The
density of states of the tetragonal structure of ZnTe is revealed
in Fig. 3(c). Here, the Zn has a negligible contribution in the
range, the Te has greater peaks, and its highest contribution is
from 0 eV to —2.0 €V in the tetragonal phase. The higher peaks
for Te in the total density of state at energy 1.5 eV imply a greater
contribution from Te atom electronic states at that particular

© 2025 The Author(s). Published by the Royal Society of Chemistry

energy level. The Te atoms possess a high proportion of avail-
able states with a strong electronic linking for the tetragonal
phase, as Zn atoms. The intense peaks for the Te in the total
density of states are at about 1.5 eV, which indicates that the Te
electronic states contribute more at this energy level. This
implies that Te atoms have a higher proportion of accessible
states or a stronger electronic connection in this energy region
in the tetragonal phase than Zn atoms. At 1.5 eV, the electronic
states of Te atoms possess high attraction and are more likely to
be occupied in the valence band. The major role of the Te and
Zn atoms ranges between —3.7 and —4.8 eV. Plotting the total
energies for the three phases against volume yields ground-state
parameters. The Birch-Murnaghan equations of state are used
to reduce the total energy of the three phases to the volume of
a unit cell (E-V), which yields the ideal ground state variables.

3.4 Optical properties

The complex dielectric function, ¢(w) = &(w) + iey(w) frequently
describes the macroscopic optical response functions of mate-
rials in the linear response range. The solid's band structure
and its spectrum are reflected by the dielectric function, which
serves as a link between small physical band transitions and the
solid's electronic structure. The real and imaginary parts of the
dielectric function can be defined in terms of direct transition
probabilities and Kramers-Kronig dispersion relations. Fig. 4(a)
depicts the ¢(w) of ZnTe dielectric function in cubic zinc-
blende, hexagonal wurtzite, and tetragonal phases. ZnTe has
a static dielectric constant (see Table 2) of 6.21, 7.01, and 7.65
for the zinc-blende, hexagonal wurtzite, and tetragonal phases,
respectively. The peaks are seen in the zinc-blende, wurtzite,
and tetragonal at 3.51 eV, 3.21 eV, and 4.0 eV, respectively. The
tetragonal phase's greatest peaks are likely caused by the crys-
tal's unique electronic band structure and symmetry. When
compared to cubic structures, tetragonal structures have less
symmetry, which can result in a wider variety of energy transi-
tions between electronic states. Higher peaks in the dielectric
function may be the result of the greater diversity of transitions.
The possible transitions between electronic states may be con-
strained by the higher symmetries of cubic zinc-blende and
hexagonal wurtzite structures, on the other hand. They have
lower dielectric function peaks than the tetragonal phase as

RSC Adv, 2025, 15, 15550-15560 | 15555
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Fig. 3 The calculated density of states of (a) cubic zinc-blende, (b)
hexagonal wurtzite, and (c) tetragonal phases of the ZnTe system.

a result. Fig. 4(b) depicts the imaginary portion ¢,(w) of the ZnTe
dielectric function in the cubic zinc-blende, hexagonal wurtzite,
and tetragonal phases. The cubic zinc-blende, hexagonal wurt-
zite, and tetragonal phases of ZnTe exhibit interband transi-
tions and electronic band structures that govern how the &,(w)
performs at high energies. The profiles exhibit an equivalent
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nature for the energy range. The discrepancies in &,(w) positions
and values can also be seen. The band gaps and the densities of
electrons interact in the transitions and undoubtedly contribute
to this disparity.

According to the plot, the ZnTe cubic in zinc-blende,
hexagonal wurtzite, and tetragonal phases exhibit sharp peaks
at energies of 6.10, 4.0, and 5.0 eV, with maximum values for
&(w) of 12.2,12.0, and 10.0, respectively. Based on the density of
states plots in Fig. 3, the main characteristics of ¢,(w) can be
attributed to changes in the occupied state's hybridized state as
it occurs in the vacant orbitals. When the structure is changed,
the energy gap enlarges, pushing the total spectrum towards
higher energies. In most materials, the absorption coefficient is
usually capped by phase space-filling effects. This suggests that
fewer electronic states are available for transition as more
electronic states are filled. As from Fig. 4(c), the three structures
have comparable absorption at energies between 2.50 and
4.0 eV, which is consistent with the extinction coefficient curves.
The tetragonal phase absorption is greater at energies between
4.1 eV and 5.0 eV. However, as energy levels rise, the zinc blend
absorbs more energy. The greatest peak of the cubic zinc-blende
ZnTe curves is 7.0 eV, while the curves of hexagonal wurtzite
ZnTe are 6.2 eV and 8.3 eV, respectively. The zinc-blende ZnTe
has a considerably higher absorption than wurtzite ZnTe and
tetragonal ZnTe. In addition, a peak in zinc-blende curves at
7.0 eV demonstrates that zinc-blende ZnTe may absorb photons
more efficiently. Fig. 5(d) shows that the plasma oscillation
characteristic is represented by the energy loss function's peak,
and the energy at which the peak is found corresponds to the
frequency of the plasma oscillation. ZnTe cubic zinc-blende
exhibits a peak loss function of 0.49 at 12.58 eV, 0.57 eV at
13.0 eV, and 0.68 at 12.15 eV for the ZnTe tetragonal phase.
Compared to hexagonal wurtzite and cubic zinc-blende, the
tetragonal phase's peaks are significantly larger. Compared to
cubic and hexagonal structures, tetragonal structures frequently
exhibit lower levels of symmetry. A greater energy loss function
can be produced via lower symmetry, which can also lead to
a wider variety of electronic transitions and a wider dispersion
of energy loss states. There may be more accessible energy
states and transitions in the tetragonal phase's electronic band
structure, which helps with energy loss. This might be the result
of the particular atom arrangement and the resulting electrical
band dispersion.

In Fig. 5(a), the ZnTe has a refractive index of 2.51, 2.61, and
2.70 at 0 €V in its cubic zinc-blende, hexagonal wurtzite, and
tetragonal phases, respectively (see Table 2). When the energy is
between 0 and 3.7 eV, the refractive index of cubic zinc-blende
ZnTe increases as the energy increases, and the crystal
exhibits characteristics of typical dispersion. Zinc-blende's
energy peak is at 3.7 eV. But at energies between 4.0 and 14.0 eV,
the refractive index falls as the energy rises, exhibiting anom-
alous dispersion. The normal dispersion range for hexagonal
wurtzite is 0-3.5 eV, while the extreme dispersion range is 3.6-
14.0 eV. The highest wurtzite peaks have energies of 3.5 eV. For
ZnTe in the tetragonal phase, with energies between 0 and
4.0 eV, the refractive index rises as the energy increases, and the
crystal exhibits characteristics of typical dispersion. But at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The calculated (a) real component, (b) imaginary component, (c) absorption coefficient, and (d) energy loss function of the studied

structures of the ZnTe system.

energies between 4.0 and 14.0 eV, the refractive index falls as
the energy rises, exhibiting anomalous dispersion. Fig. 5(b)
shows that the extinction coefficients of hexagonal wurtzite,
cubic zinc-blende, and tetragonal phase only differ a little
between 0 and 4.0 eV. The extinction coefficient of cubic zinc-
blende, hexagonal wurtzite, and tetragonal phases all rise as
energy levels rise. At an energy of 7.0 eV, cubic zinc-blende has
a maximum extinction coefficient of 2.52. At an energy of 4.2 eV,
hexagonal wurtzite exhibits a maximum extinction coefficient of
2.5. At an energy of 6.2 eV, the greatest extinction coefficient for
the tetragonal phase is 2.3. The extinction coefficient for the
aforementioned structures decreases as energy increases after
7.0 eV.

The electrical band structure, crystal symmetry, and the way
light interacts with the material all have an impact on the
reflectivity. The reflectance for ZnTe in cubic zinc-blende,
hexagonal wurtzite, and tetragonal phase at 0 to 14.0 eV is
shown in Fig. 5(c). The reflectance of the aforementioned
structures likewise increases when energy levels rise. At an
energy of 13.75, cubic zinc-blende, hexagonal wurtzite, and
tetragonal phases, respectively, have maximum reflectivity of
0.65, 0.58, and 0.73. Depending on the particular material and
the wavelength range of interest, the behavior of reflectivity
might change dramatically. Different electrical band structures

© 2025 The Author(s). Published by the Royal Society of Chemistry

and symmetries in crystal formations can lead to variances in
reflectance. In the cubic zinc-blende, hexagonal wurtzite, and
tetragonal phases of ZnTe, the optical conductivity peaks from 4
to 6.3 eV. The cubic zinc-blende peaks at 6.3 eV, the maximum
energy. The largest energy peaks are at 4.0 eV for wurtzite and
4.5 eV for the tetragonal phase. These peaks' energy locations
are determined from band structures and the electronic prop-
erties of the ZnTe used in the construction of the mentioned
structures.  Dropping  optical  conductivity = indicates
a substance's reduced ability to transmit or absorb light of that
specific energy spectrum.

3.5 Thermoelectric properties

By the constant scattering time approximation, the thermo-
electric parameters, including the Seebeck coefficient, thermal
conductivity, electrical conductivity, and figure of merit, were
also estimated as functions of temperature. Fig. 6(a) shows the
predicted ZnTe electronic thermal conductivity as a function of
temperature for the cubic zinc blende, hexagonal wurtzite, and
tetragonal phases. The Wiedemann-Franz law states that the
electronic thermal conductivity obeys the proportionality of
these two parameters, increasing with temperature like the
electrical conductivity: L is the Lorenz number, hence k; = L «
T. Up to 300 K, values of around 0.30, 0.10, and 0.20 x (10> W
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m ' K ' s ") are obtained for the ZnTe in cubic zinc blende,

hexagonal wurtzite, and tetragonal phase, respectively. At 500 K,
the maximum thermal conductivity was for the cubic zinc-
blende ZnTe. At 500 K, the ZnTe in zinc-blende, wurtzite, and
tetragonal phases have, highest electronic thermal conductivity
is 0.588, 0.476, and 0.278 x (10> Wm ' K™ ' s 1), respectively.
The larger density of states at the Fermi level in cubic zinc-
blende than in hexagonal wurtzite and tetragonal phase
accounts for its steeper slope over 300 K. Comparing the
hexagonal wurtzite and tetragonal phases of zinc telluride
(znTe), the cubic zinc-blende structure exhibits a higher degree
of symmetry. Higher thermal conductivity results from more
effective heat transport across the crystal lattice, which is made
possible by higher symmetry. The electrical conductivity of
ZnTe is shown in Fig. 6(b) for the zinc-blende, wurtzite, and
tetragonal phases. When the temperature rises, the electrical
conductivity of the phases under study increases almost line-
arly. In contrast to thermopower, a trait of semiconductors, this
performance displays an opposing temperature-dependent
fluctuation. The ZnTe tetragonal phase exhibits lower elec-
trical conductivity at a particular temperature. At 300 K, the
electrical conductivity of ZnTe in cubic zinc-blende, hexagonal
wurtzite, and tetragonal phases is 0.13, 0.15, and 0.078 x
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Fig.5 The calculated (a) refractive index, (d) extinction coefficient, (c) reflectivity, and (b) real optical conductivity for the three structural phases
of the ZnTe system.

(10 W m™'s ' K ?), respectively. At 500 K, we noticed that the
electrical conductivity of the wurtzite-ZnTe turned out to be
greater than that of the other two phases. At 500 K, we noticed
the values of 0.3, 0.35, and 0.2 x (10> W m™ ' s K ?) for the
ZnTe in the zinc-blende, wurtzite, and tetragonal phase,
respectively. The increase in charge carrier concentration
brought on by the thermal excitation that occurs when the
temperature rises causes the electrical conductivity to increase.
The wurtzite structure of ZnTe has a distinct electronic band
structure from the cubic zinc-blende and tetragonal phases. The
energy states that electrons can occupy and take part in elec-
trical conduction are determined by the band structure. The
wurtzite phase's distinct band structure may permit a higher
density of states near the Fermi level, facilitating more effective
electron transport and greater electrical conductivity.

The Seebeck coefficient in zinc-blende, wurtzite, and
tetragonal phases is shown in Fig. 6(c). Notably, the Seebeck
coefficient exhibits positive values over the whole investigated
temperature range of 0 to 500 K, demonstrating that holes act as
the prime charge carrier in zinc-blende, wurtzite, and tetragonal
phases of ZnTe. When the temperature rises, the Seebeck
coefficient of the phases under study increases almost linearly.
For temperatures up to 300 K, the values of 60.0 x 10 ®* VK,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The calculated (a) thermal conductivity, (b) electrical conductivity, (c) Seebeck coefficient, and (d) figure of merit for the three structural

phases of the ZnTe system.

75.0 x 10°° VK, and 80.0 x 107° V K ! are obtained for the
ZnTe in zinc-blende, wurtzite, and tetragonal phases, respec-
tively. At 500 K, the ZnTe in zinc-blende, wurtzite, and tetrag-
onal phases have, highest electronic thermal conductivity is
90.0, 120.0, and 115.0 x (10~ ° V K1), respectively. It is feasible
for the tetragonal and wurtzite phases of ZnTe to have equal
Seebeck coefficients. The material's electronic band structure
and carrier transport characteristics play a major role in deter-
mining the Seebeck coefficient. Similar electronic band struc-
tures between the tetragonal and wurtzite phases of ZnTe can
lead to similar energy dispersion relations for electrons and
holes. Their Seebeck coefficients may therefore show identical
values. A material's thermoelectric efficiency from a vital
parameter, which is the figure of merit (Z7). A thermoelectric
material with a higher Z7 value is more effective. The figure of
merit for ZnTe in its zinc-blende, wurtzite, and tetragonal
phases is shown as a function of temperature in Fig. 6(d). The
thermoelectric performance, as measured by ZT, improves in
the sequence of tetragonal phase, wurtzite, and zinc-blende over
most of the temperature ranges examined. This shows that
ZnTe in monolayer form has a lot of potential as a thermoelec-
tric material. Notably, the tetragonal phase possesses
a remarkably high ZnTe figure of merit, particularly at
temperatures above 500 K. At 300 K, the ZT values for ZnTe in
the zinc-blende, wurtzite, and tetragonal phases are 0.13, 0.18,
and 0.21, respectively. Furthermore, the ZT values for ZnTe in
these phases increase as temperature rises. Z7T values at 500 K
are 0.27, 0.36, and 0.387, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

4. Conclusions

In summary, calculations are performed based on the density
functional theory, and a comparative investigation of the three
diverse ZnTe phases was conducted in terms of their electronic
structure, optical, and transport properties. Each of the three
phases was expected to demonstrate a semiconducting char-
acter with a direct band gap. A decrease in formation energy is
associated with a larger degree of ionic character in the bonds,
according to a clear and substantial association between the
ionicity level of Zn-Te bonds and formation energy. Since the
conduction bands of wurtzite ZnTe were smaller than those of
zinc-blende and tetragonal ZnTe, the effective electron mass
was smaller. The degree of symmetry of the ZnTe wurtzite
structure is lower than that of the zinc-blende or tetragonal
structures. The Zn peaks in the TDOS imply that Zn atoms have
made a stronger contribution to the cubic structure's electronic
states at that specific energy level. The strongest peaks of the
tetragonal phase in &;(w) are probably due to the unique elec-
tronic band structure and symmetry of the crystal's structure.
The tetragonal configuration has less symmetry than cubic
structures, which can lead to a larger range of energy transitions
between electronic states. Still, the differences in ¢,(w) positions
and values are also apparent. This discrepancy is influenced by
band gaps and electron concentrations that are entangled in the
transitions. The absorption of the zinc-blende ZnTe is signifi-
cantly higher than that of the wurtzite and tetragonal ZnTe.
Zinc-blende ZnTe can absorb photons more effectively, as seen
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by a peak in the curves at 7.0 eV. Tetragonal structures usually
display lower levels of symmetry than cubic and hexagonal
ones. Lower symmetry can yield a larger energy loss function,
which can also result in a wider range of electronic transitions
and a larger dispersion of energy loss states. When the energy is
between 0 and 3.7 eV, the cubic zinc-blende ZnTe crystal
exhibits normal dispersion properties, and its refractive index
rises as the energy rises. At a specific temperature, the ZnTe
tetragonal phase has the lowest electrical conductivity. We
observed that, at 500 K, the electrical conductivity of the wurt-
zite-ZnTe phase was higher than that of the other two phases.
Due to the unique band structure of the wurtzite phase, there
may be an advanced density of states near the Fermi level,
which would aid in more efficient electron transport and
improved electrical conductivity. The Seebeck coefficient of the
phases under study increases practically linearly as the
temperature increases. Also, the figure of merit of ZnTe in zinc-
blende, wurtzite, and tetragonal phases increases with
temperature.
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