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In this study, the special quasi-random structure (SQS) approach has been considered for structural, elec-
tronic and optical properties of rock-salt (RS) and zinc-blende (ZB) phases of ZnO1�xTex (x = 0, 0.25, 0.5,
0.75 and 1) using density functional theory. The Wu–Cohen generalized gradient approximation (GGA)
has been employed for optimizing the lattice parameters (a0) and bulk moduli (B0) in both phases which
show reasonable agreement with numerous theoretical and experimental results. To compute the band
gaps with high degree of precision, we employed Engel–Vosko GGA and modified Becke and Johnson local
density approximation (mBJLDA) functionals. In the RS phase, metallic nature of the compounds under
investigation is evident for 0.25 < x < 1, whereas direct band gap appears at all concentrations in ZB
phase. The density of states (total and partial) are presented to comprehensively analyze the electronic
structure of all compounds. Contrary to earlier theoretical studies, the mBJLDA band gap values for the
end binaries appear to be significantly improved showing overall better agreement with the experimental
data. The optical properties of ZnO1�xTex alloys in the ZB phase are also discussed in terms of dielectric
function which show their potential utilization in optoelectronic devices.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The high complexity of pristine and defective forms of II–VI
wide-gap semiconductors has made these materials one of the
hot topics in the current condensed matter research [1–6]. Among
these semiconductors, ZnO stands out for future technological
needs due to its suitability for various electronic, optical and mag-
netic devices which has been the reason behind numerous exper-
imental and theoretical investigations for this material [1,7]. The
increasing interest in ZnO originated from its promising applica-
tions in spintronic and opto-electronic devices. Moreover, ZnO is
already being used in applications which range from fabrication
of solar cells, light emitting diodes (LEDs), ultraviolet (UV) opto-
detectors to piezo-electronic devices and thin film transistors
[1,2,8–11]. In addition, the attractive properties of ZnO nano-
crystals, such as hysteresis above ambient, lasing ability in ultravi-
olet and visible region at room temperature as well as selective
sensing of glasses are well understood and already playing a crucial
technological role [12–14]. The possibility to grow large size ZnO
crystal and wafer by modern techniques has struck an immediate
chord with researchers interested in its industrial use [15]. Sub-
stantial progress has been made in understanding this material
and remarkable new properties of polycrystalline and nanocrystal-
line ZnO are discovered which are very important from technolog-
ical point of view [5,8,12,16–20].

On the other hand, II–VI wide-gap semiconductors ZnTe has
attracted a great deal of attention being a natural candidate for
opto-electronic device applications like detectors, light emitting
diodes (LEDs) and window material for CdTe based solar cells
[21–23]. Various fabrications techniques such as molecular
beam epitaxy (MBE), thermal vacuum evaporation (TVE), vapor
phase deposition (VPD) and electrochemical deposition have
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been successfully employed for the growth of ZnTe thin films [24–
27].

Although a large number of theoretical and experimental stud-
ies are available on anion-substituted alloys such as ZnOxS1�x [28],
a comprehensive account of ground state properties of ZnO1�xTex

alloys in cubic rocksalt (RS) and zincblende (ZB) phases in not
available in literature, to the best of our knowledge. In the present
study we utilize density functional theory (DFT) to explore some
opto-electronic properties of ZnO1�xTex alloys in order to identify
their utilization in future devices.

2. Computational details

The correlations of random alloys in periodic structures do not
remain accurate after a certain lapse of distance. A simple solution
to this problem demands the construction of large supercell, how-
ever, first-principles calculations become increasingly expensive
with increasing number of atoms in the supercell. Based on the fact
that physical properties which depend on local randomness and
microscopic length are not affected by the size of supercell, Zunger
et al. [29] proposed construction of special quasirandom structure
(SQS) supercells with the advantage of leaving their size on the
choice of user. In the present study a limiting case of infinitesimal
supercells compatible with the constituents in percentage is there-
fore used. Consequently, the ZnO1�xTex compounds are schemed in
terms of periodically repeated supercells with preferred composi-
tions in ordered structure. By using the compositions x = 0.25, 0.5
and 0.75, we considered eight-atom cubic lattice for exploring
the physical properties of ZnO1�xTex alloy in RS and ZB phase.
For constructing a SQS, it is required to closely reproduce the struc-
tural correlation function of the random alloy for first few neigh-
boring shells and, therefore, the characterization of SQS depends
upon this correlation functions (detailed analysis can be found in
Ref. [29]). In the present study, the structures used for mimicking
the random alloy at x = 0.25/0.75 and x = 050 belong to the eight
atom SQS [29]. For the case of x = 0.25 and 0.75, the simplest struc-
ture is a simple cubic lattice with eight atom. For the case of ZB
alloys, this structure has the anions with lowest concentration at
the simple cubic lattice site which is usually termed as the luzonite
structure. On the other hand, the structure obtained for the case of
Fig. 1. Special quasi-random structure (SQS) for ZnO1�xTe
x = 0.50 is simply a (001) supercell. Similar first-principles SQSs
have been successfully applied to binary and ternary solid solu-
tions for accurate prediction of various properties of solid solutions
[30]. The basic advantage of SQS approach is that it helps overcome
limitations when studying various physical properties of disor-
dered solid solutions by allowing for substitution of atoms at lat-
tice sites such that the resulting structures reproduce the average
correlation functions of the random substitutional alloys. In spite
of the fact the eight atom SQS is generally too small to represent
a random alloy, our calculated results for fundamental band gap
indicate that for the case of ZnO1�xTex an eight-atom and a thirty
two-atom structure show very little differences. Therefore, for
the results presented in subsequent sections we utilize the small-
est SQS (Fig. 1) which effectively reduce the calculation times.

Full-potential linear-augmented-plane-wave plus local-orbital
(FP-LAPW + lo) method of DFT, as implemented in the WIEN2K
package [31], has been used in this study to compute the electronic
structure and optical properties of ZnO1�xTex alloys in RS and ZB
phase. The self-consistent field energy tolerance is set to 10�4 Ryd
and the electronic exchange–correlation for structural optimization
is managed by generalized gradient approximation (WC-GGA) [32].
The reason for utilizing WC-GGA for structural optimization stems
from its better performance for geometry optimization as com-
pared to other DFT parameterizations schemes [33]. In order to
improve the usual underestimation of band gaps by standard DFT
functionals, the Engel and Vosko GGA [34] and the modified
Becke–Johnson local density approximation (mBJLDA) [35] func-
tionals have been employed to compute electronic and optical
properties.

In the FP-LAPW + lo calculations. the wave function and poten-
tials in the interstitial regions were expanded in terms of spherical
harmonic and a plane wave with cutoff Kmax � RMT = 8 is used for
the convergence of energy eigenvalues. Here, RMT is the smallest
of the muffin-tin (MT) sphere radius and Kmax is the magnitude
of largest K vector in plane wave expansion. The selected radius
of MT sphere (RMT) are 2.05 a.u., 2.3 a.u. and 1.80 a.u. for Zn, Te
and O, respectively. The maximum value of angular momentum
(lmax = 10) is taken for the wave function expansion within the
atomic spheres. While, charge density was Fourier expanded up
to Gmax = 18, where Gmax is the largest vector in the Fourier
x at x = 0.25, 0.50 and 0.75 in (a) RS and (b) ZB phase.
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expansion. For energy calculations, the Brillouin zone integration
has been affected with 12 � 12 � 12 k-mesh for the compounds
in the irreducible part of the Brillouin zone. In order to achieve
good convergence, both the MT radius and the number of k-points
are varied by selecting the values which yield true convergence of
minimum total energy.

3. Results and discussion

3.1. Structural properties

The structural properties of modeled RS and ZB alloys along
with their end binaries are computed using the WC-GGA. Similar
to the procedure adopted in recent theoretical studies [36–38],
we use the SQS approach to obtain alloy supercell in the RS and
ZB phase by repeating a unit cell of eight atoms in three dimen-
sions. For the ZnO1�xTex (x = 0.25, 0.50 and 0.75) and the end
binary compounds, the total energy has been estimated in terms
of unit cell volume as shown in Fig. 2. At each concentration, the
optimized ground state lattice parameter and bulk modulus are
provided in Tables 1 and 2. Our computed values for ZnO and ZnTe
Fig. 2. Calculated total energy as a function of unit cell volume for

Table 1
Calculated rock-salt (RS) phase structural parameters for ZnO1�xTex alloys compared with

Composition Lattice constant a (Å)

X WC-GGA Other calculations E

0 4.26 4.225b, 4.294c 4
0.25 4.80
0.50 5.15
0.75 5.45
1 5.66 5.749e, 5.70f 5

a Ref. [48].
b Ref. [49].
c Ref. [50].
d Ref. [51].
e Ref. [52].
f Ref. [53].
(in both RS and ZB phases) have excellent agreement with experi-
ment and most recent theoretical studies which is due to the fact
that WC-GGA yields structural parameters which are in between
the overestimated and underestimated results of market standard
GGA and LDA functionals, respectively. The computed lattice
parameters of the alloys in both phases are linearly increasing with
the increasing dopant concentration. In Fig. 3(a), the variation of
lattice parameter with x compared with the Vegard’s law [39].
Referring to Fig. 3(a), one can appreciate the DFT calculations by
finding a significant deviation of our results from the Vegard’s
law. On the other hand, the bulk modulus linearly decreases
(Fig. 3(b)) with the increasing x concentration showing that the
compounds under study become more compressible. One reason
behind the deviations observed in Figs. 3 from Vegard’s law is a
consequence of the mismatch in bulk modulus and lattice param-
eter of ZnO and ZnTe compounds. In addition to that, the calculated
structural parameters deviate from experimental due to the fact
that exchange–correlation functionals of DFT attempt to map a
interacting system (exact solution) on to a non-interacting system
(approximate solution) through numerical approximation. This
approximate nature of DFT together with the parametric mismatch
ZnO1�xTex alloys at x = 0.25, 0.50 and 0.75 in RS and ZB phases.

experimental and other theoretical calculations.

Bulk modulus B (GPa)

xp. WC-GGA Other calculations Exp.

.28a 200.29 209.1b, 203.3c 228a

125.92
89.27
72.01

.90d 63.47 57e, 68.5f 72d



Table 2
Calculated zinc-blende (ZB) phase structural parameters for ZnO1�xTex alloys compared with experimental and other theoretical calculations.

Composition Lattice constant a (Å) Bulk modulus B (GPa)

X WC-GGA Other calculations Exp. WC-GGA Other calculations Exp.

0 4.55 4.504b, 4.614c 4.614a 158.92 160.8b, 156.8c 156.8a

0.25 4.96 113.74
0.50 5.36 79.45
0.75 5.63 70.72
1 6.04 6.158e, 6.06f 6.1037d 45.88 47.5e, 50.54f 51–52.8d

a Ref. [48].
b Ref. [49].
c Ref. [50].
d Ref. [51].
e Ref. [52].
f Ref. [53].

Fig. 3. Composition dependence of (a) lattice constant (left panel) and (b) bulk modulus (right panel) for ZnO1�xTex alloys in RS and ZB phases.
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of end binary compounds and the differences in the electronic con-
figuration of host lattice and dopant species yield structural prop-
erties that are divergent from Vegard’s law which expects the
variation of structural properties to be only dependent upon the
structural parameters of end binary compounds.

3.2. Electronic properties

The functional application of materials in various electronic
devices requires a thorough understanding of energy band gaps
along with aligned conduction band valleys. For the RS and ZB
phases, the electronic band structures of ZnO1�xTex alloys were
computed using WC-GGA, EV-GGA and mBJLDA schemes. The band
gap values, computed using the mBJLDA, for solids have a sound
agreement with that of experimental data and this agreement is
of the same order which can be achieved with computationally
expensive GW or hybrid functional methods [40]. The electronic
band structures obtained with mBJLDA for the studied compounds
are shown in Fig. 4, while the band gap values computed by
employing the WC-GGA, EV-GGA and mBJLDA are compared in
Table 3.

In RS phase, the compounds under study appear to be metallic
as valence band (VB) maximum and conduction band (CB) mini-
mum meet at the Fermi level. Whereas, in ZB phase both the VB
maximum and CB minimum reside at C-point of the Brillouin zone
for all considered dopant concentrations. Referring to Table 3, the
band gap values are higher in case of mBJLDA than those obtained
using WC-GGA and EV-GGA signifying the improvement of elec-
tronic band structure as compared to the underestimations com-
monly observed for LDA and GGA calculations [40,41]. It is also
worth mentioning here the effect of supercell size on the electronic
properties of the compounds under study. As mentioned earlier,



Table 3
Zinc-blende (ZB) phase band gaps for ZnO1�xTex alloys along C–C symmetry points
with WC-GGA, EV-GGA and mBJLDA functionals.

Composition Band gap energy (eV)

X WC-GGA EV-GGA mBJLDA Exp. Other calculations

0 0.70 1.50 2.60 3.27a 0.86a

0.25 0.60 1.10 2.30
0.50 0.40 0.80 1.10
0.75 0.20 0.50 0.70
1 1.20 1.90 2.40 2.38b 1.102c

a Ref. [54].
b Ref. [55].
c Ref. [53].
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we have also performed band structure calculations using larger
(32-atom) ZB supercells to see the effects originating from
increasing the number of neighboring atoms and symmetry reduc-
tion on the electronic properties. We note, as expected due to
reduction of crystallographic symmetry, that at high symmetry
points (except at C-point) the band structure profiles for 8-atom
and 32-atom cells show notable difference, however, the direct
(C–C) band gaps computed using WC-GGA, EV-GGA and mBJLDA
remain unchanged.

In order to have a deeper understanding of electronic structures
of the studied compounds in RS and ZB phases, the total and partial
Fig. 4. Electronic band structures plot computed using the mBJLDA functional
density of states (DOS) have also been calculated. For all employed
DFT approximations, the contribution to the total and partial DOS
in VB and CB are almost similar and the results obtained with
mBJLDA are shown in Fig. 5. In Fig. 5(a and b), the total DOS (TDOS)
of ZnO1�xTex alloys at different x concentrations are depicted along
with their partial DOS (PDOS) in which Zn-3d, O-2p and Te (5s, 5p)
states are plotted. In ZB phase, both of end binaries (ZnO and ZnTe)
have distinct energy band gaps (Fig. 5b), and it is noted that Zn-3d,
O-2p and Te-5p states are dominant in making valence bands in
these binaries whereas s states of Zn and Te form conduction band
in ZnTe. In case of ternary alloys ZnO1�xTex (x = 0.25, 0.50 and
0.75), the bottom of valence band is totally dominated by Zn-3d
and Te-5p states but the top and bottom of conduction band are
occupied by Zn-4s and Te-5s states, respectively. Overall direct
band gap semiconductor behavior is observed in all ZB ternary
alloys ZnO1�xTex.

3.3. Optical properties

In order to examine the optical response of compounds under
study, it is conventional to take into account the transitions of
electrons from occupied energy bands to unoccupied energy bands,
particularly at high symmetry points in the Brillouin zone. Behav-
ior of any physical system in the presence of external electromag-
netic radiation is described by the dielectric function. Since this
interaction primarily depends upon photons, their polarization
plays a decisive role in the optical response. The complex dielectric
for ZnO1�xTex alloys at x = 0.25, 0.50 and 0.75 in (a) RS and (b) ZB phases.



Fig. 5. Total along with partial density of states (DOS) computed using the mBJLDA functional for ZnO1�xTex alloys at x = 0.0, 0.25, 0.50, 0.75 and 1.0 in (a) RS and (b) ZB
phases.

Table 4
Zinc-blende (ZB) phase calculated optical parameters for ZnO1�xTexalloys with
mBJLDA functional.

x Eg (eV) e1(0) R(0) n(0) Critical points values

e2 K A r

ZnO1�xTex

0 2.60 3.14 0.07 1.72 1.54 0.94 2.08 1.69
0.25 2.30 5.29 0.14 2.26 0.71 0.71 1.04 1.12
0.50 1.10 5.35 0.16 2.37 2.13 2.13 2.78 2.44
0.75 0.70 7.16 0.20 2.64 0.94 1.30 1.56 1.50
1 2.40 8.56 0.23 2.88 1.15 1.06 1.73 1.30
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function e(x) = ereal(x) � ieimaginary(x) is helpful to explore the
optical properties of solids. The calculations for the electronic
structures have been used to compute the imaginary part
(eimaginary(x)), in long wavelength limit, by utilizing joint DOSs
and the optical matrix elements [42]

eimaginaryðxÞ ¼
e2h

pm2x2

XZ
jMc;vðkÞj2d½xc;vðkÞ �x�
h i

d3k ð1Þ

where Mc,v(k) indicate the moment dipole elements intending the
direct transitions of electron between VB and CB states, and
xc,v(k) = Eck � Evk are the transition energy. The imaginary part of
the complex dielectric function can be used in the Kramers–Kronig
relation to evaluate the real part [43].



Fig. 6. The calculated (a) ereal(x) and (b) eimagnary(x) parts of dielectric function for ZnO1�xTex alloys at x = 0.0, 0.25, 0.50, 0.75 and 1.0.
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erealðxÞ ¼ 1þ vþ Ne2

e0m0

x2
0 �x2

ðx2
0 �x2Þ2 þ ðcxÞ2

ð2Þ

The ereal(x) and eimagnary(x) parts of the dielectric function are
shown in Fig. 6(a and b), such that the former part corresponds
to incident photons dispersion from the materials while the energy
absorbed by these materials is represented by the latter. For our
alloys system, the eimaginary(x) parts at 0 6 x 6 1 are plotted in
Fig. 6(b) and their corresponding onset critical points are listed
Fig. 7. The calculated (a) refractive index n(x) and (b) extinction coeffi
in Table 4. It is obvious from the obtained results that increasing
Te concentration in ZnO makes the peaks sharp and shift them
towards lower values of photon energy. For ZnO, ereal(x) is positive
up to 15.30 eV and shows small peaks at 1.7 eV, 6.9 eV, 12.86 eV
and 15.01 eV. Similarly, for ZnTe, it is positive up to 4.70 eV and
has two peaked at 2.91 eV and 4.21 eV. For the ternaries, the
ereal(x) has positive values up to 10.91 eV, 6.19 eV, 5.54 eV for
x = 0.25, 0.50, 0.75, respectively. Two strong absorption regions
are observed for ZnO0.75Te0.25 and ZnO in the energy ranges
cient k(x) for ZnO1�xTex alloys at x = 0.0, 0.25, 0.50, 0.75 and 1.0.



Fig. 8. The calculated (a) refractivity R(x), (b) absorption coefficient a(x) and (c) optical conductivity r(x) for ZnO1�xTex alloys at x = 0.0, 0.25, 0.50, 0.75 and 1.0.
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0.52–10.79 eV and 0.96–15.3 eV respectively. In these energy
ranges, ereal(x) fluctuates between its maximum to minimum val-
ues such that the photon propagation takes places for ereal(x) > 0,
damping of electromagnetic wave for ereal(x) < 0 and finally the
longitudinally polarized waves originate for ereal(x) = 0. Moreover,
the zero frequency limit ereal(0) determines the dielectric response
to the static electric field. Its values for the different concentrations
are given in Table 4 and an increase/decrease is found in ereal(0)/
band gap while going from x = 0 to 1. It is to be noted that ereal(0)
is energy band gap dependent and it is in accordance with the Penn
Model [44] as:

erealðxÞ ¼ 1þ
�hxp

Eg

� �2

ð3Þ

where Eg and xp are the energy band gap and plasma frequency,
respectively. In above relation, if ereal(0) is known then Eg and xp

can also be calculated. The values of plasma frequencies are pro-
vided in Table 4 where it can be seen that like the mBJLDA band
gaps the plasma frequencies reduces on going from x = 0 to
x = 0.75. The maximum value of xp is achieved for the binary ZnTe
which is in confirmation with the nonlinear variation of mBJLDA
band gap values presented in Table 3. In the obtained spectra, one
of the peaks is present and it shifting towards the low energy region
with the increasing values of x. With certain energy, the compounds
illustrate metallic behavior when ereal(x) goes down the unity.

Refractive index measures the transparency of semiconductors
against spectral radiations and has a key role in evaluating their
optical and electronic properties. In addition to these properties,
refractive index has essential impact for the devices such as wave
guides, detectors and solar cell [45]. Mostly in semiconductors,
empirical relations [46,47] relate refractive index and energy band
gap, and these two quantities help in deriving many other optical
properties. The refractive index of ternary alloys ZnO1�xTex within
0 6 x 6 1 range are displayed in Fig. 7(a). For ZnO0.50Te0.50, static
refractive index n(0) = 2.37. It is energy dependent and reaches
the peak value at about 3.6288 eV in ultraviolet region and then
reduces to the minimum value at 13.24 eV. Fig. 7(b) depicts the
extinction coefficient k(x) whose local maxima is closely related
to the zero of ereal(x) (5.38 eV). From the Figs. 6(a) and 7(b), the
real parts of DF and refractive index have close association with
each other.

Referring to Figs. 6a and 7b, it is evident that the real parts of
dielectric function and refractive index (i.e. e1(x) and n(x)) have
close relation with each other. The other calculated parameters
for ZnO1�xTex alloy at all doping concentrations are refractivity
R(x), absorption coefficient a(x) and optical conductivity r(x).
Their plots are shown in Fig. 8(a–c) and the values of correspond-
ing critical points are presented in Table 4. The critical point values
vary in accordance with the direct energy band gap values listed in
Table 3.

4. Conclusions

Using first-principles calculations and considering special
quasi-random structure (SQS) approach for RS and ZB phase, we
evaluated the structural, electronic and optical properties of
ternary alloys ZnO1�xTex within the range 0 6 x 6 1. We have cal-
culated the variation in lattice parameters, bulk modulus, energy
band gap, dielectric function and refractive index with respect to
the doping concentrations. It is found that the concentration
dependent lattice parameter and bulk modulus significantly
deviate from the Vegard’s law. This deviation is due to the binary
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compounds ZnO and ZnTe having significantly mismatched lattice
parameters and bulk modulus. In addition to WC-GGA and
EV-GGA, electronic properties have been computed by using more
efficient mBJLDA functional of DFT and the results are found in
good agreement with experimental results. ZB phase ZnO1�xTex

have semiconducting direct band gap behavior, whereas indirect
band gap are obtained for RS phase at concentrations x = 0 and
0.25. Finally, analysis of the frequency dependent complex
dielectric function in terms of critical point structure yields the
identification of the optical transitions in the alloys system under
investigation.
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