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1. INTRODUCTION

Technological and theoretical interests in the wide
band gap II-VI compounds and their alloys have been
growing recently due to their use in electro-optical and
electron-acoustic devices[1]. The II-VI compounds are
promising materials for light emitting devices which op-
erate in the blue to ultraviolet region. Recent progress
in the blue laser diodes (LDs) and full-color electrolu-
minescent (EL) displays has evoked a strong interest in
the study of these materials[2].
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The structural, electronic and optical properties of Ca
x
Zn

1-x
S in B3 phase are

investigated in order to see the effect of addition of Ca in ZnS in the range 0
 1. For this purpose, first principle density functional calculations, using
full potential linearized augmented plane wave (FP-LAPW) method, have
been used. The equilibrium structural parameters for Ca

x
Zn

1-x
S are obtained

from the total energy minimization calculations with respect to volume. The
electronic structure and the density of states for Ca

x
Zn

1-x
S are calculated

and analyzed in terms of the contribution of Zn s and d, S s and Ca p and d
states. Optical properties such as complex dielectric constants (), refractive
index (n), extinction coefficient (k), normal-incidence reflectivity (R), ab-
sorption coefficient (),  and optical conductivity (),  are also calculated
and analyzed in the incident photon energy range 0-50 eV. It is found that

the direct bandgap 
g varies from 2.2 eV to 3.7 eV as x varies from 0 to 1

and the optical properties of Ca
x
Zn

1-x
S also changes accordingly.
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ZnS is a prototype II-VI wide band gap semicon-
ductor and its cubic phase occurs naturally as a mineral
is called the zinc-blend (ZB) structure. The ZnS crystal
also exists in wurtzite structure. The wurtzite structure
is different from the zinc-blend structure at the relative
position of the third neighbor and beyond. The local
atomic environments in both crystals are sufficiently close
and it has been taken for granted that their electronic
structures should also be very similar. In comparison
with wurtzite structure, very little is known about the
electronic, optical and mechanical properties of zinc-
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blend II-VI group under high pressure and tempera-
ture. Moreover the zinc-blend phase is expected to be
more amenable to doping than the wurtizite phase. Re-
cently an investigation on the pressure induced trans-
formation of nano-crystalline ZnS was carried out by
Pan et al.[3] using an energy dispersive X-ray diffraction
technique and they reported  the transformation from
wurtzite to ZB at 11.5 GPa and then to rocksalt (RS)
structure at 16 GPa.

Crystalline zinc sulphide (ZnS) is widely applied in
electroluminescent devices, blue or ultra violet light
emitting diodes, laser diodes and tuneable mid infrared
lasers and second harmonic generation devices[4]. Crys-
talline ZnS thin films can be prepared by conventional
deposition techniques such as liquid or vapor phase
epitaxy. Due to low growth temperature and low ki-
netic energy of the transporting molecules in conven-
tional epitaxy, crystalline ZnS grown on various sub-
strates is normally of zinc-blend structure and poor crys-
talline quality. Considerable efforts are being devoted
to realize a p-type material by doping or growing ZnS
with impurities such as Li or Cl. When doped with Mn,
the Zn based wurtzite crystal forms an interesting group
of dilute magnetic semiconductors.

Calcium sulphide, like other alkaline-earth sulphides,
has recently attracted increasing interests because of its
potential technological use, particularly as host material
for device application ranging from photo- and elec-
troluminescent thin films to magneto-optical devices,
owing to its wide band gap[5,6]. Chen et al.[7] have cal-
culated the structural and electronic properties of CaS
compound in all four B1, B2, B3 (zinc-blend) and B4
(wurtzite) phases, using DACAPO code with the GGA
approximation using ultra-soft pseudopotential[8]. They
found that only B2 phase of CaS has an indirect band
gap, while all the other three phases are direct band-
gap materials. Experimental reflectivity spectrum stud-
ies of Kaneko et al.[9] and optical absorption spectrum
studies by Jin et al.[10]  indicates that B1 phase have in-
direct band gap (-X) of 4.434 eV and 4.52 eV  and
direct band-gap (-) of 5.343 eV and 5.33 eV. An
earlier optical absorption measurement in CaS yielded
a band-gap value of 5.38 eV; however the nature of
the band gap remained unclear[11]. The theoretical re-
sult of Chen et al.[7] are not only contrary to these ex-
perimental studies as  regard to the nature of the band

gap[12], there seems to be inconsistencies between the
band structures of the different phases of CaS and their
respective density of states (DOS) plots.

In this paper the structural, electronic and optical
properties for Ca

x
Zn

1-x
S ternary alloy in B3 phase at

different concentrations of Ca are calculated; by using
the full potential linearized augmented plane wave (FP-
LAPW) method in the frame work of density functional
theory. Equilibrium volume, bulk modulus, direct band-

gap 
g , dielectric constants (), refractive index (n),

extinction coefficient (k) and normal incident reflectivity
are calculated and compared with other calculated and
experimental results.

2. Computational details

First principle band structure calculations for
Ca

x
Zn

1-x
S within the frame work of density functional

theory with the localized density approximation (LDA)
using the Wu-Cohen exchange-correlation potential[13]

have been performed. The Kohn-Sham equations were
solved with the full potential linear augmented plane
wave (FP-LAPW) technique, using the WIEN2K
package[14]. In the present self-consistent calculations,
a muffin-tin model for the crystal potential is assumed
and the unit cell is divided into two regions, within and
outside the muffin-tin.  The electrons are paired into
two groups, namely the core electrons whose charge
densities are confined within the muffin-tin spheres and
the valence electrons. The core electron states are
treated fully relativistically by solving the Dirac equa-
tion, whereas the valence electrons are treated non-
relativistically. In both regions of the unit cell, different
basis sets are used to expand the wave function. Inside
the non-overlapping spheres of muffin-tin  around each
atom, linear combination of radial solution of the
Schrödinger equation times the spherical harmonic is

used whereas the plane wave basis set is used in the
interstitial region. The muffin-tin radius R

MT
 is chosen

such that there is no charge leakage from the core and
total energy convergence is ensured. R

MT
 values of 2.4,

2.26, 2.12 a.u are used for Zn, Ca and S respectively.
The maximum value of angular momentum l

max
 = 10 is

taken for the wave function expansion inside the atomic
spheres. For plane wave expansion of the electron wave
function in the interstitial region for Ca

x
Zn

1-x
S, the plane
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wave cut-off value of K
max 
 R

MT
 = 9 is used, while for

the binary compounds (ZnS, CaS)  K
max 
 R

MT
 = 8 is

used. A mesh of 72 k - points for the binary compounds

are taken for the Brillouin zone integrations in the cor-
responding irreducible wedge. A finer k mesh is required
for the evaluation of complex dielectric constant and
other related optical properties. We have used 3500 k
- points in the calculations of optical properties.

3. RESULTS AND DISCUSSIONS

3.1. Structural properties

In order to study the structural properties of the
ternary alloys Ca

x
Zn

1-x
S for x = 0, 0.25, 0.50, 0.75

and 1, the structural properties of the binary compounds
ZnS and CaS are calculated in B3

 
phase. For each com-

position, volume optimization is performed by minimiz-
ing the total energy with respect to the unit cell volume
using the Murnaghan�s equation of state[15] and the mini-
mum volume is noted figure 1. Next the equilibrium struc-
tural parameters such as the lattice constant a and the
bulk moduli B are evaluated. It is found that the values
of lattice constant and bulk modulus with LDA are in
good agreement with the experimental and other calcu-
lated values, TABLE 1.

The equilibrium lattice constant and bulk moduli for
Ca

x
Zn

1-x
S alloys as function of x are presented in fig-

ures 2 and 3. It is noticed that, the calculated lattice

TABLE 1: Calculated lattice constants and bulk moduli of Ca
x
Zn

1-x
S compared to experimental and other theoretical results

Lattice Constant a(A0) Bulk Moduli B(GPa) 
X This work Exp Other calc This work Exp Other calc 
0 5.30 5.41a 5.3998b, 5.580c, 5.280d 86.01 76.9a, 83.1e 80.97b, 75.9c, 83.3d 

0.25 5.55   65.98   
0.50 5.79   53.10   
0.75 5.99   48.25   

1 6.15  6.0f, 6.12g, 6.294h 45.0172  43.6f,47g, 40.86h 

aRef.[16,17], bRef.[18], cRef.[19], dRef.[20], eRef.[21], fRef.[22], gRef.[23], hRef.[24]

Figure 1: Variation of total energy[Ry] as a function of
volume[a.u.^3] for (a) Ca

0.25
Zn

0.75
S, (b) Ca

0.50
Zn

0.50
S and (c)
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Figure 2: (a) The calculated lattice constant as a function
of x for Ca

x
Zn

1-x
S; (b) Vegard�s law - - - - - -
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constants followed the vegard�s law. Whereas the bulk

modulus shows considerable bowing and obey the
equation,
B(x) = 85.56 - 87.45x + 47.57x2 (1)

Electronic properties

The band structures and density of states for B3
phase of Ca

x
Zn

1-x
S corresponding to x = 0, 0.25, 0.50,

0.75 and 1 are calculated, using the FP-LAPW ap-
proach with LDA scheme. Figure 4 shows the total den-
sity of states (TDOS) along with the Ca p and s, Zn d
and s and S s partial density of states (PDOS) of Ca

x
Zn

1-

x
S compound. The contribution of s, p and d states of

Zn, Ca and S are observed.
In ZnS, Zn 3d state gives the major contribution in

the valance band, whereas in CaS, Ca 3p state plays
the pivotal role in the valance band and S 3s state in the
conduction band. When the ternary compound is
formed, the lower part of the valance band is totally
dominated by Zn 3d state and the upper part of the
valance band is totally dominated by Zn 4s and Ca 3p
states, while the lower part of the conduction band is
dominated by S 3s and upper part by Ca 3d state for
all concentrations of Ca. The position of peaks Zn-d
and s Ca-d and S-s remain the same, but their contri-
bution varies.

For the electronic band structure calculations, the,
Zn 3d and 4s Ca 3p, and 4s and S 3s and 3p  states are
taken as valence states and all lower lying states are
treated as part of the core. The band structure of
Ca

x
Zn

1-x
S is calculated for x = 0, 0.25, 0.5, 0.75 and

1. It is observed that ZnS (x=0) and CaS (x=1) are
direct band gap materials in B3 phase with the band

gaps 
g values of 2.2 eV and 3.7 eV respectively..

The band structure of Ca
x
Zn

1-x
S for x= 0.25, 0.50 and

0.75 are shown in Figure 5 along high symmetry direc-
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Figure 3: (a) The calculated bulk Moduli as a function of  
for Ca

x
Zn

1-x
S; (b) Vegard�s law  - - - - - -

Figure 4: TDOS (a) ZnS and CaS (b) Ca
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TABLE 2: Direct band-gap energy (eV) of Ca
x
Zn

1-x
S alloys at

different Ca concentrations


 g (eV) 

X 
This work Exp Other calc 

0 2.2 3.53a , 3.4b 3.74c, 3.73c 
0.25 2.8   
0.50 2.9   
0.75 3.2   

1 3.7  3.4d, 3.18e 

aRef.[25], bRef.[26], cRef.[27],  dRef.[28], eRef.[24]
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tions and the calculated values for 
g at different x

are compared with experimental data and with other
calculations, TABLE 2.

Figure 6 shows the direct band gaps of Ca
x
Zn

1-x
S

as a function of composition x. It is found that the direct

band gap changes according to 
g = 2.9-0.8x +1.6x2

in the range 0.25  1. The calculated values of 
g are

also compared with electronegativity equation (2).

   x1xx1x ZnS
g

CaS
g

SZnCa
g

x1x   (2)

Where  represents the electronegativity difference between

Zn and Ca cations. The calculated value of 
g shows con-

siderable deviation from the electronegativity equation around
x= 0.25. It is due to the fact that in the density of states for the
binary alloy ZnS, Zn has d and s states at -6.51 eV and -4.95 eV
respectively.

When Ca is added the Ca s and p states lay close
to the Fermi surface, that is, in the energy range -1.03
eV and -0.39 eV. Hence Ca plays an important role in
the ternary alloy Ca

x
Zn

1-x
S. The same behavior was

observed in Ca
x
Zn

1-x
O, where in the valence band the

Op state was close to the Fermi surface, with the addi-
tion of Ca in ZnO, the Ca p state also located itself near
the Fermi surface.

Optical properties

3.3.1. Dielectric function

In order to study the optical properties of Ca
x
Zn

1-

x
S, it is necessary to investigate the complex dielectric
function () which gives the response of the solid to
electromagnetic radiations. Other properties such as
refractive index, extinction coefficient and reflectivity
are related to ().

The imaginary part of the frequency dependent
dielectric function 

2
() for structures with cubic sym-

metry is given by

   
 k

dS
kP

2

8
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k
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2
() is strongly related to the joint density of the states

(DOS) 
nm

 and momentum matrix  element P
m

. The
real part of the dielectric function 


 is obtained from


2
() by using the Kramers-Kronig relations[29],
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Optical parameters of the alloys were calculated

Figure 5: Band structure (a) Ca
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using 3500 k points in the irreducible Brillouin zone (BZ).
The calculated imaginary parts of the dielectric func-

tion for Ca
x
Zn

1-x
S for x = 0, 0.25, 0.50, 0.75 and 1 are

shown in figure 7. The  critical points in 
2
() occur at

about 2.13 eV, 2.66 eV, 2.75 eV, 3.01 eV and 3.28
eV corresponding to x=0, 0.25, 0.50, 0.50, 0.75 and

respectively and are attributed to the threshold for the
direct optical transitions occurring at 2.2 eV, 2.8 eV,
2.9 eV, 3.2 eV and 3.7 eV respectively.

It is observed that the overall behavior of 
2
()

appears to be similar for all concentrations of Ca with
some difference in details. It is noted that the binary
alloy ZnS has a strong absorption region in the range
2.3 eV-14.8 eV, whereas CaS has two regions of strong
absorption, i.e., in the range 3.54 eV-15.26 eV and
23.37 eV-27.87 eV. In these energy ranges, 

1
() goes

from maximum to minimum and these features are also
reflected in the ternary alloys.

In figure 8 we present our calculated real part of
the dielectric function and report the main optical tran-
sition energies (eV). The most important quantity of


1
()  is the zero frequency limit 

1
(0), which is the

electronic part of the static dielectric constant that de-
pends strongly on the band gap. This quantity may be

related to the refractive index    0n 1

Our calculated static dielectric constants for Ca
x
Zn

1-

x
S are 5.78, 5.45, 4.75, 4.16 and 4.12 corresponding

to x = 0, 0.25, 0.50, 0.75 and 1. The corresponding

values of 
g are 2.2 eV, 2.8 eV, 2.9 eV, 3.2 eV and

3.7 eV respectively. It is noticed that a smaller energy
gap yields a larger 

1
(0). Decrease in the dielectric func-

tion with the increase of optical energy gap has also
been observed in the recent experiments on SiOC films
by Yu et al.[30]. It is found that in the ZnS, there is a
shoulder at 2.13 eV and in CaS a distinct peak is ob-
served at 3.72 eV corresponding to the direct band
gaps in these binary alloys, TABLE 3. As Ca is added
in ZnS the shoulder shifts towards higher energies.

3.3.2. Refractive index and reflectivity

From (), other important optical constants for
practical-device engineering are evaluated, such as the
refractive index n~ () including extinction coefficient k
() and normal-incidence reflectivity R ().

The refractive indices of ternary alloys are impor-
tant optical design parameters, e.g. for distributed Bragg
reflectors (DBRs) in vertical cavity surface emitting la-
sers[31]. The complex refractive index is given by

2/1
21

2/1 )i(iknn~ 

where n represents the real part of the refractive index and k is
the extinction-coefficient. We can determine the refractive in-

Figure 7: 
2
() for Ca

x
Zn

1-x
S corresponding to different

values of x


2(


)

Energy (eV)

Figure 8: 
1
()  for Ca

x
Zn

1-x
S corresponding to different

values of x


1(


)

Energy (eV)

TABLE 3: Calculated optical parameters of Ca
x
Zn

1-x
S alloys

at different Ca concentrations

x 


 g  

(eV) 
1(0) 2() n () k () R ()  () () 

0 2.2 5.78 2.13 2.45 2.22 0.17 2.5 2.4 
0.25 2.8 5.45 2.66 2.32 2.65 0.16 2.8 2.8 
0.50 2.9 4.75 2.75 2.20 2.75 0.14 3.01 2.9 
0.75 3.2 4.16 3.01 2.14 3.01 0.12 3.27 3.2 

1 3.7 4.12 3.28 2.12 3.20 0.11 3.62 3.6 
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dex n() and extinction coefficient k () from the relations.
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The graphs of n() and  k() have been displayed
in figures 9 and 10 respectively. It can be seen from
these figures that n() closely follows 

1
(), whereas

k() changes as 
2
().

From the refractive index and extinction coefficients
we can calculate the normal-incidence reflectivity by
using the equation

 
 

  22

22

k1n

k1n
1n~
1n~
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The normal incident reflectivity gives good infor-
mation about different critical points of transition.
Figure 11 shows the reflectivity spectra. The reflectivity
region for ZnS is in the energy range of 4.41 eV-25.09
eV and corresponds to the frequency range 6.71015

rad sec-1-3.81016 rad sec-1.
It is observed that in CaS the reflectivity spectra R

() has two regions. The first region is in the energy
range 3.01 eV - 18.14 eV, which corresponds to the
frequency range 4.571015� 2.751016 rad sec-1. The
second reflectivity region is from 23.33 eV-33.72 eV
and corresponds to frequencies 3.541016 rad sec-1-
5.121016 rad sec-1. These regions are reflected in the
ternary alloys.  All these reflectivity regions belong to
UV region of the electromagnetic spectrum. As the Ca
concentration decreases in Ca

x
Zn

1-x
S the second

reflectivity region diminishes till it vanishes in ZnS.

3.3.3. Absorption-coefficient and optical conduc-
tivity

Our calculations of absorption coefficient () and
optical conductivity  () for Ca

x
Zn

1-x
S corresponding

to x=0, 0.25, 0.50, 0.75 and 1 are shown in figures 12
and 13 respectively.

It is noticed that there is a high absorption region in
ZnS in the energy range 4.15 eV-21.15 eV. As the con-
centration of Ca is increased this absorption region shifts

Figure 9: Refractive index n ()  of Ca
x
Zn

1-x
S correspond-

ing to different values of x

n(


)

Energy (eV)

Figure 9: Refractive index n ()  of Ca
x
Zn

1-x
S correspond-

ing to different values of x

k 
(

)

Energy (eV)

Figure 11: Reflectivity R ()  for Ca
x
Zn

1-x
S corresponding

to different values of x

R
(

)

Energy (eV)
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towards the higher energies. In CaS, 
1
() is negative

in the range 5.67 eV-6.73 eV, 7.96 eV-8.76 eV, 10.52
eV-12.38 eV and 26.8-28.0 eV. The absorption co-
efficient shows peaks in the region 5.30 eV-6.87 eV,
7.14 eV-8.63 eV 10.04 eV-12.32 eV and 26.1-28.23
eV. Further, the reflection co-efficient of CaS passes
through maxima in the range 5.1 eV-6.53 eV, 7.93 eV-
8.55 eV, 10.49 eV-12.42 eV and 26.50 eV-28.35 eV.

Hence when Ca concentration is increased from 0
to 1 the absorption and reflection coefficients show fea-
tures observed in CaS plots. Since the optical conduc-
tivity () is proportional to 

2
, the conductivity curve

follows the pattern of 
2
() with sharper peaks at

higher .

4. CONCLUSION

The full potential linearized augmented plane wave
(FP-LAPW) method in the wien2k code has been used
to study the structural, electronic and optical properties
of Ca

x
Zn

1-x
S in B3 phase. It is found that the lattice

constant deviates slightly from linearity whereas the bulk
modulus shows considerable bowing as a function of
the calcium concentration. The calculations of density
of states and band structure for various compositions
of Ca

x
Zn

1-x
S show that the lower part of the valance

band is dominated by the Zn 3d and 4s  states and the
upper part of the valance band has Ca 3p states whereas
Ca 3d  and S 2s  states prevail in the upper part of the
conduction band. It is further found that in the ternary
alloy the position of these states remains the same how-
ever their magnitude varies in accordance with the con-
centration of Zn and Ca. Next, the dependence of band

gap 
g in Ca

x
Zn

1-x
S as a function of x is evaluated. It

is observed that the calculated values of direct band
gap around x= 0.25 is different from the corresponding
value given by the empirical relation. This deviation is
attributed to the fact that Zn belongs to VIb group and
Zn d state lies deep in the valence band whereas Ca
belongs to IIa group and its 3p state lies close to the
Fermi surface hence its effect on the band structure is
prominent. So for no experimental work has been done
on the ternary alloy Ca

x
Zn

1-x
S, but since the direct

bandgap of this alloy varies from 2.2 eV to 3.7 eV as x
changes from 0 to 1, it can be used as a potential mate-
rial for devices which work in the UV region of the
spectrum. The results of optical properties also show
that Ca

x
Zn

1-x
S can be efficiently used in devices work-

ing in the UV range.
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