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a b s t r a c t

Structural, electronic and optical properties of ternary alloy system CdxZn1−xS have been studied using
first-principles approach based on density functional theory. Electronic structure, density of states and
energy band gap values for CdxZn1−xS are estimated in the range 0 ≤ x ≤ 1 using both the standard local
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density approximation (LDA) as well as the generalized gradient approximations (GGA) of Wu–Cohen
(WC) for the exchange-correlation potential. It is observed that the direct band gap E� −�

g of CdxZn1−xS
decreases nonlinearly with the compositional parameter x, as observed experimentally. It is also found
that Cd s and d, S p and Zn d states play a major role in determining the electronic properties of this
alloy system. Furthermore, results for complex dielectric constant ε(ω), refractive index n(ω), normal-
incidence reflectivity R(ω), absorption coefficient ˛(ω) and optical conductivity �(ω) are also described

ident
in a wide range of the inc

. Introduction

Over the last 60 years semiconductor technology of type II–VI
nd III–V compounds has steadily progressed because of their
otential use as phosphors, photoconductors and in fabricating
ptical detectors, light sources and optoelectronic devices. One of
he motives to form alloys of these compounds and investigat-
ng their properties is the desire to control the energy band gap,

hich provides the base for achieving optimal range over which
ptical detectors and other optoelectronic devices operate [1,2].
tructural, mechanical, electronic and optical properties of a large
umber of III–V semiconductors and II–VI compounds have been
xtensively studied both theoretically and experimentally because
f their technological importance in modern devices. Especially,
ith the advent of semiconductor nanodevices, the detailed study

f semiconducting materials has become crucial. Furthermore, the
ide and direct band gap II–VI semiconductors with the possibility

f tailoring lattice parameters and band gap through mixing have

ecently drawn considerable attention because of their use in solar
ells, electroluminescent devices, light emitting and laser diodes
3,4].

∗ Corresponding author. Tel.: +92 48 9230 618; fax: +92 48 9230 671.
E-mail address: schaukat@gmail.com (A. Shaukat).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.197
photon energy and compared with the existing experimental data.
© 2010 Elsevier B.V. All rights reserved.

ZnS, in both zinc-blende (B3) and wurtzite (B4) phases, is exten-
sively used in electroluminescent devices, blue or ultraviolet light
emitting diodes, laser diodes, tunable mid infrared lasers and sec-
ond harmonic generation devices [5]. To exploit their potential
utilization in optical devices, a lot of experimental and theoretical
work has been done on cadmium and zinc sulfide semiconduc-
tors [6–10]. Whereas CdxZn1−xS thin films are used as wide band
gap window material in heterojunction photovoltaic solar cells
as well as in photoconductive devices, CdxZn1−xS nanocrystals
have also been synthesized at x = 0.5 [11–14]. While efforts to
fabricate CdxZn1−xS films using starting solutions including both
cadmium and zinc nitrates have been undertaken to investi-
gate physical properties of both ZnS and CdS [15], not much of
work on the electronic band structure and total energy calcula-
tions of the ternary alloys CdxZn1−xS has been reported in the
literature.

In this paper, we have calculated the structural, electronic and
optical properties of binary compounds ZnS, CdS as well as their
ternary alloys CdxZn1−xS, and have compared our results with
experiment and other available theoretical studies.
2. Computational details

The calculations for the structural, electronic and optical
properties of CdxZn1−xS are performed using the full-potential
linear-augmented plane wave (FP-LAPW) method within the

dx.doi.org/10.1016/j.jallcom.2010.07.197
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:schaukat@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.07.197
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Fig. 1. Variation of total energy as a function of volum

ramework of the density functional theory (DFT) as implemented
n the WIEN2K code [16]. The choice of approximate functional used
or determining exchange-correlation energy (Exc) in a Kohn–Sham
alculation strongly affects the accuracy of final results. For a crude
etermination of Exc the exchange-correlation functional in the
tandard local density approximation (LDA) formalism can be uti-
ized. However, since electron density in solids is inhomogeneous
nd valence electron density varies relatively slowly with space, a
etter approach to determine Exc is to utilize generalized gradient
pproximation (GGA) for calculating electronic and optical prop-

rties. In this work, the exchange-correlation potential have been
reated using the LDA as well as the GGA. The structural proper-
ies are evaluated in both the schemes while electronic and optical
roperties are calculated only in the generalized gradient approx-

mation (GGA) based on Wu–Cohen schemes.

Fig. 2. Crystal Structures of ternary alloys (a) Cd0.25
a) Cd0.25Zn0.75S, (b) Cd0.50Zn0.50S, and (c) Cd0.75Zn0.25S.

In the FP-LAPW approach, a muffin-tin (MT) model for the
crystal potential is assumed. Non-overlapping spheres are drawn
around the ion cores and a region of constant potential is taken
in the interstitial region, that is, the region between the spheres.
For core electrons full relativistic approximation has been used,
whereas for valence electrons scalar relativistic approximation is
used, and the spin–orbit (SO) coupling is neglected. The wave
function, charge density and potentials are expanded in terms of
spherical harmonics within the spheres, and a plane wave expan-
sion is used in the interstitial region. The radius of the MT sphere

(RMT) for each atom of the compound is so chosen that there is no
charge leakage from the core, and the total energy convergence is
ensured. The RMT values for Zn and Cd are taken to be 1.98 a.u.,
whereas for S the value of RMT is selected to be 1.76 a.u. The maxi-
mum value for the angular momentum quantum number lmax = 10

Zn0.75S, (b) Cd0.50Zn0.50S, and (c) Cd0.75Zn0.25S.
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s taken for the wave function expansion inside the atomic spheres.
n order to get the energy eigenvalue convergence, Kmax × RMT = 7
s used for the binary compounds ZnS and CdS, whereas for the
ernary alloys CdxZn1−xS, we have used Kmax × RMT = 9, where Kmax

enotes the maximum value of the reciprocal lattice vector k. Both
he muffin-tin radius and the number of k-points are adjusted to
nsure convergence. A mesh of 72 k-points for the binary com-
ounds and 35 k-points for the ternary alloy were taken for the
rillion zone integrations in the corresponding irreducible wedge.
owever, a finer k-mesh was used in the calculation of dielectric

unction and related optical properties. The self-consistent calcula-
ions process was repeated until the total energy convergence was
ess than 0.00001 Ryd.

. Results and discussions

.1. Structural properties

We have calculated the structural properties of the binary com-
ounds ZnS, CdS and their ternary alloy CdxZn1−xS using both the
DA and GGA schemes for the exchange-correlation functional. Vol-
me optimization was performed by minimizing the total energy
ith respect to the unit cell volume using Murnaghan’s equation of

tate (EOS) [17]. The results of volume optimization for CdxZn1−xS
t x = 0.25, 0.50 and 0.75 are shown in Fig. 1. The crystal struc-
ure (of zinc-blende type) for both end compounds ZnS and CdS
elongs to space group F 4̄3m (no. 216), while for the composi-
ional parameter x = 0.25 and 0.75, where Zn is replaced by Cd at
he apex and face-center sites, it belongs to the space group P4̄3m
no. 215). Similarly, for the composition x = 0.50, the resultant crys-
al structure belongs to the space group P4̄m2 (no. 115), which is a
etragonal structure. The crystal structures of CdxZn1−xS for com-
ositional parameter x = 0.25, 0.50 and 0.75 have been shown in

ig. 2.

From the volume optimization, equilibrium structure param-
ters such as the lattice constant ‘a’ and the bulk modulus B
nd its pressure derivative B′ are estimated, Table 1. It can be
eadily seen that the calculated values of ‘a’ and B for the end

able 1
alculated lattice parameter ‘a’, bulk modulus ‘B’ and its pressure derivative ‘B′ ′ for CdxZn1−x

CdxZn1−xS 0 ≤ x ≤ 1 LDA GGA (

ZnS a (Å) 5.31 5.36
B (GPa) 87.13 73.97
B′ 4.003 4.50

Cd0.25Zn0.75S a (Å) 5.44 5.50
B (GPa) 79.98 72.21
B′ 5.00 4.50

Cd0.50Zn0.50S a (Å) 3.90 3.98
c (Å) 5.56 5.62
B (GPa) 74.01 67.88
B′ 4.67 4.37

Cd0.75Zn0.25S a (Å) 5.66 5.74
B (GPa) 70.65 62.91
B′ 4.40 4.27

CdS a ( ´̊A) 5.76 5.83
B (GPa) 67.40 61.37
B′ 5.038 4.29

a Refs. [32,33].
b Ref. [34].
c Ref. [35].
d Ref. [36].
e Ref. [37].
f Ref. [38].
g Ref. [39].
h Ref. [40].
i Ref. [41].
Fig. 3. Composition dependence of calculated bulk modulus using LDA (circles), WC
GGA (crosses), and Vegard’s law (dotted lines) for CdxZn1−xS.

binaries are in good agreement with the experimental and other
theoretical values. The values of the bulk modulus for CdxZn1−xS
alloys as a function of x are also presented in Fig. 3, and it
is noticed that its behavior slightly deviates from Vegard’s law
[18].

3.2. Electronic properties

Analysis of electronic and optical properties of crystalline solids
requires the knowledge of electronic density of states (DOS). The
DOS for CdxZn1−xS at x = 0.0, 0.25, 0.50, 0.75 and 1.0 in various
phases have been calculated using WC GGA scheme. As we know,
Zn, Cd and S have the valence electron configurations 3d10 4s2, 4d10
5s2 and 3s2 3p4, respectively. Fig. 4 shows the total density of states
(TDOS) along with the Cd s and d, Zn d and S s partial density of state
(PDOS) for CdxZn1−xS for different concentration of x. Both ZnS and
CdS in B3 phase show a distinct energy gap between the valence and
the conduction energy bands, As one can see (Fig. 4), Zn 3d and 4s

S at equilibrium volume compared to other theoretical calculations and experiment.

WC) Experimental work Other theoretical work

5.41a 5.3998b, 5.580c, 5.280d

76.9a 80.97b, 75.9c, 83.3d, 83.1e

4.73b

3

7

5.82f 5.94g, 5.81h, 5.80i

62f 55.8g, 72.42h, 70.3i

7 4.31h
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Fig. 4. TDOS (a) ZnS and CdS, (b) Cd0.25Z

tates in ZnS, and Cd 4d and 5s states form the valence band in CdS,
espectively, whereas S 3s state form the conduction band for the
wo binaries. When the ternary alloy CdxZn1−xS (x = 0.25, 0.50 and
.75) is formed, the lower part of the valence band is totally occu-
ied by Cd 4d and Zn 3d states and the upper part of the valence
and is occupied by Zn 4s state while the lower part of the conduc-
ion band is dominated by S 3s state, the alloy system retaining its
emiconducting character.

The band structure calculations give a direct band gap E� −�
g for

dxZn1−xS for all concentrations of Cd as shown in Table 2. The band
ap decreases continuously with the increase of Cd concentration.
he evidence of decrease in direct band gap with the increase of
omposition x has also been observed in experiments on sintered
dZnS films by the screen printing method [19]. Calculated elec-
ronic band structures of CdxZn1−xS for x = 0.25, 0.50 and 0.75 have
een shown in Fig. 5 along the high symmetry directions.

� −�
Estimated energy band gap values, Eg , for different com-
ositional parameter x have been shown in Fig. 6 along with the
xperimental values obtained from absorption as well as from pho-
oconductivity spectra [20]. The similarity between the nonlinear
ehaviors of the two curves is remarkable, though the calculated

able 2
alculated band gaps for CdxZn1−xS at � -� symmetry points.

Composition E� −�
g (eV) Experimental work Theoretical work

ZnS 2.0 3.5a, 3.45b 3.4c, 3.74d, 3.73d

Cd0.25Zn0.75S 1.6
Cd0.50Zn0.50S 1.2 2.73c

Cd0.75Zn0.25S 1.0
CdS 0.9 2.44a, 2.43c 1.65e

a Ref. [13].
b Ref. [12].
c Ref. [42].
d Ref. [43].
e Ref. [37].
, (c) Cd0.50Zn0.50S, and (d) Cd0.75Zn0.25S.

values of the band gap are much smaller than the experimental ones
(Fig. 6). The large difference in the calculated values of the band gap
as compared to the experimental values can be explained by the
fact that both LDA and GGA approximations within framework of
DFT underestimate the energy gap values in semiconductors, as the
self-interaction error and the absence of derivative discontinuity in
the exchange-correlation potential can cause an underestimation
the energy band gap up to 50% [21,22].

3.3. Optical properties

Optical properties of CdxZn1−xS have been studied experimen-
tally [23–25] but, to the best of our knowledge, no theoretical
work based on first-principles calculations has been reported so
far. In the present study, we present our theoretical results for
some of the optical properties of ternary alloys CdxZn1−xS. As we
know, the refractive index of a material, along with the energy
band gap, plays a fundamental role in the use of semiconductors
and/or their mixed structures as electronic, optical and optoelec-
tronic devices, as their properties are greatly influenced by the
nature and magnitude of these two fundamental physical aspects.
Whereas, the band gap determines the absorption threshold of pho-
ton in the semiconducting material, refractive index provides a
measure of its transparency to the incident radiation. Likewise, the
relation between the energy gap and the high frequency refrac-
tive index characterizes the electronic band structure of these
materials and has been a subject of various investigations [26,27].
The value of refractive index, which is directly related to another
elementary property of the material, that is, the dielectric con-

stant, can be determined through empirical and non-empirical
approaches, summarized in the above references. Other optical
properties, such as absorption coefficient, extinction coefficient,
reflectivity, can then be obtained from theses fundamental quanti-
ties.
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Fig. 5. Band structure for (a) Cd0.25Zn

In solids various interband and intraband optical transitions
re possible that correspond to the electronic band structure of
hese materials. These transitions can be identified by computing
he tensor components of the complex dielectric function ε(ω). In
ase of semiconductors the intraband transitions are not important,
hereas the important interband transitions can be further divided

nto direct and indirect transitions. The indirect interband transi-
ions can be neglected since they are responsible for scattering of
honons and do not contribute to ε(ω).
For the alloy system under study, the dielectric function
(ω) = ε1(ω) + iε2(ω) is calculated as a function of incident photon
nergy E = h̄ω in the range 0–40 eV for the composition x = 0.0, 0.25,
.50, 0.75, 1.0. Next, we evaluate other optical parameters such as
omplex refractive index and reflectivity. Following Khan et al. [28],
b) Cd0.50Zn0.50S, and (c) Cd0.75Zn0.25S.

the frequency dependent imaginary part of dielectric function for
crystals with cubic symmetry can be calculated by:

ε2(ω) = 8
3�ω2

∑
nn′

∫
BZ

|Pnn′ (k)|2 dSk

∇ωnn′ (k)
, (1)

where the terms on the right hand side have their usual meanings.
ε2(ω) is strongly correlated to the joint density of the states (DOS)
and momentum matrix element. The real part of dielectric function

is obtained from ε2(ω) using the Kramers–Krönig relation [29].

ε1(ω) = 1 + 2
�

P

∫ ∞

0

ω′ε2(ω′)
ω′2 − ω2

dω′ (2)
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Table 3
Calculated optical parameters for CdxZn1−xS at different Cd concentrations.

x E� −�
g (eV) ε1(0) R(0) n(0) Critical point values

ε2 K A �

0 2.0 6.38 0.19 2.51 1.98 1.86 2.16 2.22
0.25 1.6 6.44 0.20 2.62 1.51 1.56 1.74 1.68

peaks at 1.09 eV, 3.58 eV, 5.44 eV, and 6.83 eV. For Cd0.75Zn0.25S and
Fig. 6. E� −�
g as a function of x, experimental and theoretical curve.
We have carried out our calculations using 3500 k-points in the
rreducible Brillioun zone. The critical points in Fig. 7(a), occur at
bout 1.98 eV, 1.51 eV, 1.27 eV, 0.85 eV and 0.67 eV corresponding
o x = 0.0, 0.25, 0.50, 0.75, 1.0, respectively, and are attributed to

ig. 7. Dielectric constant for CdxZn1−xS corresponding to different values of x, (a)
2(ω) and (b) ε1(ω).
0.5 1.2 6.53 0.21 2.65 1.27 1.21 1.45 1.55
0.75 1.0 6.58 0.22 2.69 0.85 0.97 0.97 1.09
1 0.9 6.61 0.23 2.72 0.67 0.67 0.67 0.91

the threshold for the direct optical transitions occurring at 2.1 eV,
1.7 eV, 1.36 eV, 1.14 eV and 1.0 eV, respectively. It is observed that
the overall behavior of ε2(ω) appears to be similar for all concen-
trations of Cd with some difference in details.

In Fig. 7(b), we present the real part of the dielectric func-
tion, which for ZnS ε1(ω) is positive up to 6.1 eV. It has a small
peak at 2.08 eV and passes through double peaks at 4.05 eV and
5.61 eV and again shows a small peak at 7.17 eV, and it becomes
negative beyond 7.41 eV. In CdS ε1(ω) > 0 up to 7.06 eV, having
Cd0.50Zn0.50S, ε1(ω) is positive up to 7.12 eV and 7.22 eV, respec-
tively, whereas in case of Cd0.25Zn0.75S ε1(ω) again shows a small
peak around 7.06 eV. It is noted that the binary compounds ZnS

Fig. 8. Complex refractive index for CdxZn1−xS corresponding to different values of
x, (a) n(ω) and (b) k(ω).
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optical properties of CdxZn1−xS, using FP-LAPW approach in the
ig. 9. (a) Reflectivity R(ω), (b) absorption coefficient ˛(ω) and (c) optical conduc-
ivity �(ω) for CdxZn1−xS corresponding to different values of x.

nd CdS have strong absorption regions in the range 5.14–8.1 and

.8–7.3 eV, respectively. In these energy ranges, ε1(ω) goes from
aximum to minimum and these features are also reflected in

he ternary alloys. When ε1(ω) > 0, photons propagate through the
lloy and for ε1(ω) < 0 the electromagnetic wave is damped and for
ompounds 507 (2010) 356–363

ε1(ω) = 0, only longitudinally polarized waves are possible. From
recently conducted experimental studies on ZnCdS thin films by
Okoli et al. [15], the average value of the real part of the dielec-
tric function is found to be 6.92, which is surprisingly close to our
estimated value of the static dielectric function, ε1(0), which lies
between 6.38 and 6.61.

The critical points of transition for CdxZn1−xS are given in
Table 3. An important quantity of ε1(ω) is the zero frequency limit
ε1(0), which represents the dielectric response to the static electric
field. In CdxZn1−xS, ε1(0) increases from 6.38 to 6.61 and the direct
band gap E� −�

g decreases from 2.0 eV to 0.9 eV as x increases from 0
to 1. This shows that the static dielectric constant is inversely pro-
portional to the onset of optical transitions in the alloy. Dependence
of the dielectric function on the energy gap can be understood
in the context of the Penn model [30]. According to this model,
ε(0) ≈ 1 + (h̄ωp/Eg)2, where ωp is the plasma frequency and Eg is
the energy band gap; this relation clearly suggests an increase in
the dielectric function with the decrease in the band gap. Similar
behavior has also been observed in recent experiments on SiOC
films by Yu et al. [31]. Since our calculated values of the band gaps
are quite underestimated and, because of the direct relationship
between the dielectric constant and the refractive index, our cal-
culated values of the refractive index are a bit overestimated. Our
calculated values of the refractive index for ZnS and CdS—the end
binary semiconductors are, however, in reasonable agreement with
other theoretical results [27]. Similarly, all other optical properties,
which have been described in the present study, are influenced to
some extent by underestimated values of the band gap, as these
properties, as mentioned earlier, are derived from the two funda-
mental quantities, namely, the refractive index and the band gap.
The features of ε1(ω) are closely related to the real part of the com-
plex refractive index, n(ω), Fig. 8(a). The critical points in n(ω) vary
according to the direct band gap value, E� −�

g . The value of the cal-
culated refractive index of CdxZn1−xS between 3.5 (maximum) and
3.1 (minimum) does not lie very far from the experimental val-
ues 2.64 (maximum) and 2.62 (minimum) of ZnCdS thin films, as
determined by Okoli et al. [15]. Fig. 8(b) shows the behavior of
the extinction coefficient, k(ω). The reflectivity, R(ω), depends on
both ε1(ω) and ε2(ω), and it is observed that in ZnS, R(ω) passes
through a minimum at 10.23 eV which corresponds to incident pho-
ton frequency 1.55 × 1016 rad/s. The next minimum is at 19.37 eV
which corresponds to a frequency 2.94 × 1016 rad/s. R(ω) falls to
zero beyond 34.67 eV. As the concentration of Cd in the ternary
alloy increases, the reflectivity changes as shown in Fig. 9(a). Fur-
thermore, we have calculated the absorption coefficient ˛(ω) and
the optical conductivity, �(ω), which are shown Fig. 9(b) and (c),
respectively. A comparative analysis of ˛(ω) with electronic band
structure presented in Fig. 5 reveals the manner in which incident
radiation may get absorbed in these materials. The S atom s states
and Zn and Cd atom s like states play a major role in these optical
transitions as initial and final states for these alloys. The threshold
of the optical conductivity of the ternary alloys CdxZn1−xS at 2.5 eV,
as calculated in the present study, seems to lie close to the 2.0 eV
value of the experimental study on ZnCdS thin films [15], the energy
range in the optical conductivity plot in the two studies may differ
appreciably.

4. Conclusions

We have calculated the structural, electronic properties and
framework of the DFT, The density of states calculations indicate
that the Zn 3d and Cd 4d states dominate the lower part and Zn
4s state the upper part of the valence band, while the S 3s state
prevails in the lower part of the conduction band. The variation
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f the direct energy band gap E� −�
g in CdxZn1−xS, as estimated

rom the calculated electronic band structure, agrees well quali-
atively with experimental results, Furthermore, the calculations
or the dielectric constant ε(ω) show that smaller energy gap E� −�

g

ields a larger static dielectric constant ε1(0) and refractive index
aries as ε1(0). For all values of x in ε2(ω) curves, the critical points
orrespond to direct optical transitions. Reasonable agreement can
e found between some of the optical properties calculated in this
ork and the experimental results from a recently conducted study

n ZnCdS thin films. The overall features of real and imaginary parts
f the complex dielectric functions are similar for CdxZn1−xS alloys
ver all compositions ranges (x = 0.0, 0.25, 0.50, 0.75 and 1.0). How-
ver the major maxima in the spectra of ε2(ω) and ε1(ω) seem
o decrease as one goes from ZnS to CdS. Furthermore, the calcu-
ated reflectivity spectra for the ternary alloys CdxZn1−xS show that
here are regions of maximum and minimum reflectivity, which
hift with x, and this feature may be utilized in the fabrication of
ptoelectronic devices.
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