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Abstract Based on the self-consistent ab initio full

potential-linearized augmented plane wave method, the

structural, electronic, optical, and thermodynamic proper-

ties of CdSexTe1-x ternary semiconductor alloys have been

investigated. The exchange–correlation potential was cal-

culated using both the generalized gradient approximation

(GGA) by Perdew–Burke–Ernzerhof (PBE) and the GGA

by Engel–Vosko (EV-GGA). The ground-state properties

are determined for the cubic bulk materials CdSe, CdTe,

and their mixed crystals at various concentrations

(x = 0.25, 0.5, and 0.75). Deviation of the lattice param-

eter from Vegard’s law and the bulk modulus from linear

concentration dependence has been examined. The micro-

scopic origins of the band-gap bowing parameter have been

discussed. Moreover, the refractive index and the optical

dielectric constant for CdSexTe1-x are studied using dif-

ferent models. Besides, the thermodynamic stability of the

alloys of interest is investigated by means of the miscibility

critical temperature.

Introduction

The II–VI compound semiconductors belonging to the

cadmium chalcogenides family have recently received

considerable interest from both theoretical and experi-

mental point of views. This is because of their specific

physical properties. Among them, the cadmium chalcoge-

nides CdX (X = S, Se, and Te) have been reported by

several authors [1–10]. These materials have important

applications in photo-electrochemical devices. They are

characterized by different degrees of covalent, ionic, and

metallic bonding, and they crystallize in different crystal

structures (such as zinc-blende and wurtzite). In this study,

the zinc-blende phase is adopted. To take advantage of

them, it requires a thorough knowledge of their properties

that are important for the evaluation of their expectable

domain of applications.

Based on the ab initio self-consistent full potential-

linearized augmented plane wave (FP-LAPW) method, this

article reports a theoretical investigation of the structural,

electronic, optical, and thermodynamic properties of CdSe,

CdTe, and their ternary alloys CdSexTe1-x. To the best of

the knowledge, no experimental work has been conducted

so far for the mixed crystals of interest in the composition

range 0–1. However, on the theoretical side, few attempts

have been made for predicting their physical properties

[11]. This has prompted the authors to take such a calcu-

lation on such alloys of interest.

The article is organized as follows: In ‘‘Introduction’’

section, a brief introduction was given. In ‘‘Methods of

calculation’’ section, the authors describe the computa-

tional technique that has been adopted for the calculations.

The authors present the results and discuss them in

‘‘Results and discussion’’ section. Finally, this study is

summarized in ‘‘Conclusion’’ section.
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El-hadath, Beirut, Lebanon

123

J Mater Sci (2011) 46:3855–3861

DOI 10.1007/s10853-011-5306-1



Method of calculation

All calculations were performed using the FP-LAPW

method [12] within the frame work of the density func-

tional theory (DFT) [13, 14] as implemented in the WIE2K

code [15]. The exchange–correlation potential for struc-

tural properties was calculated by the generalized gradient

approximation (GGA) based on Perdew et al. [16], while

for electronic properties in addition to that, the Engel-

Vosko (EV-GGA) [17] scheme was applied. In the

FP-LAPW method, the wave function and potential are

expanded in spherical harmonic functions inside non-

overlapping spheres surrounding the atomic sites (muffin-

tin spheres). The convergence parameter RMTkmax, which

controls the size of the basis sets in these calculations, was

set to 9. RMT denotes the smallest atomic sphere radius and

kmax gives the magnitude of the largest k vector in the plane

wave expansion. The charge density was Fourier expanded

up to Gmax. The Gmax parameter was taken to be

14.0 Bohr-1. The Cd ([Kr] 4d10 5s2), Se ([Ar] 3d10 4s2

4p2), and Te ([Kr] 4d10 5s2 5p4) states are treated as

valence electrons. The RMT are taken to be 2.3, 2.2, and 2.4

atomic units (a.u.) for Cd, Se, and Te, respectively. Meshes

of 73 k-points were chosen in the whole Brillouin zone

for CdTe and CdSe. For CdSexTe1-x ternary alloys, 125

special k-points were chosen.

Results and discussion

Structural properties

The authors first calculated the structural properties of

CdSe, CdTe compounds, and their ternary alloys in the

zinc-blende phase using the GGA scheme. The alloys are

modeled at some selected compositions with ordered

structures described in terms of periodically repeated

supercells. For the compositions x = 0.25, 0.5, and 0.75,

the simplest structure is an eight- atom simple cubic lattice.

The total energy has been calculated as a function of unit

cell volume and is fitted to the Murnaghan’s equation of

state [18]. This allowed the obtaining of the equilibrium

structural properties such as the lattice constant (a) and the

bulk modulus (B). The GGA-calculated structural param-

eters for CdSexTe1-x at various compositions x are listed in

Table 1. In this table, comparison is made with experi-

mental and previous theoretical values of the lattice con-

stant and bulk modulus (all at zero pressure). In view of

Table 1, one can note that the results regarding the lattice

constant for CdTe and CdSe are overestimated with respect

to the experimental values reported in [19, 20]; the GGA is

expected to overestimate slightly the lattice constant [21,

22]. For CdSe, the agreement between the calculated and

experimental values of a0 is slightly worse than for CdTe.

For compositions in the range 0–1, the results are predic-

tions and seem likely to be useful as a reference for future

experimental work.

The composition dependence of the calculated lattice

constant for CdSexTe1-x ternary alloys is shown in Fig. 1.

Note that as the composition x increases the lattice constant

decreases monotonically and almost linearly exhibiting an

upward weak bowing parameter of -0.051 Å. The linear

behavior of the lattice constant is consistent with the

Vegard’s law [23] that is often used by researchers for

obtaining the lattice constant of zinc-blende semiconductor

alloys [5, 24]. This is clearly seen in Fig. 1. Thus, one

can conclude that the deviation from Vegard’s law for

the lattice constant regarding the normal substitution for

CdSexTe1-x ternary alloys is negligible. This fact suggests

that there is a good agreement between the DFT predictions

and the linear Vegard’s law.

Table 1 Calculated lattice parameter (a) and bulk modulus (B) for

CdSexTe1-x (0 B x B 1) at equilibrium volume

Composition x Lattice parameter a (Å) Bulk modulus

B (GPa)

Other

cal.

This study Exp. This study Exp.

0 6.631 6.48a 33.793 39a 44.5c

0.25 6.532 38.864

0.50 6.438 40.864

0.75 6.331 43.549

1 6.216 6.05b 44.86

a Ref. [19]
b Ref. [20]
c Ref. [25]
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Fig. 1 Composition dependence of the calculated lattice constant

(solid squares) for CdSexTe1-x alloys compared with Vegard’s law

(dashed line)
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The ratio of the change of pressure to the fractional

volume compression is called the bulk modulus (B) of the

material. The calculated B’s for CdTe, CdSe, and some of

their mixed crystals CdSexTe1-x are depicted in Table 1.

To the knowledge, the only available experimental value of

B for parent compounds of interest is that for CdTe. The

value of B for CdTe as illustrated by the results is smaller

than the experimental result reported in Ref. [19]. In terms

of theoretical results, the B for CdTe is also underestimated

with respect to that reported by Zerroug et al. [25]. For

other compositions rather than 0, the results are predic-

tions. It is worth noting that as the chalcogenide atomic

number increases the bulk modulus of cadmium chalco-

genide compound decreases which makes the material

more compressible.

The variation of the bulk modulus as a function of the

alloy composition x for CdSexTe1-x ternary mixed crystals

as illustrated by the results is displayed in Fig. 2. Also shown

for comparison is the variation of B versus x predicted by a

linear concentration dependence (LCD) method (Fig. 2,

dashed line). Note that as the composition increases,

B increases as well. The enhancement of B versus x is

monotonic. This indicates that the material under load

becomes less compressible when increasing the alloy com-

position x. However, in contrast to the lattice constant, the

bulk modulus varies non-linearly with respect to x exhibiting

a large upward bowing parameter of -7.811 GPa. This

makes a deviation from LCD very significant.

Electronic properties

The electronic band structure of the materials of interest

has been calculated using both the GGA and the EV-GGA

schemes. Even the EV-GGA functional was used so as to

calculate the energy band-gaps; this approximation was

not used for the optimization of the lattice constant. The

latter was optimized by using the PBE-GGA functional

approach. In this respect, the fundamental band-gap energy

(EC
C) has been obtained for CdSexTe1-x at various com-

positions x ranging from 0 to 1. The results are listed in

Table 2. Also shown for comparison are the available data

in the literature. The calculated band-gap energies EC
C are

underestimated by the GGA. Although the GGA calcula-

tions severely underestimate the band gap at C, the cal-

culated trends are correct. The band gap at C of the CdTe

structure is larger than the CdSe structure. It is worth

noting that the calculated values of EC
C via EV-GGA

approach are highly improved with respect to experiment

as compared to those obtained via GGA. Besides, the EV-

GGA results are in better agreement with experiment than

the previous theoretical data reported in Refs. [20, 26]. As

a matter of fact, the simple form of the GGA is not suffi-

ciently flexible for accurately reproducing both exchange–

correlation energy and its charge derivative [25]. By con-

sidering this short coming, Engel and Vosko [17] have

constructed a new functional form of the GGA that was

able to better reproduce the exchange potential at the

expense of less agreement as regards exchange energy

when compared to experiment.

The variation of EC
C as a function of the composition x

for the material of interest obtained by using GGA and

EV-GGA approaches is shown in Fig. 3. The GGA results

show that going from x = 0 to x = 1, EC
C decreases

monotonically in CdSexTe1-x system. The situation con-

cerning the EV-GGA results is quite different where one

can notice that EC
Cincreases monotonically with increasing

the composition x. By fitting the EC
Cenergy gaps data for

both GGA and EV-GGA approaches using a least squares

procedure, the following analytical expressions have been

obtained,
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Fig. 2 Composition dependence of the bulk modulus of CdSexTe1-x

alloys (solid squares) compared with LCD prediction (dashed line)

Table 2 Band-gap energies of zinc-blende CdSexTe1-x alloys

at various concentrations x

Composition x Band-gap energy (eV)

GGA Exp. Other cal. EVGGA

0 0.588 1.92a 0.62a 0.88b 1.087

0.25 0.549 1.13

0.50 0.512 1.17

0.75 0.492 1.18

1 0.475 1.90a 0.48a 0.73b 1.2

a Ref. [20]
b Ref. [26]
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EC
CðxÞ ¼ 0:59� 0:18xþ 0:07x2 ðGGAÞ ð1Þ

EC
CðxÞ ¼ 1:09þ 0:20x� 0:08x2 ðEV� GGAÞ ð2Þ

The quadratic terms are refereed to as band-gap bowing

parameters. The bowing parameter of CdSxTe1-x [25]

appear to be larger than that of CdSexTe1-x. This is due

presumably to the lattice mismatch, that is larger in

CdSxTe1-x (Da = 0.66 Å) as compared to CdSexTe1-x

(Da = 0.43 Å). This could be also understood in terms of

the difference in the electro-negativity between Te, S, and

Se atoms which is according to the Pauling scale 2.58 for S,

2.1 for Te, and 2.55 for Se.

In order to better understand the physical origins of the

band-gap bowing in these alloys, we have followed the

procedure of Bernard and Zunger [27], in which the bow-

ing parameter (b) is decomposed into three physically

distinct contributions. In fact the overall band-gap bowing

coefficient at x = 0.50 measures the change in the band-

gap according to the reaction:

ABðaABÞ þ ACðaACÞ ! AB0:50C0:50ðaeqÞ ð3Þ

Where aAB and aAC are the equilibrium lattice constants

of the binary compounds AB and AC, respectively; aeq is

the alloy equilibrium lattice constant. The authors now

decompose the previous reaction into three steps:

ABðaABÞ þ ACðaACÞ�!
VD

ABðaÞ þ ACðaÞ ð4Þ

ABðaÞ þ ACðaÞ�!CE
AB0:50C0:50ðaÞ ð5Þ

AB0:50C0:50ðaÞ�!
SR

AB0:50C0:50ðaeqÞ ð6Þ

The first step measures the volume deformation (VD)

effect on the bowing parameter. The corresponding

contribution of VD to the total band-gap bowing parameter

represents the relative response of the band structure of the

binary compounds AB and AC to hydrostatic pressure,

which arises here from the change of their individual

equilibrium lattice constants with respect to the alloy value

a = a(x) (Vegard’s rule). The second contribution is that

comes from the charge-exchange (CE) contribution bCE

which reflects a charge transfer effect due to the different

(averaged) bonding behavior at the lattice constant a. The

last contribution denoted by bSR measures the change due to

the structural relaxation (SR) in passing from the unrelaxed

to the relaxed alloy. Consequently, the total band-gap

bowing parameter is defined as,

b ¼ bVD þ bCE þ bSR ð7Þ

where

bVD ¼ 2½eABðaABÞ � eABðaÞ þ eACðaACÞ � eACðaÞ� ð8Þ
bCE ¼ 2½eABðaÞ þ eACðaÞ � 2eABCðaÞ� ð9Þ
bSR ¼ 4½eABCðaÞ � eABCðaeqÞ� ð10Þ

where e is the energy gap that is calculated for the indicated

atomic structures and lattice constants. The energy band-

gap terms in Eqs. 8–10 are calculated separately with self-

consistent band structure FP-LAPW within both GGA and

EV-GGA approaches. Our results concerning the different

bowing parameters, namely bVD, bCE and bSR are collected

in Table 3 along with the band-gap bowing parameters

obtained in Eqs. 1 and 2 using a quadratic fit. From

Table 3, one can note that the contribution of bCE to b in

the alloys under load is larger than that of bSR to b. It

should be also noted that the contribution of bVD to b is

negative, i.e., it decreases the value of b. It was observed

that using Bernard and Zunger approach, the b estimated

by the EV-GGA is larger in magnitude than that obtained

by the GGA.

Thermodynamic properties

Let us now turn our attention to the phase stability of

CdSexTe1-x ternary alloys. For this purpose, the authors

calculate the Gibbs free energy of mixing DGm(x,T)which

allows to access the T–x phase diagram and obtain the

critical temperature Tc. More details about the calculations

are given in Refs. [28, 29].
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Fig. 3 Composition dependence of the calculated band gap energy

EC
C using GGA and EV-GGA for CdSexTe1-x

Table 3 Decomposition of optical bowing into volume deformation

(VD), charge exchange (CE), and structural relaxation (SR) contri-

butions compared with the typical bowing obtained by a quadratic fit

GGA EV-GGA

bVD bCE bSR B b bVD bCE bSR b

-0.70 0.65 0.07 0.02 0.07 0.15 0.7 -0.17 -0.08

All bowing parameters are expressed in eV
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The Gibbs free energy of mixing, DGm for an alloy is

expressed as

DGm ¼ DHm � TDSm ð11Þ

where

DHm ¼ Xxð1� xÞ ð12Þ
DSm ¼ �R½x ln xþ ð1� xÞ lnð1� xÞ� ð13Þ

DHm and DSm are the enthalpy and the entropy of

mixing, respectively; X is the interaction parameter, R is

the gas constant, and T is the absolute temperature. Only

the interaction parameter X depends on the material

properties. The mixing enthalpy of alloys can be obtained

as the difference in energy between the alloy and the

weighted sum of the constituents [29]:

DHm ¼ EABxC1�x
� xEAB � ð1� xÞEAC ð14Þ

whereEABxC1�x
, EAB and EAC are the energies of ABxC1�x,

AB and AC materials, respectively. The authors then cal-

culate DHm to obtain the interaction parameter X as a

function of the alloy concentration x.

The variation of X as a function of the composition x for

CdSexTe1-x ternary alloys has been determined. The best

fit of our data regarding X is found to be linear yielding the

following expression,

XðxÞ ¼ 64:91� 4:76x ð15Þ

where X is expressed in kcal/mol. The average value of X
obtained in this study in the composition range 0 B x B 1

is estimated to be 62.53 kcal/mol.

In order to determine the stable, metastable and unstable

mixing regions of the alloy of interest, we have calculated

the temperature-composition phase diagram. Our results

are displayed in Fig. 4. At a temperature lower than the

critical temperature Tc, the two bimodal points are deter-

mined as those points at which the common tangent line

touches the DGm curves, whereas the two spinodal points

are determined as those points at which the second deriv-

ative of DGm is zero. A critical temperature (Tc) value of

899.57 K has been evaluated for CdSexTe1-x. The equi-

librium solubility limit, i.e., the miscibility gap is marked

by the spinodal curve in the phase diagram. For tempera-

tures and compositions above this curve a homogeneous

alloy is predicted. One can also note the existence of a wide

range between spinodal and binodal curves indicating thus

that CdSexTe1-x may have a metastable phase.

Optical properties

The refractive index (n) of semi-conducting 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 in optoelectronic

devices. In the present study, n has been obtained using

different models that are related to the fundamental energy

band-gap.

(i). The Moss formula [30] based on an atomic model

Egn4 ¼ k ð16Þ

where Eg is the energy band-gap and k is a constant. The

value of k as reported in Ref. [30] is 108 eV.

(ii). The Ravindra et al. [31] expression,

n ¼ aþ b Eg ð17Þ

with a = 4.084 and b = -0.62 eV-1.

(iii). Herve and Vandamme’s empirical relation [32],

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ A

Eg þ B

� �2
s

ð18Þ

with A = 13.6 and B = 3.4 eV.

Based on the electronic structure calculated from

FP-LAPW method, the dielectric function e(x) = e1(x) ?

ie2(x) has been calculated, where e1(x) and e2(x) are the

real and imaginary parts of e(x), respectively. By knowing

the values of e1(x), e2(x), and e(x), the refractive index n

has also been calculated using the expression,

nðxÞ ¼ eðxÞ
2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2
1ðxÞ þ e2

2ðxÞ
p

2

" #1
2

ð19Þ

The results for CdSe, CdTe and some of their ternary

alloys are listed in Table 4. Comparison with the known

data has been made where possible. As compared with the

other relations used, it seems that the values of n obtained

from FP-LAPW method for the end-point compounds (i.e.,

CdSe and CdTe) are in better agreement with the known

data. The reason lies in the fact that relations (16)–(18)

from which n is estimated depend on the fundamental band
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Fig. 4 T–x phase diagram of CdSexTe1-x alloys. Dashed line binodal

curve. Solid line spinodal curve
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gap energy Eg that is underestimated by the GGA approach.

So it is clear that the deficiency is in the band gap value

rather than in the models themselves. The better agreement

of the electronic structure based optical properties with

experimental values is typical of the response function

method used in WIEN, largely due to the underestimation of

the band gap value. For lack of both experimental and

theoretical data in the literature from n of CdSexTe1�xin the

composition range 0 \ x \ 1, this results stand, therefore,

as predictions for the refractive index.

The variation of n as a function of composition x for

CdSexTe1�x is shown in Fig. 5. Note that n increases

monotonically with increasing x for all empirical methods.

However, the use of the FP-LAPW leads to a non-mono-

tonic behavior of n. The behavior of n based on empirical

models is consistent with the fact that the smaller Eg gap

material has a large value of n as generally reported for

other semiconductor alloys [33–35].

Based on the FP-LAPW calculated values of n (which

are the most accurate ones among the other used models),

the high-frequency dielectric constant (e?) has been

obtained for different compositions x using the following

expression,

e1 ¼ n2 ð20Þ

The results along with the known data in the literature

are given in Table 5. As compared with the known data,

our results seem to be in good agreement with the data

reported in Ref. [36]. No available data concerning e?
have been reported in the literature for CdSexTe1�x

(0 \ x \ 1), to the knowledge. Hence, no comment for

the time being can be ascribed to the accuracy of our

results in this range. By fitting our FP-LAPW e? data using

a least-squares procedure, we have obtained the following

analytical expression,

e1ðxÞ ¼ 6:16þ 1:48x� 2:77x2 ð21Þ

This expression can be used to predict the e? for any x

in the material of interest.

Conclusion

The FP-LAPW method within the DFT in the frame work

of GGA and EV-GGA schemes have been used to calculate

Table 4 Refractive indices of CdSexTe1-x for different composition x

Composition x n (calculated from (16)) n (calculated from (17)) n (calculated from (18)) Present FP-LAPW Known

0 3.68 3.72 3.55 2.46 2.92a 2.72b

0.25 3.75 3.74 3.59 2.57

0.5 3.81 3.77 3.62 2.44

0.75 3.85 3.78 3.63 2.41

1 3.88 3.79 3.65 2.29 2. 83a 2.5c

a Ref. [11]
b Ref. [37]
c Ref. [38]
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Fig. 5 Refractive index as a function of composition x for

CdSexTe1-x

Table 5 Optical high-frequency dielectric constant of CdSexTe1-x

for different composition x

Composition x Present FP-LAPW Known data

0 6.08 7.2a 9.02b 6.70c

0.25 6.60

0.50 5.95

0.75 5.81

1 5.25 5.68b 6.26c 5.8d

a Ref. [39]
b Ref. [36]
c Ref. [40]
d Ref. [41]
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structural, electric, thermodynamic and optical properties

of CdSexTe1�x mixed crystals (0 B x B 1) in the zinc-

blende phase. A summary of the key findings follows.

(i). The deviation from Vegard’s law for the lattice

constant regarding the normal substitution for

CdSexTe1�xalloys is negligible.

(ii). The bulk modulus of cadmium chalcogenide com-

pounds decreases with increasing the chalcogenide

atomic number indicating thus that the material

under load becomes more compressible.

(iii). The microscopic origins of the band-gap bowing

parameter for CdSexTe1�x were determined.

(iv). The calculated phase diagram indicated that

CdSexTe1�xis stable at temperature of 899.57 K.

(v). The refractive indices calculated with the use of FP-

LAPW method were found to be in better agreement

with the known data than those calculated from

empirical relations.
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