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The electronic, elastic and optical properties of binary ZnTe, MgTe and their ternary Zn1xMgxTe alloys (0 < x < 1) in zinc
blende phase have been studied using the modified Becke-Johnson (mBJ) potential within the framework of density
functional theory (DFT). We employed the special quasi-random structures (SQS) method. Wu—Cohen (WC), PBE for solids
(PBEsol) and Perdew—Burke—Ernzerhof (PBE) generalized gradient approximations (GGA) were also used to calculate the
exchange-correlation and electronic band gap energies. The calculated band structures show that the crystal is a
semiconductor with a direct band gap, and the contribution of Zn-3d and Te-5p are prominent in the density of states
(DOS). We have predicted the basic optical properties: dielectric function, refractive index and optical reflectivity. The
calculated binary alloy results are in agreement with existing experimental and theoretical values.
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1. Introduction

The 11-VI semiconductors have been of interest
because of their wide band gap characteristic and their
potential applications for optoelectronic devices [1]. The
ternary and quaternary alloys of IlI-VI semiconductors
have large optical gaps and feasibility of whole spectral
range from infrared (IR) to ultraviolet (UV) for
optoelectronic devices [2]. These materials are used to
construct X-ray and y-ray detectors [3]. Due to their large
and direct gap character, ZnTe based semiconductors have
been suggested as new materials for a wide range of
optoelectronics. ZnTe and MgTe are 11-VI semiconductors
and have a cubic phase, called the zinc blende (ZB)
structure [4]. Mixed crystals of Mg chalcogenide
compounds have attracted considerable attention due to
successful fabrication of blue and blue-green injection
laser diodes by molecular beam epitaxy (MBE) [5].

Zn;4,Mg,Se has been studied experimentally, Zn_
«Mg,Te mixed ternary alloys are suitable materials for a
cladding layer, and a transparent ZnTe substrate
established pure green light emitting diode (LED) [6]. The
experimental description for P-doped Zn, ,Mg,Te single
crystals of composition, transmission and reflection
spectra, photoluminescence spectra and electrical
properties has been a significant step towards realizing
ZnTe based LED with high performance [7]. The
preparation and optical properties measurement of ZnTe
based single crystal for optoelectronic devices is described
in [8]. On the other hand, it is possible to develop epitaxial

layers of Zn,_,Mg,Te over the full composition range,
including zinc blende MgTe and also on their ternary
compounds using MBE [9].

In so far as we know, there is no systematic
theoretical study on the optical properties of Zn,,Mg,Te
mixed crystals in related literature. To attain more accurate
theoretical results for Zn, ,Mg,Te in zinc blende phase,
modified Becke—Johnson (mBJ) potential [10] was used,
which gives band gap values closer to experimental data
than LDA or GGA. The mBJ potential has been
successfully used to calculate precisely the band gap for a
wide range of different materials [11]. This potential
depends on the density of kinetic energy and defines the
excited states of insulators and semiconductors by
producing an accurate shape of the exact exchange
potential [12]. In the present paper, we make use of
‘special quasi-random structure’ (SQS) approach as
compared to an earlier study where high symmetry ordered
supercells have been used for the obtaining electronic
structure of the Zn, Mg, Te alloys. In addition to obtaining
the structural, electronic and optical properties, we also
compare our obtained results using SQS approach with
Ref. [13] to establish that the former provides a much
improved electronic structures approximation as already
justified by Zunger and co-workers [14].

2. Method of calculation

In order to study the electronic and optical properties
of Zn;,Mg,Te at x = 0.0, 0.25, 0.50, 0.75, and 1.0 in zinc
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blende phase, the full-potential linear augmented plane
waves plus local orbitals (FP-LAPW+lo) method was used
to solve the Kohn-Sham equation within the density
functional theory (DFT) [15] formulation as employed in
WIEN2K [16]. The mBJ potential for the exchange-
correlation potential [10] was used to calculate electronic
and optical properties. The special quasi-random structures
(SQS) approach of Zunger et al. [14] was used to replicate
the randomness of the alloys around a given site for the
first few shells. This approach is effective in reducing the
size of the supercells for calculating many properties of
random alloys. It is also realistically sufficient to describe
the physical properties of many alloys that are not affected
by the errors associated with using the concept of
periodicity beyond the first few shells. Inside the non-
overlapping spheres of radius Ryt around every atom,
spherical harmonic expansion is used, and the plane wave
basis set was chosen in the remaining space of the cell.
The radius of muffin-tin (Ryt) spheres values for Zn, Mg
and Te atoms were taken to be 2.2, 2.15 and 2.3 a.u.,
respectively. The plane wave cut off parameters were
Rut*Kmax = 7 (Where K is the largest wave vector of the
basis set) and Gmax = 12 (Ryd)*2. We used 500 k-points in
these calculations to reduce the wedge of the Brillouin
zone for x = 0.25, 0.50 and 0.75, respectively, to calculate
the structural and electronic properties. While for the
calculations of the optical properties of binary and their
ternary alloys, a dense mesh of uniformly distributed 10 x
10 x 5 k-points are used in the first Brillouin zone. When
the total energy convergence is less than 10 Ry, the self-
consistent calculation is conS|dered to be stable. The
orbitals of Zn (3d%° 45?), Mg (1s® 2s% 2p° 3s%) and Te (4d™
5s° 5p) are treated as valence electrons. Perdew—Burke—
Ernzerhof (PBE), Wu and Cohen (WC), PBE for solids
(PBEsol) generalized gradient approximation (GGA)
schemes were also used for finding the band gaps. The
optical properties were computed using the optical
properties module within WIEN2Kk [17].

a

3. Results and discussion
3.1. Electronic Properties

In structural optimization, theoretical modeling of the
binary ZnTe and MgTe compounds and their Zn,,Mg,Te
alloys at selected compositions x = 0.25, 0.50 and 0.75 in
ZB phase have been used to compute the structural
properties with WC GGA scheme. The SQS approach is
applied to get ordered cubic structures in ZB phase at x =
0.25, 0.50 and 0.75. As a result, small supercell periodic
structures with simple cubic lattice at the compositions of
x = 0.25 and 0.75 are obtained with space group P43m,
whereas for x = 0.50, the ordered structure is a different
space group P,y in ZB phase. The 2x2x1 supercells with
32 atoms for the different compositions of x = 0, 0.25,
0.50, 0.75 and 1.0 are presented in Fig. 1.

The band gaps of binary ZnTe and MgTe compounds
and their ternary Zn;,Mg,Te alloys with various
compositions at x = 0.0, 0.25, 0.50, 0.75, and 1.0 in the ZB
phase were calculated with the WC GGA scheme [18]
using SQS approach. The band gaps of the binary
compounds as well as for their ternary alloys were also
calculated using the mBJ potential at the I'-point at
concentrations of x = 0, 0.25, 0.50, 0.75, and 1.0. The
calculated band gaps for the binary and their ternary alloys
are summarized and compared to other theoretical and
experimental results in Table 1. It is obviously seen that
the presented band gap (Eg) values from the calculations
are in decent agreement with the experimental values.
Chung et al. [19] found experimentally that the band gap
was quite linear between x of 0 and 0.48, and their linear
fit of E; = ax + b gave a = 0.8 and b = 4.2. The fit of the
mBJ values in Table 1 between x = 0 and 0.5 was found to
be in fair agreement with a = 0.92 and b = 1.8. In addition,
the band shapes concur well with the previous theoretical
works for ZnTe and MgTe.
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Fig. 1. Crystal structure of Zn,.,Mg,Te alloy at x = (a) 0, (b) 0.25, (c) 0.50, (d) 0.75 and (e) 1.0 in zinc blende phase.
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Therefore, only the mBJ results are plotted and same
patterns were observed for the PBE GGA, WC GGA, and
PBEsol GGA. The calculated band structures for the

ternary alloys along the higher symmetry directions, R, T,
M and X in the Brillouin zone using mBJ approach are
shown in Fig. 2. The valence band maximum (VBM) is
situated at the I'-point, whereas the conduction band
minimum (CBM) is also located at the I'-point, which
results in a direct band gap (I'-T') in all binary and ternary

makes a vertical optical transition, which can be utilized in
photonic and optoelectronic devices [20]. It can be seen
from Fig. 2 that the band gaps increase with increase in the
concentration of Mg, and similar behavior was observed
experimentally [21, 22]. This increase in the energy gap
can be accredited to the fact that the conduction bands
move away from the Fermi energy (Eg).
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Fig. 2. Band structures of Zn,,Mg,Te at various compositions of x = (a) 0, (b) 0.25,
(c) 0.50, (d) 0.75 and (e) 1.0 using mBJ.
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Table 1. Calculated band gaps for Zn, ,Mg,Te at /-1 symmetry points.
Composition Band gap energy (eV)

X GGA(WC) GGA(PBEsol) | GGA(PBE) mBJ Experimental Others work
0.00 1.33 1.37 1.46 1.85 2.2171 2 281 2.11%1 2 26!%°
0.25 1.46 1.48 1.54 2.01
0.50 1.61 1.63 1.69 2.31
0.75 2.01 2.06 2.12 2.73
1.00 2.61 2.62 2.69 3.55 3.5¢7 2.47%1 3 1%

With the optimized crystal structure, the total density
of states (DOS) and partial DOS using mBJ were
calculated as shown in Fig. 3. The character of the band
states can be found for these materials by calculating the
total and partial DOS. The ZnTe and MgTe compounds
both have discrete energy gaps between the valence and
the conduction energy bands. Furthermore, there is a large
DOS peak arising from the Zn-3d state. As can be

E,
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expected, the valence band is dominated by Zn-3d from -6
to -7 eV, while Te-5s states occur from -9.5 to -10.5 eV
and Te-5p from -0.2 to -3.6 eV in ternary alloys. The Mg-
3s states have a slightly small involvement at -2.4 to -2.9
eV of the valence band for MgTe. For the binary
compound of MgTe, the upper part of the conduction band
is shaped by a mixture of Mg-3s and Mg-2p states.
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Fig. 3. Total and partial density of states (DOS) using different potentials
atx = (a) 0.0, (b) 0.25, (c) 0.50, (d) 0.75, and (e) 1.0 for Zn, Mg, Te alloys.

One of the more apparent ways to investigate the
nature of the chemical bonding in a compound is merely to
study the charge density. Our mBJ results for the
electronic charge density in the (110) plane of binary ZnTe
and MgTe compounds and their ternary alloys at x = 0.25,
0.50, and 0.75 are shown in Fig. 4, respectively. The
calculated electron charge distribution shows that there is a
durable ionic character and strong covalent bonding as can
be seen along the Zn-Te bonds in binary ZnTe and their
ternary alloys. It can be seen in Fig. 4 that the spreading of

electron density for Te is not symmetric, and the electron
densities between Te and Zn change at various
compositions. lonic bonding is perceived in the Mg-Te
bond as the concentration of Mg is increased. In other
words, the covalent bonding becomes weak and shifts
towards ionic bonding, but as a whole, it is partially
covalent and ionic in nature [30].
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Fig. 4. Calculated contour plots of electronic charge densities in the (110) plane for Zn,,Mg,Te at composition x
of (@) 0, (b) 1.0, (c) 0.25, (d) 0.50 and (e) 0.75.

3.2. Elastic Properties

The elastic constants of solids give a relation between
the mechanical and dynamical behavior of crystals and
provide essential information about the nature of the forces
operating in solids. In particular, they give the information
about the stability and rigorousness of materials. The
elastic constants are significant parameters that describe
the reaction on applied macroscopic stress. To find the
elastic constants of Zn; ,Mg,Te alloys with cubic structure,
first principles calculation was used to compute the
components of the stress tensor ¢ for small strains using
the method developed by Charpin and integrated in the
WIEN2K [16]. It is well-known that a cubic crystal has
only three independent elastic constants, C1;, Cy» and Cy,.
The elastic constants make it possible to determine the
bulk modulus and shear modulus.

For cubic crystals, the bulk modulus (Bs) and the
shear wave modulus (Cs) are given respectively by [31]:

B, = Cuy +2Cyp (1)
3
C, = Cu ;ClZ @)

The calculated three independent elastic constants Cy,
Cy2 and Cya, bulk modulus B and shear modulus C for
binary and ternary alloys of Zn,,Mg,Te at various
composition of x = 0.0, 0.25, 0.50, 0.75, and 1.0 in ZB
phase are given in Table 2. As shown, the calculated
results are in fair agreement with available experimental
and theoretical data [32, 33].

Table 2. Calculated elastic constants (Cy4, C1, and Cy,), bulk modulus (Bs) and shear modulus (Cs) in GPa of Zn,.,Mg,Te.

X Ciy Cu Cu Bs Cs Reference
0.00 95.10 51.20 60.85 65.80 21.95 Present

82 42 55 50.9 20 Theory?

71.1 40.7 313 50.8 - Experiment®

0.25 91.47 47.84 51.27 62.38 21.50 Present
0.50 83.29 42.76 45.69 56.27 20.72 Present
0.75 75.36 39.15 42.90 51.22 18.12 Present
1.00 68.43 33.72 40.94 45.29 17.35 Present

61.2 28.2 48.27 38.7 - Theory®

3.3. Optical Properties

The optical properties of matter can be characterized
by the dielectric function ¢(w), which describes the linear
response of the system to an external electromagnetic field
with a small wave vector and the absorption properties of
the material. The dielectric function is &(w) = e(w) + i

&2(w), where g1(w) and &y(w) are the real and the imaginary
parts, respectively. The & (w) and ex(w) are calculated
using the standard Kramers—Kronig relationship [37]. The
real and imaginary parts of the dielectric constant for
binary and ternary compounds are calculated at various
composition of x = 0.0, 0.25, 0.50, 0.75, and 1.0. The
plots presented in Fig. 5a-b with energies up to 14 eV are
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for e;(w) and e;(w), respectively, in zinc blende phase. The
behavior of ¢ (w) and e(w) are similar for these
compounds with some variances in details. The core
feature of the & (w) curves is that the main absorbance
peak arises at 2.78, 3.16, 3.87, 4.72, and 4.88 eV,
respectively, for compositions of x from 0 to 1.0 as shown
in Fig. 5a. These peaks decrease due to the interband
transition and all become negative at about 6 eV for each
composition of x. The dielectric constant, £,(0), is found to
be 6.59, 6.38, 5.95, 5.42, and 4.91 for each composition of
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x =0.0, 0.25, 0.50, 0.75, and 1.0 for Zn, Mg, Te and show
similar behavior to Zn;,Mg,Se [38]. The absorption
begins at about 1.91, 2.18, 2.33, 2.35, and 3.56 eV for the
imaginary part of the dielectric function at same
compositions of x, respectively, as can be seen in Fig. 5b.
The main peaks in the imaginary part occur in the range of
3.7 t0 6.3 eV. Our calculated dielectric results are in good
agreement with those available for binary compounds
ZnTe [34] and MgTe [36].
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Fig. 5. Dielectric constant for Zn, ,Mg,Te corresponding to different values of x for (a) ¢1(w) and (b) &,(w).

n(w) is the real part of the refractive index, which
explains how light or radiation propagates through a solid.
The relation between the refractive index n(0) and &;(0) is
n(0) = [e(0)]¥2 The real and imaginary parts of the
dielectric function are used to calculate the reflectivity
coefficient R(w) as well as the refractive index n(w) and
extinction coefficient k(w).

The awareness of both real and imaginary parts of the
dielectric function permits the calculation of important
optical functions such as refractive index, extinction
coefficient and reflectivity using the following equations
[39]:

1
(@) = | ey (0)? + £p(@)2]2 + q(w)] @

N~

&

1
) 1 :
K(@) = —=| ey (@)? + ep(@)2]2 - sl(w)] @

N1

(n-1)2 +K?

Rie) (n+1)? + k>

®)

The calculated n(w), k(w) and R(w) of Zn,.,Mg,Te for
each composition of x in the energy range from 0 to 14 eV
is plotted in Fig. 6. Fig. 6a shows the plots of refractive
index n(w) for Zn; ,Mg,Te alloys at concentration x = 0.0,
0.25, 0.50, 0.75, and 1.0, while Fig. 6b shows that the k(w)
follows the &(w). The maximum peak moves towards
higher energy levels as the concentration of Mg is
increased [40]. The reflectivity coefficient R(w) depends
on & (w) and &(w). The maximum peak of R(w) occurs
after 13 eV for each concentration as shown in Fig. 6c. It
means that maximum reflection appears beyond 13 eV.
The calculated values of n(0), R(0) and the optical
dielectric constants that have been obtained at various
compositions of x = 0.0, 0.25, 0.50, 0.75, and 1.0 are given
in Table 3. The values of n(0), for their corresponding zero
frequency refractive index, decrease with increasing Mg
concentration.
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Fig. 6. Calculated (a) refractive index n(w), (b) extinction coefficient k(w) and (c) reflectivity coefficient
R(w) of Zny Mg, Te corresponding to different values of composition x.

Table 3. Calculated optical parameters for Zn;_, Mg,Te at different Mg concentrations of x.

Composition Calculated values Other results
X £1(0) | R(0) | n(0) | ex(w) 1(0) n(0)
0.00 6.59 | 0.19 | 2.64 | 2.10 7.04%%%] 2,721
0.25 6.38 | 0.18 | 2.56 | 2.17
0.50 595 | 0.17 | 2.43 | 2.35
0.75 542 [ 0.16 | 2.39 | 2.41
1.00 491 [ 0.14 | 2.25 | 356 | 6.09%% 4,70 | 2,171
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4., Conclusion

In this work, we have studied ZnTe and MgTe
compounds and their ternary Zn,,Mg,Te alloys in zinc
blende phase for the calculations of electronic band
structures, DOS, charge density, elastic constants and
optical properties within the framework of FP-LAPW+lo
method using DFT. For calculating electronic band
structures, WC, PBEsol, and PBE GGA were used for
comparison with mBJ. It was found that mBJ calculate
properties were in good agreement with experimental
results. The achieved structural properties are in suitable
agreement with other theoretical and experimental results
for the binary compounds, which supports our calculations
for Zn,,Mg,Te ternary alloys. The band structures show
that Zn,,Mg,Te has direct band gaps, which increase with
increasing concentration of Mg. Total and partial DOS
have been studied in terms of involvement from dissimilar
orbitals of the basic atoms. The DOS calculations show
that the Zn-3d and Te-5s states dominate the lower part of
the valence band and small contribution of Te-5p and Mg-
3s states exist at the upper part of the valence band. The
elastic constants fulfill the mechanical stability
circumstances for all composition of x. Our calculated
results for all properties are in accordance quite well with
available theoretical and experimental data. The
investigated results predict the optical behavior of the Zn,.
«Mg,Te alloys with increasing concentration of Mg.
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