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ABSTRACT 
 
We report first principles study of structural, electronic and optical properties 

of ZnS using the full-potential linear augmented plane wave method plus local orbitals 
(FP-APW + lo) as implemented in the WIEN2k code. In this approach, we have used 
both the generalized gradient approximation (GGA) and Engel–Vosko generalized 
gradient approximations(EV-GGA) for  the exchange-correlation energy that are 
based on the optimization of total energy and corresponding potential, respectively. 
The results are given for the equilibrium lattice constant, total energy, bulk modulus, 
its pressure derivative, band structure, density of states and energy gaps. Moreover, 
optical properties including the dielectric functions, refractive index, and extinction 
coefficient and energy-loss spectrum are all obtained and analyzed in details within 
the energy range up to 14 eV. The calculated results are compared with previous 
theoretical calculations and the available experimental data. Overall good agreement 
is found. 
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1.  INTRODUCTION 

 
      The IIB-VIA compound semiconductors exhibit a variety of interesting and 
technologically important properties that are not observed in other semiconductors. These 
compounds differ from the IIA-VI compounds by the existence of a metal‘d’ bands inside the 
main valence band in column IIB. Among the wide band semiconductors, ZnS, ZnSe and ZnTe 
constitute a family of  IIB-VIA compounds, crystallizing in the cubic zinc-blende structure. 
The general accepted view of II-VI compounds was that these compounds transform from the 
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zinc-blende (ZB) or wurtzite to the rock-salt (RS). Zinc sulfide (ZnS) is a wide-band-gap 
semiconductor that has been used as an important material in ultraviolet light-emitting diodes, 
flat-panel displays1, injection lasers2, electroluminescent devices and infrared (IR) windows3,4. 
It also has many technological importance in optical device technology such as high-density 
optical memories, transparent conductors, solar cells etc. Xue et al.,5 observed that the hot-
pressing dependent phase transformation in polycrystalline ZnS from the zincblende(ZB) 
structure to the wurtzite(WZ) structure occurs at 1172-1423 K. The X-ray diffraction 
experiments show that the transition pressures are 14.7GPa6 for the zinc-blende (ZB) to rock-
salt(RS) phase transition and 16GPa7 for the wurtzite (WZ) to rock-salt (RS) phase transition. 
The phase transition from the zinc-blende(ZB) structure to the rock-salt (RS) structure has 
attracted much interest from physicists8-14. Recently, Ronnow et al.,15 have used the full 
potential linear muffin–tin orbitals FP-LMTO method to investigate the effect of strain on the 
E1 electronic interband transitions for ZnSe and ZnTe.  Qteish26 and Oshikiri and 
Aryasetiawan16, reported the band structure of ZnS using the SIC-LDA and GW formalisms, 
respectively. The FP-LAPW method coupled with the tight binding theory has been used by 
Rabah et al.,17 to study the quaternary MgZnSSe and their binary compounds. Kassali and 
Bouarissa43, Boukortt et al.,18 and Benmakhlouf et al.,19 reported some band structure results 
on ZnTe, ternary ZnSeS and quaternary ZnCdSSe alloys and the binary constituents. Optical 
parameters for some phases of the ZnS have widely been studied experimentally in the past20-

22. From the above it is clear that there exist limited theoretical studies on electronic and optical 
properties of ZnS. The aim of this work is to give a detailed description of the behavior of 
structural, electronic and dielectric properties of ZnS compound by using the full-potential 
augmented plane wave plus local orbitals (FP-APW + lo) method.  
     The paper is organized as follows. After a brief introduction in Section 1, the method 
of computational details is given in Section 2. The simulation results for structural, electronic 
and optical properties in this work are presented and discussed in Section 3. We also have 
compared our results with available experimental data and as well as theoretical calculations 
in Section 3. Finally, the summary of our main results and conclusion is given in Section. 4.  
 
2.  COMPUTATIONAL METHOD 
 

In the present calculation, we employ the full-potential linear augmented plane wave 
(FP-LAPW) method23 within the framework of the density functional theory (DFT)24 as 
implemented in the Wien2k code25. The exchange correlation potential within the generalized 
gradient approximation (GGA)26 is used to calculate the structural properties (lattice constants, 
bulk modulus and its pressure derivatives). The band structure, total density of states and 
optical properties are calculated by using the new functional of Engel-Vosko within GGA i.e. 
(EV-GGA)27 because the generalized gradient approximation (GGA) underestimates the 
energy gap as much as 50%. On the other hand the EV-GGA calculated band gap is more near 
to the experimental measured value. Dufek et al., discussed the details of advantages using 
EV-GGA over GGA28.  
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      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) and a plane wave basis set in the remaining space of the unit cell (interstitial region) 
is used. The muffin-tin (MT) spheres radii were chosen to be 2.2 a.u. and 1.9 a.u. for Zn and 
S, respectively. The potential and charge density representations inside the MT spheres are 
expanded with lmax=10. For expansion of the basis function, we set RMTKmax=8, which 
controlled the size of the basis set, where Kmax is the plane wave cut-off and RMT is the 
smallest of all atomic sphere radii. The charge density is Fourier expanded up to Gmax = 12 
a.u-1. For electronic calculation we have used 72 k-points in the irreducible Brillouin zone for 
structural optimization. A denser sampling of the BZ was required to calculate the optical 
properties of the sample. A mesh of 3000 special k-points was used for the optical calculations. 
The self-consistent calculations are considered to be converged when the total energy of the 
system is stable within 10-4 Ry. 
  
3. RESULTS AND DISCUSSION  
 
3.1 Structural properties 

 
First, we have calculated the total energy versus unit cell volume of  B3 phase of ZnS  

as shown in Fig. 1. The curve of Fig. 1 was fitted to the Murnaghan equation of state29 so as to 
determine the equilibrium structural parameters.  The calculated equilibrium lattice constants, 
bulk modulus B0 and pressure derivative B’0 are reported in  Table 1, with available 
experimental and theoretical results. 

 

 
 

Figure.1: Energy vs volume for ZnS in B3 phase by GGA method 
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Table 1. Calculated  lattice constant (a0),  Bulk modulus B (in GPa), pressure derivative of the 
bulk modulus B’0     and total energy of cubic ZnS  semiconductor compound in B3 phase 
 

Calculations Lattice 
constant a 

(A0) 

Bulk 
modulus B0 

(in GPa) 

Pressure derivative of 
the bulk modulus B’ 0

 
Total 

Energy(Ryd) 
Volume 
(a.u.^3) 

Present work 5.46 71.95 4.24 -4390.754623 275.58 
Theory [Ref.31] 5.58 75.9 4.7 - - 
Theory [Ref.32] 5.35 83.1 4.43 - - 
Theory [Ref.33] 5.33 83.7 4.2 - - 
Expt. [Ref.30] 5.41 76.9 4.9 - - 

 

It is clearly seen that the GGA over-estimates the lattice parameter and this finding is 
consistent with the general trend of this kind of approximation. The lattice constant from our 
GGA calculation is 0.92% larger than experimental value. It is well known fact that GGA 
overestimates the experimental lattice constants which may varies from 1% to 5%. Such small 
difference between theoretical and experimental lattice constants is expected. The calculated 
value of lattice constant from GGA is in good agreement with the experimental data30 and the 
theoretical value of Ref.31-33. 
 

3.2. Electronic properties  
 

The calculated electronic band structure and total density of states (TDOS) presented 
in Fig. 2 shows a direct band gap at Г. It is well known that GGA underestimates energy gaps 
by as much as 40% when compared to the experimental value. This is mainly due to the fact 
that they have simple forms that are not sufficiently flexible for accurately to reproduce both 
exchange-correlation energy and its charge derivative. However, EV-GGA improves the band 
gap in contrast to local density approximation (LDA) and generalized gradient approximation 
(GGA). Therefore, we have opted EV-GGA approach instead of LDA or GGA. The calculated 
total density of states and band structures of ZnS for B3 phase along symmetry directions are 
presented and discussed. The top of the valence band is composed of S-p states with a minor 
contribution of Zn-p and Zn-d states. The Zn-d state is treated as valence state so the Zn-d state 
inside the upper valence bands have  a minor dispersion which gives rise with the S-p state 
through the p–d coupling. The bottom of the conduction band at Г point is mainly due to an 
admixture of Zn-s and S-p states. Our calculated direct band gap is equal to 2.65 eV which is 
larger than the previous calculation (2.2 eV) obtained by Imai et al.,34 and closer to 
experimental value30 of 3.84 eV. Laihia et al.,35 using x-ray diffraction data, reported it as 2.0 
eV.  The overall band profiles are in fairly good agreement with previous theoretical and 
experimental results34,36. 

In order to explain the overall profile of the DOS, the different peaks of the DOS have 
been identified with their corresponding electronic states in Fig.2(b). In the lower part of the 
valence band, the sharp peaks around  ( -11.87 eV)  arises from S (3s) states while the peaks 
in next higher energy region just below EF are predominantly due to 4s and 4p states of Zn. 
The peaks found in the next further higher region (in the conduction band above EF ) are mainly 
due to 3d states of Zn which hybridize with 3p and 3d states of S.  
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Fig. 2(a) Band structure using EV-GGA; (b) Total DOS of ZnS in B3 structure 

 
3.3. Optical Properties 
 

In the cubic symmetry, the principal tensor component	���, ��� and ��� will be equal. 
Hence, only one dielectric tensor component is required to completely characterize the linear 
optical properties i.e. (���= ���= ���). ZnS compound also have cubic symmetry. The optical 
properties of matter can be described by the complex dielectric function ε(ω), which represents 
the linear response of the system to an external electromagnetic field with a small wave vector. 
It can be expressed as ε(ω) = ε1(ω) + iε2(ω). The momentum matrix elements in the dielectric 
function have been calculated on a grid of 3000 special k-points for ZnS. The dielectric 
function, ε2(ω), is strongly correlated to the joint density of states (DOS) and transition 
momentum matrix elements. Core states are treated fully relativistically while valence and 
semi-core states are treated semi-relativistically (i.e. ignoring the spin-orbit coupling). Using 
the dispersion of real and imaginary parts of dielectric functions one can calculate dispersion 
of other optical parameters such as, dielectric constant, optical conductivities, refractive index,  
extinction coefficient and energy-loss spectrum  etc. The complex dielectric tensor was 
calculated according to the well-known relations  for the calculation of optical properties37. 

Im  ��� (�) = 
�π��

����
  ∑ � ���		� 		|	Pα|		��		

∞


�,	 �	�� 		�	Pβ�			�		��(�c k ₋ � � k₋ �)        (1) 

where 	� and �� are the wave function corresponding to the conduction and the valance bands 
with the wave vector k.   
The real part of the frequency- dependent dielectric function can be derived from the imaginary 
part using the Kramers-Kronig relations, 
 

Re ��� (�) = ���   +   
�

π
 P�

ω′��	�αβ�ω
′�

ω′����

∞



�ω′                              (2) 

 

The linear optical properties of cubic ZnS B3 phase  has been investigated by 
calculating the optical parameters, dielectric function ε(ω), refractive index n(ω), extinction 
coefficient k (ω)  and electron energy-loss function L(ω). The dispersion of the imaginary and 
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real parts of dielectric function, ε1(ω) and ε2(ω), for ZnS  are shown in Fig. 3 and Fig.4. The 
observed spectra ε2(ω) shows the threshold energy occurring at 0.7 eV. There are three major 
energy spectral peaks situated at 4.96 , 6.40 (principal peak), and 7.82 eV. The highest peak in 
ε2(ω) at  about 6.40 eV is 12.85, corresponds to the transition from occupied Zn-s to 
unoccupied S-s band states.  
 

 
Fig. 3  Imaginary dielectric function ε2(ω)          Fig. 4  Real dielectric tensor ε1(ω) 

  
From the analysis of Fig.4, the calculated static dielectric constant ε1(0) without any 

contribution from lattice vibration is equal to about 5.19. The wide band energy gap yields a 
smaller value of ε1(0). First main and highest peak value 9.10 of ε1(ω) exists at energy 4.53 
eV, second peak value 8.35 exists at energy 6.16 eV and  third  peak value 1.58 exists at energy 
7.63 eV while all other peaks have negative value -1.36, -1.42, and -1.36 at energies 10.59, 
11.89, and 12.01 eV, respectively. 
 

Table 2. Calculated static dielectric constant ε1(0) and refractive index  n(ω) of  B3 phase of ZnS 
 

Compound Calculation Dielectric constant , ε1(0) Refractive index, n(ω) 

ZnS Present work 5.19 2.3 

Theory[Ref.39] 5.63 - 

Experimental [Ref.38 ] 5.2 - 
 

The extinction coefficient k (ω) and the refractive index n(ω)  have been calculated 
and analyzed in Fig.5(a) and Fig.5(b), respectively. The local maxima of the extinction 
coefficient k (ω) correspond to the zero of ε1(ω) =6.70 eV. The calculated value for the static 
refractive index is about 2.3. From Fig. 5(b), the obtained refractive index spectra show that 
the refractive index is significant only up to 6.24 eV. Beyond this energy range, the refractive 
index drops sharply. The calculated value of static dielectric constant and refractive index are 
depicted in Table 2. 
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The electron energy loss function L(�), is a significant factor related to the 
energy loss of fast electron traversing in the material. EELS is a important tool for 
investigating various aspects of materials. It has the advantage of covering the complete 
energy range including non-scattered and elastically  scattered electrons (Zero Loss).At 
intermediate energies (typically1 to 50 eV) the energy losses are due primarily to a complicated 
mixture of single electron excitations and collective excitations (plasmons).  

 

 
    (a)              (b) 
 

 
(c) 

Figure 5. Calculated optical constants (a) Extinction coefficient k(�) (b) Refractive index n(�) (c) Energy-
loss function L(�) 

The positions of the single electron excitation peaks are related to the joint density of 
states between the conduction and valence bands, whereas the energy required for the 
excitation of bulk plasmons depends mainly on the electron density in the solid. In the case of 
interband transitions, which consist mostly of plasmon excitations, the scattering probability 



 P. K. Saini, et al., J. Pure Appl. & Ind. Phys. Vol.7 (4), 128-136 (2017)  

135 

for volume losses is directly connected to the energy loss function. In Fig.5(c), the most 
prominent peak in the energy loss spectrum is associated with the Plasmon peak and located 
at 11.95 eV for ZnS in B3 phase and the corresponding frequency is called plasma frequency 
(h��)40. 
 
4. CONCLUSIONS  

 
We present detailed calculations of the structural, electronic and optical properties of  

ZnS in  B3 phase using the FP-LAPW method. Structural parameters are found to compare 
well with the available data in the literature. The calculation provides an excellent description 
of band structure where we found a direct band gap of about 2.65 eV located at the Г-point in 
the Brillouin zone. Using the projected DOS and band structure we also have analyzed the 
interband contribution to the optical properties of ZnS. Our calculated results for the real and 
the imaginary parts of the dielectric functions are used to reproduce the optical constants, such 
as the refractive index, extinction coefficient and energy-loss spectrum. The calculations show 
a static dielectric constant of 5.19 and refractive index of 2.3 for the ZnS in B3 phase. The 
calculated results could be useful for further experimental investigations and to cover the lack 
of data for this compound. 
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