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Abstract  
The optical properties of x = 0.5 value for of PbSxSe1-x ternary semiconductor alloys are 

calculated from the real and imaginary part of the dielectric function by using pseudopotential 

density functional method within its local density approximation (LDA) and a scissors 

approximation. A direct band gap of 0.49 eV at Г is obtained for PbS0.5Se0.5.The starting value of 

absorption for PbSxSe1-x alloy of x = 0.5 semiconductor alloy is 0.49 eV. The energy loss 

function maximum has value 15.6A eV. Our results are in agreement with the available 

theoretical data in the literatures. 
 

 الخلاصة:
قذ حى حسابها ين انجزء انحقيقي وانجزء   PbSxSe1-x( نسبائك اشباه يىصلاث ثلاثيت X=0.5انخىاص انبصريت نقيًت )

حقريب انكثافت انًىضعيت  ( بأسخخذاو Pseudo Potential Density Functionalانخياني نذانت انعزل بأسخخذاو طريقت) 

(LDA( وحقريب )( Scissor( 0.49. حى انحصىل عهى فجىة انطاقت انًباشره بقيًتeV( في يىقع انطاقت )Г )  نهًركب

PbS0.5Se0.5 بذايت قيًت الايخصاص نهسبيكو شبو انًىصم .PbSxSe1-x ( نقيًتx=0.5( وكانج )0.49eV    انقيًت انعظًى .)

 ( . كانج نخائجنا يخىافقت يع انبياناث اننظريت انًخىفرة في الادبياث. 15.6AeV ( نذانت فقذ انطاقت كانج

 

1.  Introduction  
IV–VI compound semiconductors have shown remarkable potential for a various applications 

and commercial technologies, ranging from conventional transistor based electronics to 

optoelectronics devices. Therefore, IV–VI semiconductors have been widely used for high-electron 

mobility and heterostructure bipolar transistors, lasers diode (LD), light emitting diodes (LED), 

photodetectors, electro optic modulators, and frequency-mixing components [1–4]. 

In addition, group IV–VI semiconductors and their heterostructures are well-known to form 

ternary and quaternary alloys with a direct band gap over most of alloy composition range with high 

absorption coefficients, which can be used as materials for fabricating thin film heterojunction 

photovoltaic (PV) devices. The two compounds PbS and PbSe, which are direct band gap 

semiconductors at the Г point of the Brillouin zone, form a continuous series of alloys denoted by 

PbS1−xSex, where x is the mole fraction of PbSe in the alloy. This alloys system has received 
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considerable attention for the fabrication of tunable diode lasers. The energy band gap of PbS1−xSex 

alloys varies from 0.29 eV for PbS to 0.15 eV for PbSe. [5, 6] 

Experimental researches have been performed on their structural and optical properties [7-10]. 

Despite of experimental studies, there are also many theoretical studies are describing the electronic 

structures of these compound semiconductors by using different methods of calculations. Lebedev 

and Sluchinskaya have found the appearance of ferroelectricity in these IV-VI semiconductors, and 

they investigated the samples of PbSxSeyTe1−x−y quaternary solid solutions at low temperatures by 

using electrical and x-ray methods [11]. Also, Seetawan et al. have reported the simulation 

mechanical properties of PbS, PbSe [12]. Wang et al., have investigated the plane-wave 

pseudopotential of mechanical and electronic properties for IV and III-V crystalline phases with 

zinc-blende structure [13]. The vacuum evaporated PbS1−xSex thin films were examined by Kumar 

et al., [14], on the other hand, multi-spectral of PbSxSe1−x photovoltaic infrared detectors were 

realized by Schoolar et al [15].  

This work has been done to shed light on the future studies of scientists whose experimentally 

prepare the alloys in laboratories, and to support them in determining the change in amounts of 

additives in alloy, moreover, to determine the accordance of theoretical studies with experiments 

and other theoretical works. The optical properties of PbSxSe1-x will change x function (x= 0.5) 

which directly influences various applications of PbS-based devices under different application 

conditions. Taking into account of different application conditions, the Structure and optical 

properties of alloy is studied by using first-principles calculations in our work. 
 

2. Computational Method  
The physical properties of PbSxSe1-x alloys are investigated using the CASTEP program [16]. 

The model wurtzite is used in PbSxSe1-x alloy. We apply a 16-atom super cell which corresponds to 

a 2×2×1 that is twice the size of the primitive wurtzite unit cell in basic plane direction. In this 

program the calculation is performed using Kohn–Sham formation [17], which is based on the 

density function theory (DFT). Local density approximation (LDA) is made for electronic exchange 

correlation potential energy. Coulomb potential energy caused by electron–ion interaction is 

described using pseudo-potential concept. The optimized non-local pseudo-potential generated 

using the scheme proposed by Liuo et al. [18] and is adopted, in which tee orbitals of Pb (5d 6s 6p), 

S (3s 3p) and Se (3d 4s 4p) are treated as valence electrons. By the non-conserving condition, the 

pseudo wave function is related to pseudo-potential matches and the plane-wave function expanded 

with Kohn–Sham formation beyond cutoff energy. 

A cubic unit cell is constructed with four Group VI atoms (Se/S). We have considered PbSxSe1-

x alloy as having cubic symmetry in our calculation for all the five systems to maintain consistency 

and simplicity. We expect that for x = 0.5 the alloy is a layered structure and should be non-cubic. 

Geometry optimization is performed for PbSxSe1-x with symmetry P1. Atomic positions are 

relaxed and optimized with a density mixing scheme [19] using the conjugate-gradient (CG) 

method [20] for eigenvalues minimization. The iteration is repeated until the energy is less  

than 0.002 meV/atom. The Monkhorst- Pack scheme [21] with uniform mesh points is applied. 
. 

3. Results and discussion 
The lattice constant of the compound are estimated In the first step of calculations, by 

minimizing the lattice parameters of the crystal structure, i.e. the ratio of total energy of the crystal 

to its volume. The tested optimization setup convergence is shown in Fig.1. Bulk module is also 

obtained for individual structure.  
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Figure 1. The optimization setup convergence of x = 0.5 value for PbSxSe1-x alloy. 

 

 From this calculation, the obtained values of the bulk module are found to be 1% less than 

the theoretical value. The results of lattice parameters for x = 0.5 are given in Table1. By using 

these lattice parameters, the electronic band structures corresponding to high symmetry points are 

calculated. Fermi level is adjusted as a zero energy level. 

  

Table1; Calculated equilibrium lattice constants (a0), bulk modulus (B) and results of other 

theoretical works of PbSxSe1-x alloy. 

PbSxSe1-x Reference )( a  Eg (eV) B )GPa(  

x = 0.5 Present 5.97 0.49 61.8 

x = 0.5 Theory
a 

6.12 0.36 48.4 

x = 0.5 Theory
b 

5.95 0.40 63.6 

x = 0.5 Theory
c 

6.12 ----- 53.6 
                     a

 Ref. [22]. 
                     b

 Ref. [23]. 
                   c

 Ref. [24]. 

 

 From the drawn band structures, it is found that these structures have direct band rang 

symmetry point at the center of Brillouin zone. The optical band gap energy value is equal to 0.49 

eV. This value is in agreement with theoretical values. 

   Semiconductors behave as absorbers for short wavelength photons and as transparent for 

long wavelength photons [25]. Absorption or transition of a photon depends on the photon’s energy, 

prohibited energy range of semiconductor and the arrangement of atoms [26]. The optical 

coefficients, such as absorption coefficient, loss function and dielectric function are key issue for 

optoelectronic devices and their applications. 

To investigate the optical properties of PbSxSe1-x (x= 0.5) alloy, it is important to study the 

imaginary part of the dielectric function ε2(ω). It is familiar that, the interaction between photon and 

electrons in the materials can be explained in terms of time dependent perturbations of the 

electronic ground state. Optical transitions between occupied and unoccupied states are caused by 

electric field of the photons. The momentum matrix elements are obtained between occupied and 

unoccupied states, in turns used to calculate the ε2(ω) function. Calculating these matrix elements, 

one uses the corresponding eigenfunctions of each of the occupied and unoccupied states.  
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Using the Density function theory (DFT), the excitability electronic spectrum of material is 

generally described according to the complex dielectric frequency function, ε(ω) = ε1(ω) + iε2(ω), 

both the real part and the imaginary part of complex dielectric function are containing all of the 

desired reaction information. The real and imaginary parts are related with the Kramers–Kronig 

correlations: 

 

 

 

 

 

 

 
 

Since the optical properties of the solid material are reactions between electrons and the time 

dependent electromagnetic perturbation caused by the light absorption, the calculation of the optical 

properties of the solid means calculation of the optical reaction function, i.e. the complex dielectric 

function. Some optical constants can be obtained by using the dielectric function [27, 28]. Real 

components of the function can be calculated from imaginary components of dielectric function, 

energy loss function, refraction index (n) and attenuation coefficient (k) which are determined by 

the components of dielectric tensor; 
 

 

 

 

 Figure 2 shows the real and imaginary components of the linear dielectric function, for each 

structure, it is based on the photon energy of alloys calculated at cubic and tetragonal phases. By 

using these results of dielectric functions, the energy loss function coefficient L (ω) and absorption 

coefficient α (ω) can be calculated. 

 
Figure 2.  The real and imaginary parts of dielectric function. 
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the real and imaginary parts of dielectric function of PbSxSe1-x  alloy x = 0.5 formed based on S 

add to PbSe structure, are given in comparison. As illustrated in Fig.2, the real part of the dielectric 

function increased with the increasing photon energy out of the region between 0.5 and 1.2 eV and 

this is a normal distribution. In contrast, it decreases as the photon energy increased in the region 

between 1.2 and 3.6 eV. This is an abnormal dispersion characteristic. A strong absorption and 

increase in reflection between 1.2 to 3.6 eV has been observed. This compound semiconductor has a 

fundamental absorption limit at infrared spectrum regions. The importance of these regions rises up 

especially for communication devices applications of such alloys [29]. This will be seen in more 

detail in the absorption and reflectivity curves to be given later on.  

The peak values of imaginary parts of dielectric function based on photon energy as shown in 

Fig. 2 are present in Table 2. These peak values correspond to electronic transition from valence 

band to conduction band (optical transitions). 
 

Table 2 characteristic of linear optical function PbSxSe1-x 

 

PbSxSe1-x A (eV) B (eV) C (eV) 

x = 0.5 2.79 8.50 11.21 

 

 

 

Figure 3. Loss of function of x = 0.5 of PbSxSe1-x alloy. 
 

Energy loss function defines the energy loss of the electrons passing between bands; energy 

loss function of alloy according to x value is calculated by using Eq. (3). The definite of maximum 

energy loss function are related to collective vibrations of valence electrons. Subsequently, as 

shown in Fig. 3, the energy loss function maximum at x = 0.5 of PbSxSe1-x alloy is based on S add 

to PbSe structure has a value of 15.6 eV. 
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Figure 4. Optical absorption of x = 0.5 of PbSxSe1-x alloy. 

 

 Figure 4, shows the optical absorption spectra of the x = 0.5 of PbSxSe1-x alloy under the 

scissor operation. Due to the underestimation of the band gap, it is difficult to obtain the exact 

optical energy band gap. This method is operative for a variety of systems. The starting value of 

absorption point is 0.49 eV. It is well known that the relation between the optical band gap and the 

absorption coefficient is given by [29]; 
 

 
 

Where h is the Planck constant, c is the constant for a direct transition, v is the frequency of 

radiation, and  is the optical absorption coefficient. The optical band gap Eg can be obtained from 

the intercept of (hv)
2 

versus photon energy (hv). 
 

4. Conclusion  
The optical properties of the PbSxSe1-x alloy of x = 0.5 have been studied by using the first-

principles calculation based on the plane-wave pseudopotentials method within the LDA 

approximation. The lattice parameters, bulk modulus and energy band gap have been obtained. The 

optical band gap energy increased from 0.31 to 0.49 eV with increasing S concentration. These 

results are in agreement with other theoretical studies. The starting value of absorption for PbSxSe1-x 

alloy of x = 0.5 semiconductor alloy is 0.49 eV. The considered optical properties are consistent 

with the available experimental results.  
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