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Structural, electronic and optical properties of CdSxSe1�x at various compositions (0 6 x 6 1) are investi-
gated using full potential linearized augmented plane waves (FP-LAPWs) method. A structural phase
transition from zinc-blende to wurtzite is observed in CdSxSe1�x with increase in S concentration. The
theoretically calculated phase transition as well as structural parameters like ground state energies, lat-
tice constants and bulk moduli is in agreement with the experimental results. As CdSxSe1�x compound
belongs to strongly correlated systems, therefore modified Becke–Johnson potential is used to calculate
band gap energies and optical properties of the compound. The direct band gap nature of the material
varies in the visible part of the spectral region for the whole range of S. The optical properties, like dielec-
tric functions, refractive index, birefringence and energy loss function, are also calculated. The hexagonal
wurtzite CdSSe is anisotropic and the calculated birefringence is found to be positive in the lower energy
levels and negative in the higher levels.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The zinc, cadmium and mercury (Zn, Cd, Hg) oxides and chalc-
ogenides are promising materials for optoelectronic devices such
as LED’s, lasers, sensors, detectors and solar cells. The band gap
energies of these compounds cover the full range of electromag-
netic spectrum i.e. from infrared (IR) to ultraviolet (UV). Because
of their wide range of band gap energies, simple and easy synthesis
and flexibility for both p and n type doping, they are very attractive
in optoelectronic industry. These materials are extensively studied
in the last two decades due to their important properties [1–3]. The
strong p–d coupling between the IIB and chalcogen elements make
them strongly correlated systems [4]. The earlier potentials of den-
sity functional theory (DFT) like local density approximation (LDA),
generalized gradient approximation (GGA), GW and LDA + U were
not successful in appropriate description of the strongly correlated
p–d coupling in these compounds, which resulted in severe under-
estimation of band gaps and other physical properties [5]. The re-
cent theoretical research on II–VI semiconductors [6–11] shows
that the modified Becke–Johnson potential has efficiently solved
this problem.
CdSSe has many established applications in optoelectronic de-
vices operating in the visible region of the electromagnetic spec-
trum such as LED’s, sensors, solar cells, filters, and non-linear
optical communications [12–18]. The binary semiconductors CdS
and CdSe crystallize in either hexagonal wurtzite or cubic zinc-
blende phase. The investigation of their ternary alloys is interesting
from the band gap engineering point of view, because both exhibit
band gaps in the visible region. Similar work for Cd1�xZnxS [4] and
for Ga1�xZnxN1�xOx [5,19] also enlightens the importance of the
materials that works in the visible ranges.

CdSSe can be synthesized in bulk and nanostructures. Agnihotri
and Raturi [20] grown CdSxSe1�x film by using pyrolytic decompo-
sition techniques and found predominant hexagonal structure. Ku-
mar and Sharma [21] fabricated thin film of CdSxSe1�x by using
screen printing method and found zinc-blende structure for
x < 0.4 and wurtzite for x > 0.4. White et al. [22] reported nanocrys-
tal of CdSxSe1�x by sequential ion implantation and annealing, ob-
tained hexagonal wurtzite structure in SiO2 and Al2O3, and cubic
zinc-blende structure in Si. Pan et al. [23] have grown CdSSe nano-
wires and nanoribbons by thermal evaporation route and obtained
wurtzite structure for CdS0.6Se0.4 and CdS0.3Se0.7 nanowires and
nanoribbons respectively. Kainthla et al. [24] prepared thin films
of CdSxSe1�x and found cubic zinc-blende structure by using elec-
tron diffraction analysis. Liang et al. [25] reported the fabrication
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of CdSSe nanowires through a template assisted electrodeposition
method. CdSSe nanostructures were grown using physical vapor
transport method by Kim et al. [26] and obtained wurtzite crystal-
lographic structures. Liu et al. [27] have grown polycrystalline of
CdSSe nanowires in wurtzite with a low temperature by physical
evaporation method. Ouendadji et al. [28] studied the structural,
electronic, optical and thermodynamic properties of CdSSe in the
zinc-blende phase using density functional theory but the results
are not consistent with the experiments and hence need to be
revisited with a more reliable theoretical model, so that the results
may be comparable to experimental results. Keeping in view this
important aspect and wide practical applications of the CdSSe in
the optoelectronic industry, modified Becke–Johnson potential
ensemble with generalized gradient approximation (GGA) is used
to investigate structural, electronic and optical properties of
CdSxSe1�x.

2. Computational details

In the present study CdSxSe1�x is modeled at various composi-
tions with a step of 0.25 using eight atoms per unit cell, for both
zinc-blende and wurtzite phases. The full potential linearized aug-
mented plane waves (FP-LAPWs) method as implemented in the
WIEN2k package [29] is used to calculate the structural, electronic
and optical properties of CdSxSe1�x (0 6 x 6 1). The generalized
gradient approximation (GGA) is used for the structural properties
and the modified Becke–Johnson (mBJ) exchange potential is used
for the electronic and optical properties [6]. In the full potential
scheme, the potential and charge density are expanded by spheri-
cal harmonics inside the non-overlapping spheres (muffin-tin
spheres) and by plane wave basis set in the remaining space of
the unit cell (interstitial region). For the wave function expansion
inside the atomic spheres, the value of l is confined to lmax = 10,
and for the interstitial non-spherical part lmax = 6. The muffin-tin
radii for Cd, S and Se are selected in such way that no charge leak-
age from the core is taken place and the total energy is converged.
For the wave function in the interstitial region the plane wave cut-
Fig. 1. Variation of total energy as a function of unit cell v
off value of Kmax is 8/RMT, while the charge density is Fourier ex-
panded up to Gmax = 14 (Ry). The brillouin zone integration is per-
formed using a mesh of 2000 k-points, and convergence is checked
through self-consistency. The ideal internal parameter u = 0.375
for the wurtzite structures is used, while c/a is optimized.

3. Structural properties

A partial substitution of an element by another element in a
compound can cause drastic changes in physical properties of par-
ent material. In the present work CdSe is assumed as a parent
material and Se is partially substituted by S. The total energy for
each concentration is calculated and it is found that CdSe is more
stable in the zinc-blende structure while CdS prefers wurtzite
phase, which is an agreement with the earlier reported theoretical
results [30]. The mixed ternary alloy of CdSe and CdS crystallizes in
either zinc-blende or wurtzite phase, depending upon the concen-
tration of S. The partial substitution of S in CdSe at a particular con-
centration changes the crystal phase from zinc-blende to wurtzite,
which is also observed in experiments [21,22].

Each alloy of CdSxSe1�x (0 6 x 6 1) is modeled in the steps of
0.25 in both zinc-blende and wurtzite crystal structures, and each
unit cell is optimized by minimizing the total energy with respect
to the cell volume. The calculated lattice constants and bulk mod-
uli are obtained by fitting the total energy versus unit cell volume
to the Murnaghan’s equation of state [31]. The optimization curves
(total energy as a function of lattice volume) for both of these
phases at different concentrations are presented in Fig. 1. It is obvi-
ous from the figure that the normal phase of CdS0.25Se0.75 and
CdS0.50Se0.50 is zinc-blende, while at x = 0.75 the stable phase of
the compound is wurtzite. The ground state energy as a function
of concentration for ternary alloys in the zinc-blende as well as
wurtzite phases are shown in Fig. 2. It is clear from the figure that
as the concentration of S in CdSSe is increased from x = 0.25 to 0.50
the energy difference between the two phases is reduced, while on
further increase in S concentration (75%) the energy difference be-
comes negligible with a smaller value for the wurtzite phase. In
olume of CdS0.25Se0.75, CdS0.50Se0.50S and CdS0.75Se0.25.



Fig. 2. Total ground state energies of CdS0.25Se0.75, CdS0.50Se0.50, and CdS0.75Se0.25 in
the zinc-blende and wurtzite phases. Fig. 3. Variation of lattice constants of CdS0.25Se0.75, CdS0.50Se0.50, and CdS0.75Se0.25

in the zinc-blende and wurtzite phases.
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fact at x = 0.75, the wurtzite phase is more stable than that of the
zinc-blende phase, viz., EWZ � EZB < 0; whereas the later phase is
more stable than the former one at x = 0.25 and x = 0.5, viz.,
EZB � EWZ < 0: Thus, the crystal phase transforms from the zinc-
blende to wurtzite within the range x = 0.50�0.75. From the inter-
polation of Fig. 2, the phase transition is obtained at 68% of S con-
centration. As the energy difference between the two phases is
very small (see Table 1), so it is possible that the phase transition
can be observed earlier or later than the 68% of the S concentration,
depending upon the external pressure and other physical
parameters.

The structural parameters like lattice constants and bulk moduli
of CdSxSe1�x are calculated from the optimized volumes corre-
sponding to the ground state energies. The lattice constants are
shown against concentration x in Fig. 3. It is obvious from the plot
that the lattice constant obey Vegard’s law [32,33] and vary line-
arly with concentration x. In Table 1, the ground state energies, lat-
tice constants and bulk moduli of both phases are compared with
the previously reported experimental and theoretical results. From
the table it is clear that our calculated values of the lattice con-
stants and bulk moduli are closer to the experimental values as
compared to other theoretical results.
Table 1
Calculated ground state energy, E0, lattice constants, a, c and bulk moduli, B, in the zinc-b

X Phase Energy (Ry) Lattice constant a, c (Å)

Present Exp.

0 B 3 �16044.151722 6.10 6.05a

B 4 �16044.112191 4.36,7.12 [4.3, 7.01
1/4 B 3 �60148.318372 6.05

B 4 �60148.282280 4.31,7.06
1/2 B 3 �56086.242875 5.99

B 4 �56086.222740 4.28, 6.99
3/4 B 3 �52024.164685 5.92

B 4 �52024.170826 4.25,6.91
1 B 3 �11984.082851 5.836 5.82a

B 4 �11984.113195 4.2,6.82 4.14, 6.72

a Ref. [34].
b Ref. [35].
c Ref. [28].
d Ref. [36].
4. Electronic properties

The binary compounds CdSe and CdS have direct band gaps of
1.8 and 2.56 eV in the zinc-blende structure and 1.8 and 2.63 eV
in the wurtzite structure. The mixing of these two semiconducting
compounds is interesting from the band gap engineering and opto-
electronic point of view, because the alloy band gap energies cover
the entire visible region of the electromagnetic spectrum
(1.8�2.55 eV in zinc-blende and 1.8�2.63 eV in wurtzite). The cal-
culated band structures of the ternary alloys of CdSxSe1�x in both
phases are presented in Fig. 4a–f, which show that the band gaps
for all the concentrations are direct and located at C symmetry line
of the first brillouin zone. As direct band gap materials have fast
decay time as compared to indirect band gap materials in the de-
excitation process which is essential for the optically activeness
of these materials in optoelectronic devices, and hence CdSxSe1�x

(0 6 x 6 1) alloys are optically active in the visible region. The pres-
ently calculated band gap values of the alloy are compared with
the reported results in Table 2 and also in Fig. 5. It is clear form ta-
ble that our calculated values of the binary compounds are in
lende and wurtzite phases compared with the available literature.

Bulk modulus (GPa)

Other Cal. Present Exp. Other Cal.

6.21c, 6.05d 64.62 53a 45.16c, 65.12d

]b 57.96
6.15c 49.45 46.18c

46.53
6.08c 54.30 48.08c

46.08
6.02c 57.31 50.93c

49.70
5.95c, 5.81d 72.27 62a 56.84c, 72.42d

]b 65.63



Fig. 4. Band gap energies of (a) CdS0.25Se0.75, (b) CdS0.50Se0.50, (c) CdS0.75Se0.25 in the zinc-blende and (d) CdS0.25Se0.75, (e) CdS0.50Se0.50, (f) CdS0.75Se0.25 in wurtzite phases.

Table 2
Calculated band gap energies (eV) in the zinc-blende and wurtzite structures
compared with the available literature.

X Zinc-blende (B3) Wurtzite (B4)

Exp. Theoretical Exp. Theoretical

Present Other Present Other

0 1.82e, 1.90f 1.80 1.20c, 2.01g, 1.89h 1.83f 1.80 1.91g

1/4 2.00 1.33c 2.05
1/2 2.15 1.48c 2.40
3/4 2.39 1.64c 2.50
1 2.55f 2.56 1.8c, 2.83g, 2.66h 2.60f 2.63 2.79g

c Ref. [28].
e Ref. [22].
f Ref. [37].
g Ref. [38].
h Ref. [11].

Fig. 5. Band gap energies as function of composition x in zinc-blende and wurtzite
phases.
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agreement with the experimentally measured values, while the
other available theoretical results are severely underestimated.
The calculated band gap energies of CdSxSe1�x are plotted against
the concentration x and compared with the reported experimental
results [21] in Fig. 5. The results show that the alloy band gap en-
ergy varies linearly with concentration x in the zinc-blende phase
with a negligible downward bowing parameter b = 0.034 eV, as gi-
ven in Eq. (1). The wurtzite phase has upward bowing of 0.56 eV



Fig. 6. Total density of states (DOSs) of CdSxSe1�x in zinc-blende and wurtzite phases.

Fig. 7. Frequency dependent real part of dielectric function in zinc-blende and wurtzite phases.
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with the increasing concentration x, as can be seen from the nega-
tive sign of the quadratic coefficient of bowing parameter b in Eq.
(2) which is in agreement with the experimental work of Kumar
and Sharma [21]. The present results, as given in Table 2, are quan-
titatively in good agreement with the experimental results, but ap-
pear slightly overestimated than the experimental results [21], as
illustrated in Fig. 5. This may be because of the technique followed
by the researcher in Ref. [21], because the band gap values for the
binary compounds have discrepancy with other experimental re-
sults [22,37].



Fig. 8. Frequency dependent imaginary part of dielectric function in zinc-blende and wurtzite phases.

Fig. 9. Frequency dependent refractive index in zinc-blende and wurtzite phases.
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Zincblende ) Eg ¼ 1:80þ 0:73xþ 0:034x2 ð1Þ
Wurtzite ) Eg ¼ 1:78þ 1:40x� 0:56x2 ð2Þ

Density of states (DOSs) provides information about the loca-
tion of different energy orbitals and also the bonding nature of
the materials. The calculated DOS for CdSxSe1�x in both phases
are plotted in Fig. 6. The bottom (lower) of the valence band con-
sists of two peaks; the first is due to the Se-s and the second is
due to the S-s states. The peaks at the intermediate of the valence
band at energy around �7 eV is dominated by Cd-d state. In first-
principle calculations this d-orbital plays vital role in determining
the electronic band structures and chemical bonding. The previous
approximations (LDA and GGA) used to approximate the exchange



Fig. 10. Birefringence of wurtzite phases.
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and correlation energies fail to locate the exact location of d-orbital
and hence they overestimated the overlapping between the chal-
cogen-p and Cd-d state which caused severe underestimation of
band gaps in the strongly correlated electron systems. The upper
part of the valence band near the Fermi level is contributed by
Cd-s and chalcogen-p states, while the lower conduction band is
contributed by Cd-s and chalcogen-p states. As the concentration
of S increases in CdSSe the ionic nature of the chemical bond in-
creases which results in the expansion of the band gap.
Fig. 11. Frequency dependent energy loss functio
5. Optical properties and birefringence

The band gap energies of CdSxSe1�x (0 6 x 6 1) vary in the range
1.8�2.55 eV, which provides an appropriate opportunity to use the
band gap as an adjustable parameter for the design of a desirable
optoelectronic device working in the visible region of the electro-
magnetic spectrum. Depending upon the need and requirement
of a particular application, any desired band gap between 1.8 and
2.55 eV can be achieved. As the tunable energy gap occurs in the
visible range, therefore the optical properties of the alloys are also
calculated.

The real parts of the complex dielectric function e1(x) for CdSx-

Se1�x (0 6 x 6 1) in both phases are calculated and presented in
Fig. 7. The figure clearly shows the anisotropic nature of the com-
pound in hexagonal structure. In hexagonal anisotropic materials
the incident electromagnetic radiation decompose in to two com-
ponents, the ordinary ejj1(x) and the extra ordinary e?1 (x), corre-
sponding to electric field perpendicular and parallel to c-axis. At
low and high frequencies the material has similar behavior in both
zinc-blende and wurtzite phases, while in the intermediate energy
range (near the band edge and interband transitions) not only the
phases show their significance but also anisotropy is observed in
the wurtzite phase. The static dielectric function decreases with
the increase in x, this decrease is due to the increase in the band
gap of the alloy (1.8�2.5 eV). It is clear from the figure that with
the increase in photon energy the real part of dielectric function
also increases until a hump, which corresponds to fundamental
band edge. After these humps the real part of dielectric function in-
crease further and reaches the peak values. The maximum peak is
due to Rv�Rc interband transition in the zinc-blende and Cv�Cc

transition in the wurtzite structure. After the peak value it de-
creases rapidly.

The imaginary part of the complex dielectric function e2(x) is
calculated in the energy range 0�30 eV, plotted in Fig. 8. The
n (ELS) in zinc-blende and wurtzite phases.
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anisotropy in the wurtzite phase can be vividly observed in the
imaginary part of the dielectric function. From the offset points
the optical gaps can be calculated. The spectra show that the com-
pound has high absorption in the energy range 2.5�10 eV. In the
absorption region for the wurtzite phase the parallel component
ejj2(x) has a single peak, while the perpendicular e?2 (x) has a shoul-
der and a peak, whereas in the zinc-blende the imaginary part of
the dielectric function has two peaks. The variations in the absorp-
tion spectrum for different concentration of S make the compound
suitable for optical device technology operating in the visible part
of the spectrum.

The calculated refractive index for CdSxSe1�x (0 6 x 6 1) in the
energy range 0�30 eV is plotted in Fig. 9. From the figure it is clear
that zero frequency refractive index decreases with the increasing
concentration of S. The maximum peak shifts towards higher en-
ergy levels as the concentration of S is increased. The refractive in-
dex has similar pattern as the real part of dielectric function. At
higher energies than 8 eV the refractive index becomes less than
unity (c/v < 1), which means that the material can no longer act
as a transparent material.

In the wurtzite phase we have two optical axes, ordinary n||(x)
and extraordinary n\(x) components. Birefringence Dn (Dn = ne -
� no) is given in Fig. 10. At low energy levels we have positive bire-
fringence, mean that fast rays travel parallel to the applied field
and slow rays travel in the z-axis, means that the extra ordinary
component have greater dispersion. While for higher incident pho-
ton frequency, the z-axis have fast radiations and the ordinary
component have large dispersion. Birefringence is extensively used
in optical devices, such as color filters, light modulators, liquid
crystal displays, wave plates, optical axis gratings, etc. Birefringent
filters are used to spread the image in one direction in electronic
cameras, which increases the spot-size. This is necessary for proper
working of all television and electronic film cameras.

The electron energy loss spectra for CdSxSe1�x (0 6 x 6 1) are
also calculated to investigate the interaction of incident photons
with the compound, plotted in Fig. 11. The figure shows that CdSx-

Se1�x has isotropic nature, because of the less difference in the or-
dinary and extraordinary parts of the energy loss function. The
maximum peak value appears at 16.78, 17.41 and 17.24 eV ener-
gies for CdS0.25Se0.75, CdS0.50Se0.50 and CdS0.75Se0.25, respectively.
These peaks in the energy loss spectrum correspond to plasma res-
onance and the corresponding frequencies are called plasma fre-
quencies. Above these peaks the materials exhibit metallic
behavior, whereas below these peaks they behave like dielectrics.

6. Conclusions

First principle calculations of CdSxSe1�x (0 6 x 6 1) are carried
out using FP-LAPW method. The structure parameters like lattice
constants and bulk moduli are optimized using GGA. The binary
compounds CdSe and CdS crystallize in the zinc-blende as well
as wurtzite phases. The crystal phase of the ternary compound
CdSxSe1�x transforms from the zinc-blende to wurtzite at x = 68%.
The electronic and optical properties are calculated using the mBJ
exchange potential. The alloy has direct band gap nature for the
whole range of concentration in both zinc-blende and wurtzite
phases. The band gaps vary from 1.8 to 2.56 eV covering the entire
range of the electromagnetic spectrum in the visible range. The cal-
culated optical properties conforms considerable anisotropy in the
wurtzite phase. Furthermore the birefringence is also calculated,
which shows that the ordinary optical axis has fast light for lower
incident photon frequency while larger dispersion for higher pho-
ton frequency.
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