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Electronic and optical properties of ternary alloys
ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x, MgxZn1−xSe
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The empirical pseudopotential method (EPM) within the virtual crystal approximation (VCA) is used to calculate the
electronic and optical properties of ternary alloys ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x and MgxZn1−xSe. The alloy band
structures and energy gaps are calculated using VCA which incorporates the compositional disorder as an effective potential.
The calculated band structures for the ZnxCd1−xS, ZnxCd1−xSe and ZnSxSe1−x alloys show a direct band gap in the whole
range of the concentration except for the MgxZn1−xSe alloy which presents a crossover from the direct gap to the indirect one.
Also the dependence of the refractive index on the concentration is calculated for each ternary alloy. This parameter is found to
depend nonlinearly on the alloy concentration. A detailed comparison of our results with experimental data and works of other
authors has led to a good agreement.
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1. Introduction

A particular attention has been devoted in the
literature to the wide-gap semiconductor alloys for
applications in the fields of optical devices technol-
ogy [1, 2]. Several authors have investigated dif-
ferent kinds of materials in order to search for the
desired parameters, such as band-gap, lattice con-
stant, dielectric constant and carrier mobility [3–6].
In recent years, the wide gap II-VI semiconductor
compounds have attracted much interest for their
applications in optoelectronic devices.

Various methods for fabricating chemical com-
pound semiconductor nanostructures have been
used. For II-VI compounds, especially of ZnSe,
ZnS and their alloys, the epitaxial layers were
grown on substrates by the metalorganic chemical
vapor deposition method (MOCVD). The surface
morphology and crystalline quality of these mate-
rials can be improved by a suitable choice of source
compounds and by matching the lattice parameters
of the epitaxial layer to the substrate [2, 7].
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Electronic properties of some ternary semi-
conductor alloys have been computed in order
to provide more information and knowledge about
future device concepts and applications. Differ-
ent theoretical methods have been used for the
calculation of the properties of these alloys. The
full potential linear augmented plane wave method
(FP-LAPW) within the density functional theory
(DFT) has been used to study the structural, elec-
tronic, thermodynamic and thermal properties of
ZnSSe ternary alloys [8]. Ab initio pseudopoten-
tial calculations have been performed to study
the structural properties of compounds based on
elements such as Mg and Zn and the stability
of MgSe–ZnSe ordered superlattices [9]. A study
of the structural, electronic and optical proper-
ties of (BeTe/ZnSe) supperlattices has been per-
formed using the full potential linear muffin-tin
orbital method (FP-LMTO) [10]. This method
has also been used in order to investigate op-
toelectronic nature of MgCdSe alloys [11]. The
electronic and optical properties of ZnS, ZnSe,
CdS, CdSe and their alloy ZnCdSSe have been
investigated using the empirical pseudopotential
method (EPM) [12]. Also, with this method, the
form factors and band structures for CdSe, CdS
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and ZnS have been determined [13]. Based on the
pseudopotential scheme, the electronic properties
of zinc-blende ZnMgSe alloys have been pre-
dicted [14]. Within the same empirical pseudopo-
tential model, the electronic band structures of qua-
ternary alloys CdZnSSe [15] and ZnMgSSe [16]
have been calculated to study the structural, elec-
tronic and optical properties of these materials.

The empirical pseudopotential method (EPM)
has been proven to be one of the most reliable
methods for calculation of the band structures of
semiconductors. In the EPM, the actual atomic po-
tential is replaced by a pseudopotential and a group
of atomic form factors are adjusted so that the cal-
culations produced the energy bands as accurately
as possible in the whole composition range in ac-
cordance with the existing experimental data.

The aim of this work is the study of
electronic and optical properties of ternary al-
loys ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x and
MgxZn1−xSe using the EPM method within the
virtual crystal approximation (VCA) in order to
complete the existing experimental and theoretical
works on these alloys.

2. Computational method
In the EPM the empirical pseudopotential pa-

rameters (EPP) are considered as a superposition
of pseudo-atomic potentials in the form:

V (r) =VL(r)+VNL(r) (1)

where VL and VNL are local and non-local parts, re-
spectively. In these calculations the non-local parts
are not taken into account. We consider the Fourier
components of VL(r) as the local EPPs. The used
pseudopotential Hamiltonian is described by the
following expression:

H =− η

2m
∇

2 +VL(r) (2)

where VL(r) is the pseudopotential which can be
expanded in the reciprocal lattice vectors G. For a
binary compound the expansion is written in two
elements, which are symmetrical and asymmetrical

with respect to an interchange of two atoms about
their mid-point [9]:

VL(r) = ∑
G

[
SS(G)V S(G)+ iSa(G)V a(G)

]
exp(iGr)

(3)

where S(G) and V(G) represent the structure and
form factors, respectively.

The EPPs are determined by the nonlinear
method of the least-squares where all parameters
are simultaneously calculated under a defined crite-
rion of minimizing the RMS deviation. The normal
conditions are used for the experimental electronic
band structure data. The nonlinear least-squares
method requires that the RMS variation of the cal-
culated level spacing (LSs) from the experimental
ones, defined by:

δ =

(
∑

m
(i, j) (∆E(i, j))2

m−N

) 1
2

(4)

was a minimum where:

∆E(i, j) = E(i, j)
exp −E(i, j)

calc

Here, E(i,j)
exp and E(i,j)

calc are the observed and calcu-
lated LSs concerning the i-th state at the wave vec-
tor k = ki and the j-th at k = kj, respectively, in
the m cosen pairs (i,j), while N is the number of
EPPs. The energies obtained by solving the EPP
secular equation are nonlinear functions of EPPs.
The parameters starting values are improved step
by step by iteration until δ is minimized. Let us de-
note the parameters by Pu(u = 1, 2, . . . , N) and
write Pu(n + 1) = Pu(n) +∆Pu, where Pu(n) de-
fines the value at the n-th iteration. The corrections
∆Pu are calculated at once by solving a system of
linear equations:

N

∑
u=1

[
∑

m
(i, j) (Q

i
u−Q j

u)(Q
i
u′−Q j

u′)
]

∆Pu (5)

= ∑
m
(i, j)

[
E(i, j)

exp −E(i, j)
calc (n)

]
(Qi

u′−Q j
u′)

u′ = (1,2, . . . ,N)

where E(i,j)
calc(n) is the value at the n-th iteration. Qu

is given by:

Q j
u = ∑q,q′

[
Ci

q(ki)
]∗(∂H(ki)

∂Pu

)
q,q′

Ci
q′(ki) (6)
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Here, H(ki) is the pseudohamiltonian matrix at
k = ki in the plane wave representation and the i-th
pseudowavefunction at k = ki is expanded as:

ψ
i
ki
(r) = ∑

q
Ci

q(ki)exp [i(ki + kq)r] (7)

where kq is the reciprocal lattice vector. In equa-
tion 5 we can see that all of the parameters are
computed automatically in an interdependent way.
The lattice constant parameter of the ternary alloy
A1−xBxC is calculated via the Vegard’s rule as:

a(x) = (1− x)aBC + xaAC (8)

where aAC and aBC are the lattice constants of the
parent binaries AC and BC, respectively. The al-
loy potential is calculated using the VCA, with the
compositional disorder incorporated as an effective
periodic potential:

Valloy(r) = (1− x)VBC(r)+ xVAC(r)

−p [x(1− x)]1/2 [VAC(r)−VBC(r)] (9)

where p is a parameter to be adjusted. We have
used this potential for our alloy system over vari-
ous compositions by changing p until an agreement
with experiments was obtained.

3. Results and discussion
3.1. Electronic properties

In order to derive an accurate alloy band struc-
ture, we must begin from a realistic band structure
of the ternaries under study. The adjusted pseu-
dopotential form factors for binary parent com-
pounds ZnS, ZnSe, CdS, CdSe and MgSe used in
our calculation are listed in Table 1. In addition,
the calculated and experimental energy gaps for the
mentioned binary compounds are collected in Ta-
ble 2 and show a reasonable agreement.

For MgSe we have adjusted the form factors re-
ported in the literature [14] and taken the experi-
mental energy values given in the literature [16].
The reason of this choice is the lack of experimen-
tal data in the literature. The energy band structures
computed within EPM for the following ternary
alloys ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x and
MgxZn1−xSe are, respectively, shown in Fig. 1.

Fig. 1. Electronic band structure in zinc-blende (zb)
phase for: (a) Zn0.5Cd0.5S, (b) Zn0.5Cd0.5Se, (c)
ZnS0.5Se0.5, (d) Mg0.5Zn0.5Se.

In the present work the concentration x = 0.5
is chosen for all ternary alloys. The reference en-
ergy level is the top of the valence band assumed
as zero energy and situated at the Γ symmetry di-
rection of the first Brillouin zone. The curves in
Fig. 1 exhibit a direct gap for the studied ternary
alloys ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x and
MgxZn1−xSe since the binaries ZnS, ZnSe, CdS,
CdSe and MgSe are both direct gap compounds.
We have found for the different ternary alloys the
following energy gap values of 1.14 eV, 1.20 eV,
3.27 eV and 3.39 eV for Zn0.5Cd0.5S, Zn0.5Cd0.5Se,
ZnS0.5Se0.5 and Mg0.5Zn0.5Se, respectively. Our
results have been compared with the available ex-
perimental and theoretical data and have shown a
good agreement [2].

The variation of the energy gaps (EΓΓ,
EΓX, EΓL) versus the concentration x calculated
within VCA only (p = 0) for the ternary al-
loys ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x and
MgxZn1−xSe is presented in Fig. 2 to Fig. 5,
respectively.

Referring to Fig. 2, Fig. 3 and Fig. 4,
we observe that the ternary alloys ZnxCd1−xS,
ZnxCd1−xSe and ZnSxSe1−x have a direct band
gap for all concentrations x (0 6 x 6 1).
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Table 1. Adjusted form factors (in Ry) for the studied binaries.

Material VS (3) VS (8) VS (11) VA (3) VA (4) VA (11)

ZnS –0.273609 0.041552 0.057521 0.207435 0.14000 0.04000
CdS –0.381411 0.068308 –0.238828 0.311320 0.13000 0.223786
ZnSe –0.283115 0.056426 0.033312 0.178871 0.12300 0.053152
CdSe –0.293661 0.017887 –0.156928 0.260615 0.12000 0.152888
MgSe –0.241454 0.026 0.05 0.15 0.089 –0.03

Table 2. Calculated and experimental energy gaps for
the binary compounds.

Material a [a.u.] EΓΓ [eV] EΓX [eV] EΓL [eV]

Calc. Exp. Calc. Exp. Calc. Exp.
ZnS 10.224d 3.51a 3.70b 5.23a 5.20b 5.28a 5.30b

CdS 11.021d 2.69a 2.50b 6.00a 6.00b 5.67a 5.60b

ZnSe 10.711d 2.68a 2.80b 4.49a 4.50b 4.47a 4.50b

CdSe 11.484d 2.01a 1.90b 5.41a 5.40b 4.74a 4.70b

MgSe 11.130d 4.21a 4.21c 4.13a 4.05c 4.19a 4.19c

athis work, b[12], c[16], d[2]

Fig. 2. Variation of energy gap with concentration for
ZnxCd1− xS in zb phase, obtained with VCA
(dashed lines) and improved VCA (solid lines).

For ternary alloy ZnSxSe1−x the variation of the
gaps increases with the x concentration. In the case
of ternary alloys ZnxCd1−xS and ZnxCd1−xSe, the
variation of the gaps decreases with the x con-
centration for (0 6 x 6 0.5) and increases for
(0.5 < x 6 1.0) showing a bowing. For ternary al-
loy MgxZn1−xSe, Fig. 5 shows a crossover from
the direct gap to the indirect one. The energy gap

Fig. 3. Variation of energy gap with concentration for
ZnxCd1− xSe in zb phase, obtained with VCA
(dashed lines) and improved VCA (solid lines).

Fig. 4. Variation of energy gap with concentration for
ZnSxSe1− x in zb phase, obtained with VCA
(dashed lines) and improved VCA (solid lines).

of this crossover is 4.14 eV which corresponds to
the concentration x = 0.95.

A quadratic fit of the obtained curves within
VCA (p = 0), yields the following polynomial
expressions of the three energy gaps EΓΓ, EΓX, EΓL
for the ternary alloys of interest:
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Fig. 5. Variation of the energy gap with concentration
for MgxZn1− xSe in zb phase, obtained with
VCA (dashed lines) and improved VCA (solid
lines).

ZnxCd1− xS ⇒ (10)
EΓΓ = 2.695−7.147x+7.964x2

EΓX = 6.007−3.969x+3.197x2 VCA(p = 0)
EΓL = 5.671−5.928x+5.539x2

ZnxCd1− xSe ⇒ (11)
EΓΓ = 2.016−4.957x+5.628x2

EΓX = 5.414−3.415x+2.500x2 VCA(p = 0)
EΓL = 4.745−4.326x+4.056x2

ZnSxSe1− x ⇒ (12)
EΓΓ = 2.799+1.010x−0.107x2

EΓX = 4.499+0.816x−0.115x2 VCA(p = 0)
EΓL = 4.498−0.917x−0.115x2

MgxZn1− xSe ⇒ (13)
EΓΓ = 2.793+1.456x−0.035x2

EΓX = 4.403+1.286x−1.556x2 VCA(p = 0)
EΓL = 4.493+0.175x−0.470x2

The results for the energy gap curves presented
in Fig. 2 to Fig. 5 show clearly that without the dis-
order potential (p = 0) the EPP approach within the
VCA does not produce the true band gap bowing.

The observed bowing parameters Cexp can be
estimated by the sum of two terms Ci and Ce where
Ci is the intrinsic bowing parameter due to order
effects which exist already in a fictitiously periodic
alloy, and Ce is the extrinsic bowing parameter due
to disorder effects:

Cexp =Ci +Ce (14)

Our treatment is extended through the use of the
improved VCA which takes into account the effects
of the compositional disorder by tuning the p pa-
rameter. The computed curves within the improved
VCA are shown in Fig. 2 to Fig. 5 for ternary
alloys ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x and
MgxZn1−xSe, respectively.

After a least-squares fit the resulted curves show
sublinearity, yielding the quadratic terms presented
as the bowing parameters in Table 3 and the follow-
ing relations of the energy gaps:

ZnxCd1− xS ⇒ (15)
EΓΓ = 2.879−3.698x+0.848x2

EΓX = 6.257−2.464x+0.077x2 improved VCA
EΓL = 5.996−2.342x+0.725x2

ZnxCd1− xSe ⇒ (16)
EΓΓ = 2.199−2.648x+0.384x2

EΓX = 5.638−1.252x−1.023x2 improved VCA
EΓL = 5.023−1.386x−1.075x2

ZnSxSe1− x ⇒ (17)
EΓΓ = 2.767+0.292x+0.595x2

EΓX = 4.469+0.137x+0.548x2 improved VCA
EΓL = 4.470+0.274x+0.516x2

MgxZn1− xSe ⇒ (18)
EΓΓ = 2.773+0.794x+0.600x2

EΓX = 4.473+0.781x−0.718x2 improved VCA
EΓL = 4.493+0.443x−0.634x2

The compositional disorder effect can be ex-
plained from equation 10 to equation 13, and equa-
tion 15 to equation 18. With improved VCA in
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Table 3. Bowing parameters for the energy gaps EΓΓ, EΓX, EΓL within improved VCA.

p EΓΓ [eV] EΓX [eV] EΓL [eV]

ZnxCd1−xS 1.05a 0.848a, 0.827b 0.077a 0.725a

ZnxCd1−xSe 1.205a 0.384a, 0.387b –1.023a –1.075a

ZnSxSe1−x 0.28a 0.595a, 0.580b, 0.46d 0.548a 0.516a

MgxZn1−xSe 0.34a, 0.72c 0.600a, 0.600b, 0.4c –0.718a –0.634a

athis work, b[2], c[14], d[17]

the case of EΓΓ, our results compared to those ob-
tained with VCA, show that the bowing param-
eters decrease for ZnxCd1−xS and ZnxCd1−xSe
on one hand and increase for ZnSxSe1−x and
MgxZn1−xSe on the other hand. Thus, the im-
proved VCA reproduces the disorder effect. From
Table 3 our results are seen to be in good agreement
with the available experimental data.

3.2. Optical properties
The refractive index (n) is a very important pa-

rameter associated to the atomic interactions. Thus,
many attempts have been performed in order to ob-
tain simple relationships between the refractive in-
dex (n) and the energy gap (EΓΓ) [18, 19]. In this
work, we present the calculated variation of n with
alloy concentration using the following three mod-
els: Moss model [20], Ravindra model [21], and
Herve and Vandamme model [22].

The Moss model is based on the following
expression:

n4Eg = k (19)

where k = 108 and Eg is the energy band gap EΓΓ.

Ravindra presented a linear form of n as a func-
tion of Eg:

n = α +βEg (20)

with α= 4.084 eV−1 and β=−0.62 eV−1.

An empirical function of n has been proposed
by Hervé and Vandamme as follows:

n =
2

√
1+
(

A
Eg +B

)2

(21)

with A = 13.6 eV and B = 3.4 eV.

Fig. 6. Variation of refractive index as a function of
concentration x for ZnxCd1−xS, obtained with
VCA (dashed lines) and improved VCA (solid
lines).

Fig. 7. Variation of refractive index as a function of
concentration x for ZnxCd1−xSe, obtained with
VCA (dashed lines) and improved VCA (solid
lines).

In the present work, we have calculated the vari-
ation of the refractive index n with alloy concen-
tration x as well with VCA (p = 0) then with im-
proved VCA, by using these three models. The re-
sulting curves are presented in Fig. 6 to Fig. 9,
respectively.



38 K. BENCHIKH et al.

Fig. 8. Variation of refractive index as a function of
concentration x for ZnSxSe1−x, obtained with
VCA (dashed lines) and improved VCA (solid
lines).

The variation of n was determined by poly-
nomial fitting. In our work the best fit yields
the following expressions for the ternary al-
loys ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x and
MgxZn1−xSe, respectively:

ZnxCd1−xS⇒ (22)

n(x) = 2.126+3.960x−2.867x2

Moss model
n(x) = 2.012+5.237w−4.505x2

Ravindra model
n(x) = 2.104+3.954x−3.132x2

Hervé-Vandamme model

ZnxCd1−xSe⇒ (23)

n(x) = 2.261+4.232x−2.961x2

Moss model
n(x) = 2.496+3.938x−3.342x2

Ravindra model
n(x) = 2.337+3.536x−2.794x2

Hervé-Vandamme model

Fig. 9. Variation of refractive index as a function of
concentration x for MgxZn1−xSe, obtained with
VCA (dashed lines) and improved VCA (solid
lines).

ZnSxSe1−x⇒ (24)

n(x) = 2.499−0.073x−0.099x2

Moss model
n(x) = 2.364−0.144x−0.418x2

Ravindra model
n(x) = 2.421−0.103x−0.155x2

Hervé-Vandamme model

MgxZn1−xSe⇒ (25)

n(x) = 2.498−0.192x−0.054x2

Moss model
n(x) = 2.361−0.461x−0.414x2

Ravindra model
n(x) = 2.419−0.277x−0.093x2

Hervé-Vand. model

The improved VCA reproduces very well the re-
fractive index which presents a nonlinear variation
on the x concentration as illustrated in the plotted
graphs in Fig. 6 to Fig. 9. Also, the behavior of n
is opposite to the one of EΓΓ for the three models
and the four ternary alloys. This behavior has been
observed in the majority of II-VI compounds. The
calculated refractive index values of the endpoint
compounds are listed in Table 4. A good agreement
is observed with results of other authors for ZnS
and ZnSe when using the three models.
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Table 4. Refractive indices for used binaries.

ZnS CdS ZnSe CdSe MgSe

n (Moss) 2.32a, 2.32b 2.12a 2.49a, 2.51b 2.26a 2.25a

n (Ravindra) 1.80a, 1.79b 2.01a 2.36a, 2.42b, 2.27c 2.49a 1.48a

n (Hervé-Vandamme) 2.16a, 2.15b 2.10a 2.42a, 2.48b, 2.38c 2.37a 2.05a

athis work, b[17], c[12]

4. Conclusions
The empirical pseudopotential method within

VCA and improved VCA has been used to calcu-
late the electronic and optical properties of ternary
alloys ZnxCd1−xS, ZnxCd1−xSe, ZnSxSe1−x and
MgxZn1−xSe. In the present work it is shown that
the calculated band structures for all the alloys
are characterized by a direct band gap except for
the MgxZn1−xSe alloy which presents a crossover
from the direct gap to the indirect one. An empiri-
cal bowing parameter has been introduced into the
VCA expression. It is observed that the band gap
bowing can be obtained with fairly good agreement
with experiment. On the other hand, the refractive
index of the considered ternary alloys has been cal-
culated using three different models. The results of
the analysis show the nonlinear dependence of the
refractive index with concentration. In general, an
overall agreement between the calculated and mea-
sured results has been obtained.
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