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The structural, electronic and optical properties of ZnX and CdX (X =Se, Te and S) are studied using density
functional theory by the Wien2k package. The energy band gap, real and imaginary parts of the dielectric
function, energy loss function, optical absorption coefficient and reflectivity spectra of these compounds
are calculated. The Engel-Vosko approach improves the energy band gaps of ZnX and CdX compounds.
The calculated optical parameters are in good agreement with available experimental results, particularly
in the Engel-Vosko approach. Furthermore the effect of hydrostatic pressure on the energy band gap, the
real and imaginary parts of the dielectric function of these compounds is studied. The first and second
order pressure coefficient for the energy band gaps, the static dielectric function and the static reflectivity
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1. Introduction

ZnX compounds have cubic (zinc blende) structure [1-3],
whereas CdX compounds depending on the growth condition may
have both zinc blende and wurtzite (hexagonal) structures at nor-
mal conditions. Theoretical studies indicate that CdX compounds
are stable in both zinc blende and wurtzite structures [2,4-8], while
experimental observations show that CdS and CdSe are stable in
wurtzite structure and CdTe in zinc blende [9-12]. These com-
pounds have attracted much attention, because they have direct
energy band gaps and are light emitters at normal conditions
[1,2,13-16]. Moreover they appear to be promising candidates for
many technological applications [17], such as blue laser fabrica-
tion techniques, optoelectronic devices operating in the visible light
range and in UV photodetectors and modulated hetero structures,
light emitting diode, reflector, dielectric filter, optical switching
devices, optical wave guides, high density optical memories, solar
cells, photovoltaic cells [18], etc. There have been considerable
applications in the area of nanostructures, such as nano-wires, thin
films, quantum dot lasers as well as those related to passivating
the surface of other materials to create confined particles [19-21],
etc. There have been many empirical and ab initio calculations of
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the electronic and optical properties for these compounds [22-32].
Reshak and Auluck [32] analyzed the electronic and optical prop-
erties of ZnX compounds within local density approximation (LDA)
and generalized gradient approximation (GGA). Sapra et al. [22]
used the linear muffin-tin orbital approach to calculate the band
structure of ZnX compounds and Karazhanov et al. [33] used the
density functional theory to calculate the electronic, structural and
optical properties of ZnX compounds. Bang et al. [34] used spec-
troscopic ellipsometry to measure the real and imaginary parts
of the dielectric function of ZnX compounds. Freeouf [35] used
synchrotron radiation and standard light source to measure the
polarization dependent optical properties of ZnX compounds. Ron-
now et al. [36] measured the piezo-optical coefficients of ZnSe and
ZnTe using reflectance difference spectroscopy. He et al. [10] and
Sowa [9] studied the phase transition of CdS and CdSe compounds
respectively. Reddy et al. [23] investigated the interrelationship
between the structural, optical, electronic and elastic properties of
ZnX and CdX compounds. Khenata et al. [37] used the full potential
linearized augmented plane wave plus local orbital method to cal-
culate the elastic, electronic and optical properties of ZnS, ZnSe and
ZnTe under pressure. Deligoz et al. [38] investigated the electronic
and lattice dynamical properties of CdS, CdSe and CdTe. Kirin and
Lukacevic [39] studied the stability of high pressure phases of ZnS,
ZnSe, CdS and CsSe compounds. Hosseini [6] calculated the dielec-
tric functions of CdTe. Merad et al. [40] studied the electronic and
optical properties of CdTe and ZnTe.
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The first goal of this paper is to compare and investigate the
structural, electronic and optical properties of ZnX and CdX (X =S,
Se and Te) compounds within LDA [41], GGA [42] and Engel-Vosko
generalized gradient approximation (GGA_EV) [43] at zero pres-
sure. Since the structural, electronic and optical properties of these
compounds at zero pressure have already been reported by others,
the author has compared the results with previous calculations and
experimental data and has focused on those features of the elec-
tronic and optical properties that have not been touched by others.
In other words, to complete the existing theoretical works on these
compounds, the author has compared the degree of covalency and
ionicity, the peaks location of real and imaginary parts of dielectric
function of ZnX with CdX compounds. The author has focused on
the conduction and valence bandwidth, the mobility of electrons
and holes, the static dielectric function and the static reflectiv-
ity of these compounds using LDA, GGA and GGA_EV. The second
goal of this paper is to investigate the effect of pressure on the
electronic and optical properties of these compounds within LDA,
GGA and GGA_EV. The theoretical studies carried out on the elec-
tronic and optical properties of these compounds under pressure
are limited. The author has focused on the effect of pressure on the
valence and conduction bandwidth, static dielectric function and
the static reflectivity spectra of these compounds. In addition, the
author revised the results on the pressure dependence of the static
dielectric function of ZnS, ZnSe and ZnTe compounds reported by
Khenata et al. [37].

The paper is organized as follows: In Section 2, a brief descrip-
tion of the method used and details of the calculations are given.
In Section 3, the results of structural, electronic and optical proper-

Table 1
The calculated lattice constants (A) of ZnX and CdX compounds.

699

ties are presented and analyzed. Conclusions are drawn in the last
section.

2. Method of calculations

Density functional theory (DFT) is the most widely used first-
principles method for the calculation of the structural, electronic
and optical properties of solids. The calculated results in this
paper were obtained using the full potential linearized augmented
plane wave plus local orbital (APW +10) method as implemented
in the Wien2k code [44]. The approach is based on the DFT
within the LDA, using the scheme of Ceperley-Alder as parame-
terized by Perdew-Zunger [41], GGA96 [42] using the scheme of
Perdew-Burke-Ernzerhof and GGA_EV [43]. The GGA_EV has been
developed for calculation of the energy band structure, which is
based on potential optimized but not for computations of struc-
tural parameters. In the APW method, each unit cell is divided into
non-overlapping muffin-tin (MT) spheres of radii Ry;r and an inter-
stitial region, where the Kohn-Sham wave functions are expressed
in spherical harmonics within the MT spheres and in plane waves
in the interstitial region. The charge density and the crystal poten-
tial are expanded in spherical harmonics inside muffin-tin spheres,
and in plane waves in the interstitial region. The parameters used
in this calculation were chosen as follows:

The radii of the muffin-tin spheres were chosen as
Rznca=19au. and Rx=1.8a.u. To provide a reliable Brillouin
zone integration, a set of 204 k-points in the irreducible wedge of
the Brillouin zone was used for self-consistency while a finer mash
of 440 k-points (in the irreducible wedge of the Brillouin zone)

Compounds LDA GGA Expt. Other works
ZnS 5.29 5.44 5.412 5.45b
ZnSe 5.57 5.73 5.67¢ 5.7474
) ZnTe 6.07 6.16 6.1¢ 6.1954
Zingblenis cds 5.75 5.93 5.82b 5.87
CdSe 6.00 6.19 6.05¢ 6.084f
CdTe 6.38 6.61 6.48¢ 6.48f
a 3.74 3.84 3.816° 3.89P
ZnS c 6.12 6.29 6.2522 6.20°
u 0.3721 0.3733 0.3748
a 3.66 3.77 3.99f 3.99"
ZnSe c 6.08 6.26 6.62f 6.62h
u 0.3718 0.3729 0.3711
a 438 4.45 4.32f 4.366
ZnT e 7.03 7.21 7.100f 7.1761
. u 0.3716 0.3727 0.373i
RULLEZIE a 407 419 4.14¢ 419>
cds c 6.60 6.80 6.7¢ 6.66°
u 0.3738 0.3759 0.37715% 0.3757'
a 4.04 4.51 4.3¢ 4.29m
CdSe c 6.60 7.36 7.01¢ 7.01m
u 0.3742 0.3758 0.3759™ 0.3756'
a 4.53 4.61 4.5499!
CdTe c 7.41 7.53 7.4512!
u 0.3748 0.3755 0.3754!
2 Ref. [49].
b Ref. [2].
¢ Ref. [29].
d Ref. [52].
e Ref. [55].
f Ref. [14].
& Ref. [40].
h Ref. [54].
i Ref. [45].
i Ref. [46].
k Ref. [47].
! Ref. [48].

Ref. [50].
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was employed for the calculation of the optical properties. All the
calculations were highly converged with respect to k-points. The
angular momentum quantum number as a cutoff for expanding
the Kohn-Sham wave functions in terms of lattice harmonics
inside the muffin-tin sphere was confined to Iy =10. The wave
function cutoff for the plane wave expansion of the wave function
in the interstitial region was Kmax = 8/Rur (a.u.)~! where Ryr is the
smallest muffin-tin radius in the unit cell. The charge density and
the potential were Fourier expanded in the interstitial region up
to Gmax = 14 (Ry)1/2.

3. Results and discussion
3.1. Structural properties

In order to calculate the ground state properties of ZnX and
CdX (with X=Se, Te and S) compounds, the total energy as a func-
tion of the unit cell volume is calculated in the zinc blende and
wurtzite structures using GGA, LDA and GGA_EV. For the geometric
equilibrium determination of the wurtzite phase the author pro-
ceeded as follows: The internal parameters for each volume have
been optimized by relaxing the atomic positions in the force direc-
tion. Then the optimized internal parameters are used to optimize
the c/a ratio. Using the optimized c/a ratio, once again more accu-
rate values of the internal parameter are calculated. The calculated
internal parameters within LDA and GGA are given in Table 1.
The calculated internal parameters are in good agreement with
available experimental and other theoretical works [4,40,45-47].
In zinc blende and wurtzite structures, the calculated total energy
for several volumes is fitted with the Murnaghan equation of state
[48]. Due to the close similarity between the total energy-volume
behaviors of ZnX and CdX compounds, the total energy-volume
curves within LDA, GGA and GGA_EV in the zinc blende and wurtzite
structures are given only for the CdSe compound in Fig. 1. The cal-
culated energy volume curves within GGA_EV indicate that this
approximation does not well produce total energy. At zero pres-
sure, the most stable phases are the wurtzite according to GGA
and the zinc blende according to LDA. The energy differences
between the zinc blende and wurtzite phases are extremely small,
of the order of meV. Thus, these compounds can take both cubic
as well as hexagonal structure. The corresponding equilibrium lat-
tice constants and bulk moduli of ZnX and CdX compounds in
zinc blende and wurtzite phases, as calculated within LDA and
GGA, are compared with experimental values and other works in
Tables 1 and 2. The calculated equilibrium lattice constants and
bulk moduli obtained in LDA and GGA are in good agreement with
the experiment.

The author expects the unit cell volumes of ZnX and CdX com-
pounds to be related to the size of the component atoms with some
adjustment for bonding in the solid. Such a bonding contribution
should be approximately constant for a given column in the peri-
odic table for which the number of valence electrons is constant.
Thus the lattice constants of, for example, ZnS, ZnSe and ZnTe
should be proportional to the size of the S, Se and Te atoms, and
the lattice constant should increase down a column of the periodic
table. The calculated lattice constants of ZnX and CdX compounds
show that, the lattice constants of CdX are larger than those of ZnX
and increase when S is replaced by Se and Se by Te in cubic and
hexagonal phases.

Al-Douri et al. have shown that the dominant effect on the bulk
moduli of semiconductors is from the degree of covalency and ion-
icity [57-59]. The bulk modulus generally increases with increasing
covalency. The effect of ionicity is to reduce the amount of bonding
charge and hence to reduce the bulk modulus. ZnX and CdX com-
pounds are characterized by different degrees of covalent and ionic

Fig. 1. The total energy-volume curves of CdSe within LDA, GGA and GGA-EV in the
zinc blende and wurtzite structures.

bonding. The calculated bulk modulus of these compounds in cubic
and hexagonal phases show that,

(i) Going along a row from ZnX to CdX compounds, the bulk mod-
ulus decreases. This is due to the increase of ionicity and loss of
covalency (as will be shown in Section 3.2.1).

(ii) The bulk modulus of ZnX and CdX compounds decreases as the
atomic number of X atom increases. This trend is due to cova-
lency decreasing with increasing nearest neighbor distance.

3.2. Electronic properties

3.2.1. Band structure and density of states
To investigate the electronic properties of ZnX and CdX com-
pounds, the author has calculated the band structure and electron



Z. Nourbakhsh / Journal of Alloys and Compounds 505 (2010) 698-711 701

Table 2
The bulk modulus (GPa) of ZnX and CdX compounds.

Compounds LDA GGA Expt. Other works
ZnS 85.70 68.22 76.92 75.6°
85.2¢
ZnSe 70.93 56.55 62.5% 694
56.8¢
Zinc blende ZnTe 43,95 43.84 51f.a 43.6¢
phase 50.98 65.1¢
Cds 67.43 52.60 628 65.5P
72.42h
CdSe 57.81 45.94 538 65.2h
CdTe 46.22 34.00 42f 48.94h
ZnS 85.82 68.00 74.0° 76.4b
ZnSe 70.59 55.84
Wurtzite ZnTe 50.37 46.24 55.31
phase Cds 67.19 52.89 61.52 62.8P
CdSe 57.58 44,78 552 57.9i
CdTe 4431 37.23 42.12 46.21
3 Ref. [29].
b Ref. [2].
¢ Ref. [53].
d Ref. [51].
¢ Ref. [52].
f Ref. [56].
& Ref. [55].
h Ref. [38].
i Ref. [37].
i Ref. [4].

density of states in the cubic and hexagonal structures within LDA
and GGA, using calculated equilibrium lattice constants as obtained
in Section 3.1. The results of this calculation show that the gen-
eral features of the band structures of ZnX and CdX compounds are
similar, with small differences in bandwidths. The valence band-
width of ZnX is larger than that of CdX. This effect arises from
the hybridization accompanying the change in bonding from more
ionic to more covalent, as Zn is replaced by Cd. In all cases, the
valence band maximum and the conduction band minimum occur
at the I" point, hence these compounds are semiconductors with
direct energy band gaps. For the same X atom, this direct energy
band gap decreases from Zn to Cd. Furthermore using the calculated
band structure the author has calculated the energy band gaps of
these compounds within LDA and GGA. The results of this calcula-
tion are compared with experimental values and results from other
works in Table 3, this comparison shows that the calculated band
gaps within LDA and GGA are smaller than experimental values.
It is well known that in self-consistent band structure calculation

Table 3

using DFT, both LDA and GGA usually underestimate the energy
band gap. Engel and Vosko [43] constructed a new functional form
of GGA (GGA_EV) to calculate the exchange correlation potential
which optimizes exchange potential (Vi) for band structure calcu-
lations. Since GGA-EV was developed to yield a better Vi, the author
now wants to demonstrate that it really improves the results, such
as the band structure which mainly depends on the accuracy of Vy
[43]. Dufek and Blaha [60] applied GGA _EV to a wide range of solids
and compared the results with other GGA calculations. They con-
cluded that the GGA_EV improves the determination of the band
gap and some other properties. The author has calculated the band
structure and electron density of states of these compounds within
GGA_EV using the calculated equilibrium lattice constants within
GGA (as obtained in Section 3.1). The calculated band structures
within GGA_EV are similar to LDA and GGA: the only differences
are in band splitting value. Due to the close similarity between
band structures within the LDA, GGA and GGA_EV, in this part the
band structure is given only in the cubic phase within the GGA_EV.

The calculated energy band gap (eV) of ZnX and CdX compounds within LDA, GGA and GGA-EV.

Compound Zinc blende Wurtzite Expt. Other works
LDA GGA GGA-EV LDA GGA GGA-EV

ZnS 1.85 2.1 3.27 1.89 2.12 2.8 3.682 3.34P
2.16¢

ZnSe 1.07 1.29 22 1.05 13 23 2.7 1.86¢
1.65°

ZnTe 1.05 1.23 1.78 1.02 1.27 1.83 2.26° 1.584
2.27°

cds 0.9 1.15 1.92 0.95 1.2 2.05 2.4852 2.15P
1.45¢

CdSe 0.36 0.71 1.35 0.41 0.72 1.37 1.752 1.48°
1.08¢

CdTe 0.5 0.61 1.33 0.38 0.63 1.34 1.432 1.24°
1.88¢

3 Ref. [29].

b Ref. [23].

¢ Ref. [37].

d Ref. [52].

e

Ref. [38].
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Fig. 2. The band structure of ZnX and CdX compounds in GGA_EV using the equilibrium lattice constant according to GGA in zinc blende phase.

Results are shown in Fig. 2. It is seen that the conduction bands are
more dispersive than the valence bands. The reason lies in the fact
that they are more delocalized. The general features of the band
dispersions are in agreement with previous studies [52]. The con-
duction band minima are much more dispersive than the valence
band maxima, which show that the holes are much heavier than
the conduction band electrons. Consequently, the mobility of the
electrons is higher than that of the holes. Furthermore, these fea-
tures indicate that the p electrons of X atom (topmost valence band
states) are tightly bound to their atoms and make the valence band
holes less mobile. Hence, the contribution of the holes to the con-
ductivity is expected to be smaller than that of conduction band
electrons even though the concentration of the latter is smaller
than that of the former. These features emphasize the predom-
inant ionic nature of the chemical bonding. Another interesting
feature of the band structures is that the valence band maximum

becomes more dispersive with increase in the atomic number of
X atom.

The calculated energy band gaps of ZnX and CdX compounds
in wurtzite and zinc blende phases within GGA_EV are also given
in Table 3. The calculated energy band gaps in wurtzite phases are
very close to the corresponding values for the zinc blende phases.
The results show that the value of the band gap within GGA_EV is
improved considerably. In some previous papers [60], it has been
suggested that for some semiconductors, the calculated energy
band gap with GGA-EV is closer to the experimental value than the
one obtained with LDA and GGA. Comparing the calculated energy
band gaps and experimental values shows that for the same X atom
the energy band gap of ZnX is larger than CdX and the energy band
gap of ZnX and CdX compounds decrease as the atomic number of
X atom increases. The author notes that this trend in energy gap is
in agreement with experimental data.
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Fig. 3. The total electron density of states for ZnX and CdX compounds within LDA, GGA and GGA_EV.

Furthermore the calculated total electron density of states (DOS)
of ZnX and CdX compounds within LDA, GGA and GGA-EV are
shown in Fig. 3. The electron density of state is similar for all
compounds, with some small differences in details. The major con-
tribution to the occupied part of the electron density of states
around the Fermi energy comes from the p states of the X atom and
the s states of Zn and Cd. The low-lying energy side of DOS con-
sists of a narrow peak centered on —7 eV for ZnX compounds and

at —8 eV for CdX. This peak shifts toward higher energy level when
Te is replaced by Se and further by S. This peak originates from the
d orbital of Zn and Cd atoms, and is highest for X = Te and lowest for
X=S. The electron density of states above the Fermi energy origi-
nates mainly from the s and p states of Zn or Cd, partially mixed
with some d states. The above mentioned electron density of states
within the GGA_EV are pushed toward the outer layer, this is the
reason for the energy gap improvement.
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Table 4

The transition pressures (GPa) of ZnX and CdX from zinc blende phases to rocksalt phase, experimental values and other works. The transition pressures of ZnTe and CeTe

from zinc blend phase to cinnabar phase are given in parenthesis.

ZnS ZnSe

ZnTe Cds CdSe CdTe

This work 16.4 14.3

Expt. 14,720 13-152
Other work 15.5¢,11.44 13.5¢
17.51 15.2

8.9-9.5%

15.2 (12.2) 55 52 43

(3.5)
23-2.72 2.58 3.532
2.7¢,3.1f 2.58 3.31h

Ref. [72].
Ref. [43].
Ref. [62].
Ref. [74].
Ref. [67].
Ref. [68].
Ref. [10].
Ref. [12].
Ref. [62].
Ref. [71].
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3.2.2. Pressure dependence of the energy band gap

An understanding of the high pressure phase transformations of
ZnX and CdX compounds has long been impeded by uncertainties.
ZnX and CdX compounds indicate four phases: zinc blende, rocksalt,
cinnabar and the simple cubic SC16 structure at different pressures.
In addition, the body centered tetragonal (8 — Sn) structure for ZnS
and the two different orthorhombic structures have been reported
for CdTe. Theoretical calculations [61,62] have been shown that ZnS
has two intermediate high pressure phases, SC16 and the cinnabar
below the pressure range of the rocksalt structure. The SC16 and
cinnabar structures for ZnS have not been observed experimentally.
ZnS undergoes a high pressure phase transition from rocksalt into
the body centered tetragonal (8 — Sn) structure. Theoretical calcu-
lations for ZnSe indicate that SC16 is stable in the pressure range of
9.2-16.4 GPa and the cinnabar structure is unstable as a high pres-
sure phase [63]. Kusaba and Kikegawa [64] reported the existence
of ZnSe in the cinnabar structure in the pressure region of 9-11 GPa.
There is no experimental evidence for the existence of ZnSe in
SC16 structure. A combined extended X-ray absorption fine struc-
ture and energy dispersive X-ray diffraction study proposed the
cinnabar structure for ZnTe [65]. The SC16 structure was observed
above the stability pressure range of the cinnabar structure. The
cinnabar is more stable than the SC16 structure [66]. The presence
of the rocksalt structure for ZnTe remains unclear. Experimental
and theoretical studies have shown that CdSe and CdS compounds
have a phase transition from zinc blende or wurtzite into rocksalt
structure under hydrostatic pressure [10,67,68], while the phase
transition of CdTe compound is from zinc blende to cinnabar then to
rocksalt structure [12,69]. CdTe undergoes a continuous phase tran-
sition from rocksalt to orthorhombic (Cmcm) structure at 10 GPa. A
further transition of CdTe, to an orthorhombic structure with space
group Pmm2, has been reported at 12 GPa [68,69]. The author has
studied the phase transition of ZnX and CdX compounds. The pres-
sure for the phase transition from zinc blende to rocksalt structure
is determined by the common tangent of the two energy-volume
curves. The slope of this tangent gives the calculated transition
pressure, which is defined as the pressure where the enthalpies
of both structures are equal. The author has calculated the pres-
sure transition of ZnX and CdX compounds from the zinc blende to
the rocksalt structure and ZnTe and CdTe compounds from zinc
blend to cinnabar structure. The calculated results are given in
Table 4, together with available theoretical and experimental data
[10,12,62,67-74]. The calculated phase transition pressure of ZnX
is in agreement with experimental values, while for CdX it is higher
than the experimental values.

To investigate the effect of pressure on the band structure of
ZnX and CdX compounds, the author has calculated the band struc-

ture of these compounds within GGA_EV at different pressures.
The pressure was calculated within GGA and applied to calculate
the band structure within GGA_EV. The band structure calcula-
tion of these compounds indicates that ZnX and CdX compounds
have direct band gap over the whole pressure range considered
(p <20 GPa). The author has calculated the energy band gap, valence
bandwidth and conduction bandwidth at different pressures. The
results are shown in Fig. 4. They show that the valence bandwidth
increases with increasing pressure, while pressure does not have
any considerable effect on the conduction bandwidth of these com-
pounds. In general, the valence bandwidth becomes larger as a
semiconductor becomes less ionic. This reflects the decreases of
the ionic character of these compounds under pressure. It should
be noted that the maximum of the valence band at I" point shifts
downward under pressure while the conduction band minimum
at I' point goes up. Consequently the direct band gap at the I"
point increases under pressure. In the case of the above mentioned
investigated compounds the variation of direct band gap with pres-
sure is not linear. The calculated results are fitted to a second order
polynomial:

Eg(p) = Eg +ap + pp?

where Eg (eV) is the energy gap at zero pressure, p (GPa) is the
pressure, o and f are the first and second order pressure coef-
ficients respectively. The calculated results, experimental values
and other works are given in Table 5. The calculated first and sec-
ond order pressure coefficients of ZnX compounds are in better
agreement with experiment compared to other theoretical work
which is based on LDA. To my knowledge, there are no experimen-
tal nor theoretical values of the second order pressure coefficients
for CdX compounds to compare with. The author leaves these
results as references for future investigation. The first order pres-
sure coefficients of an interband transition n depends on the volume
deformation potential dE,/dIn(V) and bulk modulus (B) via the rela-
tion o™ =(— 1/B)(dE,/dIn(V)). The first order pressure coefficients of
ZnX and CdX compounds increase with increasing X atomic num-
ber. This increase in the linear pressure coefficient is mainly due
to the decrease in bulk modulus when X atomic number increases.
The first order pressure coefficients of ZnX compounds are larger
compared to corresponding ones in CdX, while the bulk modulus of
ZnX compounds is larger than CdX compounds. For a system con-
taining an active d orbital (e.g. ZnX and CdX), the increase of the
first order coefficients induced by the reduction of the bulk mod-
ulus is partially canceled by the d-p repulsion. The smaller value
of the first order pressure coefficients of CdX compounds is due to
the strong p—d coupling in CdX compare to ZnX which shifts up the
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Fig. 4. The calculated energy band gap, valence and conduction bands width as a function of pressure within GGA_EV.

top valence band, and reduces the linear pressure coefficient. The
second order pressure coefficients of these compounds are small.

3.3. Optical properties

The optical properties of matter can be described by means of
the transverse dielectric function &(w). There are two contributions
to &(w), namely, intraband and interband transitions. The contri-

bution from intraband transitions is important only for metals. The
interband transitions can further be split into direct and indirect
transitions. Here the indirect interband transitions which involve
scattering of phonons and are expected to give only a small contri-
bution to &(w) [77] are neglected. To calculate the direct interband
contribution to the imaginary part of the dielectric function, &;(w),
one must sum up all possible transitions from the occupied to the
unoccupied states. Taking the appropriate transition matrix ele-
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Table 5

Z. Nourbakhsh / Journal of Alloys and Compounds 505 (2010) 698-

The first and second order pressure coefficients of energy band gap within GGA_EV.

711

Compounds EQ (eV) o x 10-2eV (GPa)! B x10-3eV (GPa)2
This work Expt. Other work This work Expt. Other work

ZnS 3.26 5.47 6.35¢ 6.22¢ -2.19 -1.312 -1.142

5.7 —1.826
ZnSe 2.34 6.26 7.02 5.40° -2.0 - —-1.516°
ZnTe 1.80 10.71 10.3¢ 7.03b -3.53 —24¢ —1.602P
cds 1.94 5.02 4.54 2.8¢ -1.24 - -
CdSe 1.40 5.53 5.0¢ 3.35¢ -1.74 - -
CdTe 1.30 9.47 8.0d 8.39¢ —3.69 - -
a Ref. [75].
b Ref. [37].
¢ Ref. [76].
d Ref. [29].
¢ Ref. [38].

Fig. 5. The calculated real and imaginary parts of dielectric function of ZnX and CdX compounds within GGA_EV.
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Fig. 6. The locations of imaginary and real parts of dielectric function peaks (labeled
a-fin Fig. 5) within GGA_EV.

ments into account, the imaginary part of the frequency dependent
dielectric function e;(w) is given by:

Ve? 3 P
82(‘”):m/d (ks
nn’

2
K )| FRnIT = F (R I3(ER, — By, ~T0)

(1)

where hw is the energy of the incident photon, p is the momen-
tum operator (h/i)(9/0dx), kn>, is the eigenfunction with eigenvalue

p

Ey, and f(En) is the Fermi distribution function. The evaluation of
the matrix elements of the momentum operator in Eq. (1) is per-
formed over the muffin-tin and the interstitial regions separately.
A detailed description of the calculation of these matrix elements
is given by Ambrosch-Draxl et al. [78]. The real part of the dielectric
function ¢1(w) follows from the Kramers-Kronig relation:

er(w) =1+ %/752&()“; )_‘”;2“’ 2)
0
The optical constants such as the reflectivity R(w), the absorp-
tion coefficient I(w), and the electron energy loss function L(w) can
be calculated, using the dielectric function, through the following
relations:

glw) -1 2
Rw)=|Y—L— -
sw)+1
2 2 1/2
I(w) = Zw([é‘l(a}) + 82(260) |- 81(w)) @

Fig. 7. The calculated static dielectric function of ZnX and CdX compounds within
LDA, GGA, GGA_EV and experimental values and other work. The black squares
represent the other works for ZnX compounds.

_ 822(0)) _ (5)
e1(w)” + &2(w)

In order to calculate €1(w), one needs to have a good represen-
tation of &5(w) up to high energies. The author has calculated £, (w)
up to 95eV above the Fermi level and has used this value as the
truncation energy in Eq. (2). This energy range was chosen so as to
produce convergence in the Kramers-Kronig transformation.

Toinvestigate the optical properties of ZnX and CdX compounds,
the author has considered only the cubic phase of these compounds.
Since these compounds have cubic symmetry, the author needs to
calculate only one dielectric tensor component to completely char-
acterize the linear optical properties. The calculated results within
LDA are performed using the calculated equilibrium lattice constant
according to LDA. The author has calculated energy dependent real
and imaginary parts of the dielectric function for ZnX and CdX com-
pounds within LDA, GGA and GGA_EV, using the equilibrium lattice
constant according to GGA. Due to a close similarity between the
resulting curves, the dielectric functions are shown in Fig. 5 for
GGA_EV only. The calculated £;(w) has three major peaks, labeled
a, b and cin Fig. 5. The locations of these peaks are shown in Fig. 6.
Although there is areasonable agreement between the £, (w) curves
within LDA, GGA (not shown in Fig. 5) and GGA_EV, the locations of
the peaks do not coincide. This is due to the fact that band structures
of these compounds are similar with different band splitting. The
peaks of the imaginary part of the dielectric function within GGA
and GGA_EV related to LDA shift toward higher energies. This shift
for GGA is smaller than the corresponding value within GGA_EV.
This trend may be directly inferred from the band structure and
electron density of states results. The LDA and GGA band struc-
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Fig. 8. The calculated energy loss function and the absorption coefficient of ZnX and CdX compounds within GGA_EV using the equilibrium lattice constant according to GGA.

ture calculations underestimate the gap values and therefore have
lower peak positions. The calculated energy dependent imaginary
parts of the dielectric function of ZnX and CdX compounds show
that all structures in &,(w) shift toward the lower energies with
reduced peak heights when Zn is replaced by Cd. This is due to the
reduction in the energy band gaps. The most important contribu-
tion to the peak in all compounds is due to the transition from the
maximum of the valence band to the minimum of the conduction
band. The onset of the absorption edge in &;(w) corresponds to a
direct transition from the highest valence band at the I" point to
the lowest conduction band at I" point. Peak b arises principally
from a transition along I L W direction in the BZ. The c peak is due
to the transition from lower bands to higher bands. Freeouf [35]
and Ghahramani et al. [79] measured and calculated the ¢;(w) for
ZnS, ZnSe and ZnTe compounds. The main features of Freeouf and
Ghahramani et al. results are: three peaks for ZnS and ZnSe around
6eVand 6.5 eV (the strongest), around 7 eV and 6.5 eV with relative
intensities of about 0.91 and 0.60, around 6 eV and 8.5 eV with rela-
tive intensities of about 0.40 and 0.37. There are five peaks for ZnTe
around 5eV (the strongest), around 4.5 eV with a relative inten-
sity of about 0.77, around 3.75 eV with relative intensity of about

0.71, around 7 eV with a relative intensity of about 0.50 and around
7.45 eV with relative intensity of about 0.42. Comparing the calcu-
lated imaginary part of the dielectric function of ZnS, ZnSe and ZnTe
compounds with the Freeouf and Ghahramani results, the author
has concluded that the location of peaks within GGA_EV related to
LDA and GGA are in better agreement with experiment. The cal-
culated imaginary parts of the dielectric function of CdS, CdSe and
CdTe show that the calculated results within GGA_EV are in better
agreement with available experimental results [14,38,40]. This is
to be expected, since GGA_EV improves the band structure calcu-
lation, which has considerable effect on optical properties. The p
states of X atom and the d states of Zn and Cd play a major role in
these optical transitions as initial and final states.

The calculated real parts of the dielectric function of ZnX and
CdX compounds, &1(w), within GGA_EV have three peaks (around
3-4.5eV,3.5-6.5eV and 6.5-8 eV) labeled d, e and f: a rather steep
decrease between 5 eV and 6 eV, where £1(w) starts to become neg-
ative and a minimum with slow increase toward zero. Cardona
and Harbeke [80] and Freeouf [35] measured the real part of the
dielectric function of ZnSe and ZnS compounds. A comparison of
the calculated results with Cardona and Freeouf and other avail-
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Fig. 9. The calculated reflectivity spectra and the static reflectivity spectra of ZnX and CdX compounds within GGA_EV using the equilibrium lattice constant according to

GGA.

able experimental results shows that the calculated real part of
the dielectric function of ZnX and CdX compounds within GGA-EV
related to LDA and GGA is in better agreement with experiment.
The real parts of the dielectric function of ZnX and CdX compounds
decrease when Zn is replaced by Cd. The locations of the three peaks
of &1(w) are also shown in Fig. 6. These peaks shift toward lower
energies with reduced peak height when Zn is replaced by Cd. The
location of these peaks shifts toward higher energies when Te is
replaced by Se and Se by S. The static dielectric function, €2, is a
very important physical quantity for semiconductors. The calcu-
lated €9 values within LDA, GGA and GGA_EV, experimental values
[6,81] and other available works [37] for all compounds are shown
in Fig. 7. The calculated £° of these compounds within GGA_EV is
in better agreement with experiment compared to other available
theoretical work which is based on LDA. LDA and GGA overestimate
the static dielectric function £° as a consequence of the energy band
gap underestimation. For the same X atom the static dielectric func-
tion of ZnX is larger than CdX and increases as the atomic number
of X atom increases. This trend in the static dielectric function is in
agreement with experimental data.

The energy loss function (L(w)) is an important factor describ-
ing the energy loss of fast electrons traversing in the material. The
author has calculated L(w) and the absorption coefficient (I(w)) of
ZnX and CdX compounds within LDA, GGA and GGA_EV. The calcu-
lated L(w) and I(w) within GGA_EV are shown in Fig. 8. The energy
loss spectra of ZnX and CdX do not show significant value in ener-
gies smaller than about 10eV. The reason for this is that g;(w) is
large at these energy values. But in an energy range of 10-OeV
there are some large peaks in the energy loss spectra. At such high

energies £;(w) are small and the amplitude of the energy loss func-
tion becomes large. The energy loss function shifts toward higher
energies when Te is replaced by Se and Se by S. For the same X
atom the energy loss function shifts toward higher energies when
Zn is replaced by Cd. The calculated energy dependent absorption
coefficient has some peaks in the energy range of 5-0 eV. The partial
electron density of states of ZnX and CdX compounds show that the
Zn d and Cd d electrons increase the absorption coefficient around
5-0eV (5-5eV for ZnS) and 5-5eV for ZnX and CdX compounds
respectively and reduce it else where.

The author has calculated the reflectivity spectra of these com-
pounds within GGA, LDA and GGA_EV. The reflectivity spectra
within GGA_EV are shown in Fig. 9. In all compounds the reflectivity
spectra are small in the low energy region, the reflectivity spectra
of ZnX and CdX compounds within LDA, GGA (not shown in Fig. 9)
and GGA_EV are similar. The location of the reflectivity peaks within
GGA_EV related to LDA and GGA shift toward the higher energy. The
reflectivity starts at around 20% for all compounds and reaches the
maximum value of about 55% for ZnS, ZnSe, ZnTe and CdS com-
pounds and about 80% for CdSe and CdTe compounds. This shift
is due to the shifting of d electron density of states toward higher
energies. Freeouf[35] and Cardona and Harbeke [80] measured the
reflectivity spectra for ZnS and ZnSe compounds. Comparing the
calculated results with Freeouf and Cardona shows that the reflec-
tivity spectra of these compounds (within GGA_EV) are in better
agreement with experiment. The author has calculated the static
reflectivity RO within GGA_EV. The calculated results are also shown
in Fig. 9. To my knowledge no experimental or theoretical data for
the static reflectivity of these compounds are available to be com-
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pared with. The calculated results show that the static reflectivity
of ZnX is larger than CdX and increases as the atomic number of X
atom increases.

3.4. Effect of pressure on optical properties

At this part I am interested to study the pressure dependence of
the optical properties of these compounds. To investigate the effect
of pressure on optical properties of ZnX and CdX compounds, the
author has calculated the real and imaginary parts of the dielec-
tric function within GGA_EV at different pressures. The pressure
is calculated within GGA. Due to the close similarity between the
behavior of the real and imaginary parts of the dielectric function
of these compounds under pressure, the real and imaginary parts
of the dielectric function at three different pressures are shown
only for ZnS compound in Fig. 10. Under pressure, the positions of
all critical points shift toward higher energies. The reason lies in
the enhancement of the direct band gaps under pressure. Although
peak positions shift under pressure, these peaks still have the same
shape as that have at zero pressure except that the real and imag-
inary parts of dielectric function magnitude increase. Khenata et
al. [37] studied the effect of pressure on the static dielectric func-
tion of ZnX compounds using LDA. They conclude that the increase
of the dielectric functions with pressure is linear. The author has
calculated the static dielectric function and the static reflectivity of
ZnX and CdX compounds within GGA_EV at different pressures. The
calculated results are shown in Fig. 11. The results show that the
variation of the static dielectric function and the reflectivity with
pressure is not linear. The calculated £ and RO are fitted to second
order polynomials:

9%(p) = €°(0) + ap + bp?
RO(p) = R%(0) + cp + dp?

where p(GPa)is the pressure, €2(0) and RO(0) are the static dielectric
function and the static reflectivity at zero pressure, a(c) and b(d) are
the first and second order pressure coefficients of the static dielec-
tric function (the static reflectivity) which are given in Table 6. To

Fig. 10. The real and imaginary parts of the dielectric function of ZnS compound
within GGA_EV at three different pressures.

Fig. 11. The calculated static dielectric function and the static reflectivity within GGA_EV depending on pressure.

Table 6

The first and second order pressure coefficients of static dielectric function and static reflectivity within GGA_EV.
Compounds £9(0) ax1072 bx 1073 R°(0) cx 104 bx 107>
ZnS 524 -1.51 1.34 0.15 —4.72 4.19
ZnSe 6.18 -5.09 2.93 0.18 -14.14 8.03
ZnTe 7.52 -8.05 5.53 0.21 -19.22 13.11
Cds 5.08 —-3.80 5.84 0.15 -10.70 10.69
CdSe 5.60 —6.88 7.33 0.16 —24.84 26.20
CdTe 6.63 -14.40 16.15 0.19 —37.37 40.73
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the best of my knowledge no experimental or theoretical data for
the static dielectric function (of CdX compounds) and static reflec-
tivity (of ZnX and CdX compounds) as a function of pressure are
available to be compared with. The magnitude of the first order
pressure coefficients (a and c¢) of CdX are larger than those of ZnX
and increase with increasing X atomic number.

4. Conclusions

The author has studied the structural, electronic and opti-
cal properties of ZnX and CdX compounds within LDA, GGA and
GGA_EV. The calculated energy band gap of these compounds
within LDA, GGA and GGA_EV shows that the GGA_EV yields better
values for energy band gaps, with respect to experimental values.
The calculated optical properties of ZnX and CdX compounds show
that the real and imaginary parts of the dielectric function and the
reflectivity spectra within GGA_EV are in better agreement with
experiment. Furthermore, the author has calculated the energy
band gap, static dielectric function and static reflectivity at differ-
ent pressures and fitted the results to a second order polynomial.
The valence band width increases with pressure that enhances the
covalent character and hence decreases the ionicity of these com-
pounds. The author has studied the behavior of the energy band gap
and the optical properties of ZnX and CdX compounds under pres-
sure. The author has found that under pressure, the structures in
the real and imaginary parts of the dielectric function shift toward
higher energies.
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