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Using �rst-principle method, we investigate the structural, electronic, optical, and thermodynamic properties
of the CdS1−xTex semiconductor alloys using generalized gradient approximation for the exchange-correlation
potential calculation. The ground state properties are determined for the bulk materials (CdS and CdTe) in
cubic phase. Quantities such as the lattice constants and bulk modulus of interest are calculated. Detailed
comparisons are made with published experimental and theoretical data and show generally good agreement.
The calculated lattice constants scale linearly with composition (Vegard's law). The microscopic origins of the
bowing parameter were explained using the contributions from volume deformation, charge transfer and structural
relaxation approach. The refractive index and optical dielectric constant for the alloys of interest were calculated
by using di�erent models. In addition, the thermodynamic stability of the alloys was investigated by calculating
the critical temperatures of alloys.
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1. Introduction

The Cd-based binary semiconductors are very impor-
tant, owing to their direct and rather large gap. These
materials are the cornerstones of technological activity.
One possible reason is to produce novel materials such as
blue-green laser diode based on these compounds. Re-
cently, the cadmium chalcogenides CdX (X = S, Se,
and Te) have attracted special attention by various re-
searchers [1, 2]. CdX semiconductor compounds also no-
ticeably are used to make thin �lm solar cells, photode-
tectors and other optoelectronic devices [3]. Up today,
many theoretical methods are available such as ab ini-
tio method, density function theory, molecular dynam-
ics, etc. To investigate the structural [3�5], electronic
[6�8], thermodynamic [10, 11] and optical properties for
cadmium based chalcogenides [12�14].
Recently, there have been numerous calculations [15]

of the structural, electronic, and optical properties of
these compounds using full-potential linearized aug-
mented plane wave (FP-LAPW) method coupled with
the local density approximation (LDA) [16] of the ex-
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change correlation energy to calculate electronic and op-
tical properties, respectively. To our knowledge there are
few reports that had used the full potential calculation
FP-LAPW to calculate the electronic, structural, and op-
tical properties for these chalcogenides based compounds.
Concerning the CdS1−xTex alloy, to the best of our

knowledge, many experimental values of Eg, optical and
structural characterization of thin �lm CdS1−xTex thin
�lms for solar cell applications [17�19], generally studying
a small number of samples of di�erent concentration x,
but few theoretical investigations [20] have been appeared
in the literature. However, these results represented a
large amount of data, with the potential to provide a
more reliable trend in Eg.
In the present work, we thus aimed to combine CdX

compounds having di�erent structural and electronic
properties in order to obtain new material, CdS1−xTex
ternary alloy. The present work thus explores the de-
tailed studies of the structural, electronic, optical, and
thermodynamic properties of CdS1−xTex ternary alloy
by using a full-potential linear mu�n-tin orbital (FP-
-LMTO) method. The physical origins of bowing param-
eters are calculated following the approach of Zunger and
co-workers [21].
The paper is divided into three parts. In Sect. 2, we

brie�y describe the computational techniques used in this
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study. The theoretical results and discussion concerning
the structural, electronic, optical, and thermodynamic
properties are presented in Sect. 3. Finally, in Sect. 4 we
summarize the main conclusions of our work.

2. Computational details

The calculations here were carried out using the ab
initio FP-LMTO method as implemented in the Lmtart
code [22�24]. The exchange and correlation potential
was calculated using the gradient generalized approxima-
tion (GGA) [25]. This is an improved method compared
to previous (LMTO) methods. The FP-LMTO method
treats mu�n-tin spheres and interstitial regions on the
same footing, leading to improvements in the precision
of the eigenvalues. At the same time, the FP-LMTO
method, in which the space is divided into interstitial re-
gions (IR) and non-overlapping mu�n-tin spheres (MTS)
surrounding the atomic sites, uses a more complete basis
than its predecessors.
In the IR regions, the basis functions are represented

by the Fourier series. Inside the MTS spheres, the ba-
sis functions are represented in terms of numerical solu-
tions of the radial Schrödinger equation for the spher-
ical part of the potential multiplied by spherical har-
monics. The charge density and the potential are rep-
resented inside the MTS by spherical harmonics up to
lmax = 6. The integrals over the Brillouin zone are per-
formed up to 55 special k-points for binary compounds
and 27 special k-points for the alloys in the irreducible
Brillouin zone (IBZ), using the Blöchl modi�ed tetrahe-
dron method [26].

TABLE I

The plane wave number PW, energy cut-o� (in Ry)
and mu�n-tin radius (RMT) (in arb.u.) used in cal-
culation for binary CdS, CdTe and their alloys.

x PW Ecut total [Ry] RMT (arb.u.)
0 12050 157.950 Cd 2.50

S 2.40

0.25 65266 178.840 Cd 2.44
S 2.64
Te 2.64

0.5 65266 168.441 Cd 2.515
S 2.725
Te 2.725

0.75 65266 160.287 Cd 2.578
S 2.793
Te 2.793

1 12050 125.786 Cd 2.634
Te 2.854

The self-consistent calculations are considered to be
converged when the total energy of the system is stable
within 10−5 Ry. In order to avoid the overlap of atomic

spheres the MTS radius for each atomic position is taken
to be di�erent for each case. Both the plane waves cut-o�
are varied to ensure the total energy convergence. The
values of the sphere radii (MTS) and number of plane
waves (NPLW) used in our calculation are summarized
in Table I.

3. Results and discussion

3.1. Structural properties

To investigate the structural properties of CdS and
CdTe compounds and their alloys in the cubic struc-
ture, we have started FP-LMTO calculation with the
zinc-blende structure and let the calculation forces to
move the atoms to their equilibrium positions (is shown
in Fig. 1). We have chosen the basic cubic cell as the
unit cell.

Fig. 1. Cubic crystal structure of CdS1−xTex alloy for
x = 0 and 1 (a), 0.25 (b), 0.50 (c), 0.75 (d).

In the unit cell there are four C anions, three A and
one B, two A and two B, and one A and three B cations
for x = 0.25, 0.50 and 0.75, respectively (as shown in
Fig. 1). For the considered structures, we perform the
structural optimization by calculating the total energies
for di�erent volumes around the equilibrium cell volume
V0 of the binary CdS and CdTe compounds and their
alloy.
The calculated total energies are �tted to the Mur-

naghan equation of state [27] to determine the ground
state properties such as the equilibrium lattice con-
stant a, and the bulk modulus B (as shown in Fig. 2).
The equilibrium structural properties such as the lat-

tice constants and bulk modulus were obtained for both
binary compounds and their alloys, the results are given
in Table II. Considering the general trend that GGA usu-
ally overestimates the lattice parameters [28], our GGA
results of binary compounds are in good agreement with
the experimental and other calculated values.
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TABLE II
Calculated lattice parameter (a) and bulk modulus (B) for cadmium chalcogenides and their alloys.

x
Lattice parameter a [Å] Bulk modulus B [GPa]

Our work Exp. Other cal. Our work Exp. Other cal.
CdS1−xTex

0 5.986 5.82a 5.896b, 5.94c, 5.81d, 5.81e, 5.95f 50.8 62a 72.42d, 64.63e, 56.84f

0.25 6.215 6.147f 43.3 46.61f

0.5 6.404 6.33c, 6.325f 38.2 41.6c, 41.42f

0.75 6.565 6.481f 34.9 37.26f

1 6.708 6.48a 6.626b, 6.48d, 6.48e, 6.631f 33.2 44.5a 44.5c, 48.94d, 41.76e, 33.78f
aRef. [28], bRef. [30], cRef. [31], dRef. [19], eRef. [32], fRef. [33].

TABLE III
Energy gap Eg of chalcogenides and their alloys.

x
Energy gap [eV] (Γ�Γ ) Energy gap [eV] (Γ�X)

Our work Exp. Other cal. Our work
CdS1−xTex

0 1.006 2.55a 1.11b, 1.45c, 0.93d, 1.22d, 0.999e, 1.8e 4.186
0.25 0.879 0.873e, 1.59e 3.142
0.5 0.715 0.750e, 1.39e 2.873
0.75 0.480 0.657e, 1.27e 2.575
1 0.429 1.6a 0.62a, 1.88c, 0.60d, 1.32d, 0.588e, 1.087e 2.636

aRef. [28], bRef. [30], cRef. [19], dRef. [32], eRef. [33].

Figure 3 shows the variation of the calculated equilib-
rium lattice constants and the bulk modulus versus con-
centration x for CdS1−xTex alloy. Our calculated lattice
parameters at di�erent compositions of CdS1−xTex alloy
were found to vary almost linearly following Vegard's law
[29] with a marginal upward bowing parameter equal to
−0.22857 Å. The physical origin of this marginal bowing
parameter should be mainly due to the weak mismatches
of the lattice constants of CdS and CdTe compounds.
The composition dependence of bulk modulus is com-

pared with the results predicted by linear concentration
dependence (LCD) (Fig. 4). A signi�cant deviation of the
bulk modulus from the linear concentration dependence
with downward bowing parameter equal to 15.314 GPa
is noticed. We note that the bulk modulus decreases
as the concentration (x) increases. Hence, we conclude
that CdTe is more compressible compared to CdS binary
compound.

3.2. Electronic properties

The important features of the band structure (direct
Γ�Γ and indirect Γ�X band gaps) are given in Table III
(the band structures of the ternary CdS1−xTex is repre-
sented by Fig. 5). It is clearly seen that the band gaps
as a whole are underestimated as comparison with the
experimental results. This underestimation of the band
gaps is mainly due to the fact that the GGA does not take
into account the quasi-particle self-energy correctly [36]
which make them insu�cient �exible to accurately repro-
duce both exchange and correlation energy and its charge
derivative. We also mention that it is far to say that the
experimental data are well reproduced by the calculation.

Fig. 2. Total energy as a function of the volume with
GGA calculation for CdS1−xTex alloy for x = 0, 0.25,
0.50, 0.75 and 1.

One reason for this di�erence is that in our calculations
we have assumed the crystal to be at T = 0 K and thus
do not include contributions from lattice vibrations that
are present at room temperature measurements.

Figure 6 presents the variation of the direct and indi-
rect band gap energies as functions of the composition (x)
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Fig. 3. Composition dependence of the calculated lat-
tice constants (solid squares) of CdS1−xTex alloy com-
pared with Vegard's prediction (dotted line).

Fig. 4. Variation of the calculated bulk modulus ver-
sus x concentration of CdS1−xTex alloy (solid line) com-
pared with LCD prediction (dotted line).

Fig. 5. Band structure of ternary alloy CdS1−xTe1−x

for x = 0, 0.25, 0.50, 0.75 and 1.

Fig. 6. Energy band gap of CdS1−xTex alloy as a func-
tion of composition x.

for the ternary alloys. We note that direct (Γ�Γ ) and in-
direct (Γ�X) band gaps are not intersecting as the com-
puted band structures of the alloys indicate a direct band
gap at various concentrations. The calculated band gap
versus concentrations was �tted by a polynomial equa-
tion. The results are summarized as follows with another
found experimentally Eg = 1.54− 1.06x+ 1.88x2 [17]:

EΓ−Γ = 1.02− 0.71x+ 0.09x2, (1)

EΓ−X = 4.12− 3.95x+ 2.49x2. (2)
To understand the physical origins of the bowing pa-

rameter in CdS1−xTex alloy, we follow the procedure of
Bernard and Zunger [21] of decomposing it into three con-
tributions. Since the compositional e�ect on the bowing
parameter is considered to be small, the band gap bowing
equations of Bernard and Zunger have been de�ned only
by the contributions of the volume deformation (bVD),
charge transfer (bCE) and the structural relaxation (bSR)
of the alloys as follows:

b = bVD + bCE + bSR. (3)
The calculated bowing parameter contributions of the

direct band gap are presented in Table IV. The total bow-
ing parameter for CdS1−xTex alloy has been found to be
very small. The small value of bVD is related to the weak
mismatch of the lattice parameters of CdX compounds
and that of bCE is due to the weak electronegativity [37]
di�erence between CdS and CdTe atoms. The small con-
tribution of the structural relaxation to the bowing pa-
rameter is due to that our calculations are for ordered
structure.

3.3. E�ective mass calculation

The knowledge of the electron and hole e�ective mass
values is indispensable for the understanding of transport
phenomena, exciton e�ects and electron�hole in semicon-
ductors. Therefore, it would be of much interest to deter-
mine the electron and hole e�ective mass values for the
alloys for various doping concentration. We have com-
puted the electron e�ective mass at the conduction band
minima (CBM) and hole e�ective mass at the valence
band maxima (VBM) for the CdS1−xTex alloy. The elec-
tron and hole e�ective masses values are then obtained
from the curvature of the energy band near the Γ -point at
the CBM and VBM for all concentration. At the Γ -point
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TABLE IV

Decomposition of optical bowing into volume
deformation (VD), charge exchange (CE),
and structural relaxation (SR) contributions
(all values are in eV).

x Our work Other cal.
0.25
bVD −2.825
bCT 0.884
bSR 0.309
b −1.632
0.5
bVD −0.168 −0.126a, −0.046a

bCT −0.0925 0.179a, 0.032a

bSR 0.272 0.120a, 0.228a

b 0.011 0.173a, 0.214a

0.75
bVD 2.075
bCT −0.865
bSR 0.823
b 2.033

aRef. [29].

the s-like conduction band e�ective mass can be obtained
through a simple parabolic �t using the de�nition of the
e�ective mass as the second derivative of the energy band
with respect to the wave vector, k, via

m∗/m0 = −(~2/m0)
1

d2E/dk2
. (4)

Here,m∗ is the conduction electron e�ective mass andm0

is the free electron mass. We can then calculate the
curvature of the valence band maximum with the fol-
lowing assumptions: if the spin�orbit interactions were
neglected, the top of the valence band would have a
parabolic behavior; this implies that the highest valence
bands are parabolic in the vicinity of the Γ point. In
this work, CdS, CdTe and CdS1−xTex alloys satisfy this
parabolic condition of the valence band maximum at the
Γ -point. Within this approach, and by using the appro-
priate expression of Eq. (4) (using a plus sign instead
of the minus sign in the prefactor), we have computed
the e�ective masses of the heavy and light holes at the
Γ point. Table V shows the calculated e�ective masses
for the binary compounds, CdS and CdTe as well for
CdS1−xTex alloy. This table also includes theoretical and
experimental values that were reported in literature, for
comparison. The calculated e�ective masses show that
the holes are much heavier than the electrons, so carrier
transport in CdS1−xTex should be dominated by elec-
trons. Our results concerning the electrons, heavy holes
and light hole e�ective mass are shown in Fig. 7.

3.4. Linear optical properties

Quite generally, the basic optical properties of semicon-
ductors result from the electronic excitation in crystals
when an electromagnetic wave is incident on them. The
calculation of the optical properties of the solids is beset

Fig. 7. (a) Electron e�ective mass at point Γ .
(b) Heavy hole e�ective mass (in units of free electron
mass m0). (c) Light hole e�ective mass at point Γ of
CdS1−xTex alloy as a function of composition x.

TABLE V

Electron (m∗
e), heavy hole (m∗

hh) and light hole (m∗
lh)

e�ective masses (in units of free electron mass m).

x m∗
e m∗

hh m∗
lh

CdS1−xTex
0 0.00684 0.9363 0.00402

0.25 0.0486 3.5741 1.719
0.5 0.037 2.6963 1.311
0.75 0.071 0.00654 0.0187
1 0.00699 1.1178 0.695357

with numerous problems. The knowledge of the dielec-
tric functions ε(ω) = ε1(ω)+ iε2(ω) allows describing the
optical properties of the medium at all phonon energies.
Calculations of the dielectric function involve the energy
eigenvalues and the electron wave functions. These are
the natural output of the ab initio band structure cal-
culation which is usually performed under GGA [38, 39].
We have calculated the frequency dependent imaginary
dielectric function and real dielectric function. The ef-
fects of using K points in the Brillouin zone (BZ) have
already been discussed in the earlier work [40].
The knowledge of both real and imaginary parts of the

dielectric function allows the calculation of important op-
tical functions. In this paper, we also present and analyze
the refractive index ε(ω) given by

n(ω) =

[
ε1(ω)

2
+

√
ε21(ω) + ε22(ω)

2

]1/2
. (5)

At low frequency (ω = 0), we obtain the following rela-
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tion:
n(0) = ε

1
2 (0). (6)

The refractive index n of semiconducting materials is
very important in determining the optical and electric
properties of the crystal. Knowledge of n is essential in
the design of heterostructure lasers, and optoelectronic
devices. In the present study, the refractive index has
been obtained using di�erent models that are related to
the fundamental energy band gap.
1. The Moss formula [41] is based on atomic model
Egn

4 = k. (7)
Here, Eg is energy gap, n is the refractive index, and k
is the attenuation index, also is called the extinction co-
e�cient.
2. The Ravindra et al. [42] relation is
n = α+ βEg, (8)

where α and β are constants.
3. Herve and Vandamme's empirical relation [43]:

n =

√
1 +

(
A

Eg +B

)2

, (9)

where A and B are constants.

Fig. 8. Variation of the calculated refractive index ver-
sus x concentration of CdS1−xTex alloy.

TABLE VI
Refractive indices of CdS1−xTex for di�erent compositions x.

x
This work Other cal.

FP-LMTO Relation (7) Relation (8) Relation (9) FP-LAPW Relation (7) Relation (8) Relation (9) For x = 1

CdS1−xTex
0 1.991 3.218 3.460 3.244 2.47a 3.224a 3.446a 3.249a

0.25 1.913 3.329 3.539 3.331 2.41a 3.335a 3.542a 3.336a

0.5 1.968 3.505 3.640 3.452 2.44a 3.464a 3.61a 3.426a

0.75 2.192 3.872 3.786 3.645 2.57a 3.58a 3.676a 3.498a

1 2.399 3.983 3.818 3.689 2.88a 3.681a 3.719a 3.553a 2.92b, 2.72c
a Ref. [33], GGA-FP-LAPW; b Ref. [34] VCA; c Ref. [35] Exp

The present results for Cd compounds and their
ternary alloys are listed in Table VI. It is clearly seen
that the values of the refractive index obtained by FP-
-LMTO method are in reasonable agreement with other
results. Figure 8 notes that when x increases, n decreases
as well. The refractive indices are related to their energy
bands. There is a correlation between these two funda-
mental properties which has a signi�cant impact on the
band structure of semiconductors [44]. Given the fact
that the Eg of the material of interest decreases with
increasing x (see Table II) and n increases with x (see
Table V). The calculated refractive indices versus con-
centration using FP-LMTO were �tted by a polynomial
equation to �nd n equal to 0.38. Hence, the refractive
index of the alloy depends strongly with concentration x
The results are summarized as follows:

n1(x) = 1.96− 0.1x+ 0.38x2 (FP-LMTO), (10)

n2(x) = 3.19 + 0.61x+ 0.21x2 (Moss), (11)

n3(x) = 3.44 + 0.44x− 0.05x2 (Ravindra et al.), (12)

n4(x) = 3.22 + 0.49x− 0.01x2 (Vandamme). (13)

3.5. Thermodynamic properties

In order to study the phase stability of CdS1−xTex
alloy, the Gibbs free energy of mixing ∆Gm(x, T ) is cal-
culated in order to access the T�x phase diagram and
obtain the critical temperature, Tc, for miscibility. More
details of the calculations are given in Refs. [45�47]. The
Gibbs free energy of mixing, ∆Gm, for alloys can be ex-
pressed by

∆Gm = ∆Hm − T∆Sm, (14)

∆Hm = Ωx(1− x), (15)

∆Sm = −R [x lnx+ (1− x) ln(1− x)] . (16)
∆Hm and ∆Sm are the enthalpy and entropy of mixing,
respectively, Ω is the interaction parameter and depends
on material, R is the perfect gas constant, and T is the
absolute temperature. The mixing enthalpy of alloys can
be obtained from the calculated total energies as

∆Hm = EAB1−xCx − (1− x)EAB − xEAC, (17)
where EAB1−xCx, EAB, and EAC are the respective ener-
gies of AB1−xCx alloy and the binary compounds AB,
and AC. We then calculated ∆Hm to obtain Ω as a
function of concentration. The interaction parameter in-
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creases almost linearly with increasing x. From a linear
�t we obtained

CdS1−xTex −→ Ω [kcal/mol] = 18.58− 9.44x. (18)
The average values of the x-dependent (Ω) in the range
0 < x < 1 derived from these equations for CdS1−xTex
alloy is about 13.86 kcal/mol. The larger enthalpy for
CdS1−xTex alloy suggests a large value of Ω and, hence
a higher critical temperature. By calculating the tem-
perature composition, phase diagram shows the stable,
metastable and unstable mixing regions of the alloy. At
a temperature lower than the critical temperature Tc,
the two binodal points are determined as those points at
which the common tangent line touches the ∆Gm curves.
The two spinodal points are determined as those points at
which the second derivative of ∆Gm is zero. The spinodal
and binodal curves of the alloys are sketched in Fig. 9.

Fig. 9. T�x phase diagram for CdS1−xTex alloy. Black
line: binodal curve, red line: spinodal curve.

We have thus calculated the phase diagram using the
average values of the x-dependent Ω , hence the phase
diagram looks symmetric. In Fig. 8, we observed a criti-
cal temperature Tc of 3616.4091 K. The spinodal curve in
the phase diagram marks the equilibrium solubility limit,
i.e. the miscibility gap. A homogeneous alloy is predicted
for temperatures and compositions above this curve. The
wide range between spinodal and binodal curves indicates
that the alloy may exist as a metastable phase. Finally,
our results indicate that the CdS1−xTex alloy is stable at
high temperature.

4. Conclusion
A theoretical study of structural, electronic, optical,

and thermodynamic ternary CdS1−xTex is investigated
by ab initio FP-LMTO. The agreement between our re-
sults and the available experimental theoretical data is
considered satisfactory. We studied the composition de-
pendence of the lattice constant, bulk modulus, band
gap, refractive index and dielectric function. A small
deviation of the lattice constant of the Vegard law was
observed in the ternary CdS1−xTex. FP-LMTO method
is used to calculate refractive index as a function of com-
position x. Our results showed that the refractive index
varies linearly compared to other models. The investi-
gation of the thermodynamic stability allowed us to cal-
culate the critical temperatures CdS1−xTex which is of
order 3616.4091 K.
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