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Semiconductors are substances which, like metals, are electronic conductors. In 

contrast to metals, however, the density of freely mobile charge carriers in 

semiconductors is, under normal conditions, smaller by orders of magnitude than it is in 

metals. In semiconductors, a small change in the absolute value of the charge carrier 

density can induce a large relative change in this carrier density and in the electrical 

conductivity. In metals, on the other hand, the carrier density is so high from the 

beginning that it is practically impossible to produce a reasonable relative change by 

small changes of the absolute value of the carrier density. Thus we can say that in 

semiconductors, and only in semiconductors, is it possible to manipulate the electronic 

conduction by small changes of the carrier density. Such changes can be effected by a 

number of techniques, for instance by chemical doping, by temperature changes, by the 

application of an electric field, or by light. The electronic conductivity of a semiconductor 

can be changed intentionally by these techniques by orders of magnitude; some 

techniques allow stationary changes, and some techniques also allow time-dependent 

changes on a very short timescale.  

Compound semiconductors have been a subject of semiconductor research for 

nearly as long as elemental semiconductors. Initial discoveries of the late 1940‘s and 

early 1950‘s, discoveries that began the use of semiconductors in our everyday life, were 

in germanium. With time, it has been supplanted by silicon—a more robust, reliable, and 

technologically well-behaved material with a stable oxide. Compound semiconductors, 

whose merit of superior transport was recognized as early as 1952, have continued to be 

of interest since these early days although their success has been narrower in scope 

(Welker, 1952). 

There are many types of compound semiconductors being produced 

commercially. The main categories, which will be the subject of exhaustive analysis in 
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this report, include a binary compounds between one element from the third group of the 

Periodic Table, namely Al, Ga and In, and one element from the fifth group of the 

Periodic Table, P, As and Sb, the so-called III–V semiconductors; and binary compounds 

between one element from the second group of the Periodic Table, namely Be and Zn, 

and one element from the sixth group of the Periodic Table S, Se, and Te, the so-called 

II–VI semiconductors. In fact, these major groups form a kind of basic set for the physical 

understanding of semiconductor phenomena and for the wide field of semiconductor 

applications.  

In the last century, considerable advances have been realized in the research and 

applications of semiconductors. During this time, semiconductor technology laid the 

foundations for the development of data processing and of communication technology 

and, more generally, for the establishment of the information society. Today, 

semiconductor technology is a basic technology of our economy, business practice, and 

daily life 0    with its modern comforts (Martienssen and Warlimont, 2005).  

The wide-bandgap II–VI semiconductors offer new exciting possibilities for their 

scientific and technology interests. A revolutionary breakthrough in overhead 

illumination, in picture transmission and in visualization techniques is expected through 

the introduction of short-wavelength emitting laser diodes (LD) and light-emitting diodes 

(LEDs). Blue-violet color light sources are based on nitrides, but green color presents few 

difficulties. There are some hopes that ZnSe-based structures will be good for such 

applications. Beryllium chalcogenide BeX (X = S, Se, Te) semiconductor alloys have 

recently been proposed for improving the performance of ZnSe-based blue-green lasers. 

BeX have much higher bonding energy, hardness, and thus exhibit unusual electronic, 

elastic, and vibrational properties. These unique properties make them potentially useful 

for various technological applications including laser diodes, high efficiency p-i-n photo-
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detectors. The incorporation of transition metal ions of the iron group into II–VIs 

compounds has also resulted in dilute magnetic semiconductors commonly used in 

spintronics applications. (Ameri et al., 2008; Laref and Laref, 2012;   Hacini et al., 2012; 

Hassan and Akbarzadeh, 2006;
 
Al-Douri et al., 2012). Zinc chalcogenides ZnX (X = S, 

Se, Te) are a primary candidate for optical device technology such as visual displays, 

high-density optical memories, optical switching devices, fabrication of visible light 

emitting devices and modulated hetero-structures, solid-state laser devices, 

photodetectors, solar cells, etc. (Erdiven and Ufuktepe, 2011; Karazhanov et al., 2007; 

Bang et al., 2001; Reshak and Auluck, 2007). 

Long-distance fibre-optic communications, laser printers and compact disk 

players all depend on the same material and device technology – the semiconductor laser. 

These highly efficient sources are based on gallium arsenide (GaAs) and related III–V 

compounds. They operate at infrared, and sometimes at red wavelengths, but since the 

1960s, physicists, materials scientists and electrical engineers have tried to extend these 

devices to shorter visible wavelengths. There are many potential applications for compact 

lasers and light-emitting diodes (LEDs) at blue and green wavelengths. Recent proposals 

include high-density optical memories and display devices, medical diagnostics, and 

communications through sea water and ice. (Gunshor et al., 1992).  In recent years, III-

Antimonides have attracted more interest due to their potential applications in 

rechargeable lithium batteries as anode materials. GaSb is a good candidate for thermo- 

photovoltaic cells for systems with low radiator temperature, as its cell technology is 

rather straightforward resulting in higher efficiency than Si thermo-photovoltaic cells. 

GaAs and GaInP are used for Solar cell of high-efficiency ground and satellite device, 

GaN and GaP for LEDs of white light illumination, flat panel display backlighting, signs, 

indicators etc. GaAs, GaN and InP are used for Lasers like Optical storage, data 
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communications, telecom switches whereas GaAs, InP and GaN for Wireless Mobile 

communication, base stations, etc. (Mastro, 2011). Because of direct band gap and high 

reliability, III-V semiconductors  (GaAs and in particular, InGaP) are ideal candidates for 

the realisation of high efficiency solar cells. In the past years, they have been successfully 

used as power sources for satellites in space, where they are able to produce electricity 

from sunlight with an overall efficiency of around 30%. Nowadays, the use of arsenides 

and phosphides as photovoltaic (PV) devices is confined only to space applications since 

their price is much higher than conventional Si flat panel modules, the leading PV market 

technology. But with the introduction of multi-junction solar cells capable of operating in 

high concentration solar light, the area and, therefore, the cost of these cells can be 

reduced and will eventually find an application and market also on Earth (Bosi and 

Pelosi, 2007).  

In view of their importance as ―base material‖ for many state of the art devices, it 

is important to know different properties of these semiconductor compounds. To 

understand the physical properties of semiconductors, we need to understand how 

electrons behave inside semiconductors and how they response to external stimuli. 

To study both the surface and the bulk electronic properties of solids like 

compound semiconductors, a method of Photoelectron spectroscopy has been extensively 

used. Photoemission is basically a process in which electrons are emitted when 

electromagnetic radiation, typically in the visible or ultraviolet region is incident on the 

surface (Feuerbacher et al., 1978). The process of photoemission is complicated from the 

viewpoint of quantum physics, and it‘s a single-step quantum mechanism event. To 

develop a formal description and due to the complexity of the one-step model (Mahan, 

1970; Schaich and Ashcroft, 1971; Caroli et al., 1973; Feibelman and Eastman, 1974), a 

phenomenological three-step model is introduced to describe the process of 
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photoemission. In Ultraviolet Photoemission Spectroscopy (UPS), the source of radiation 

is ultraviolet lamp. The ultraviolet radiation in the range of 10 - 300 eV brings the 

excitation of electrons within a small value of escape depth which can come out of a solid 

and make photoemission a useful technique for the study of properties of surface of 

solids. Also, the variation of photon energy leads to a variation in escape depth of the 

electrons by means of which its relative importance to the surface and the bulk effects can 

be varied.  In X-ray Photoelectron Spectroscopy (XPS), the source of radiation is an X-

ray tube. An X-ray in the range of 1000 eV or more is also used to study the inner core 

level of the solid due to its highly penetrating characteristic. The high absorption 

coefficient of ultra-violet radiation and small escape depth of the electron emitted from 

solids gives the UPS a greater advantage over other methods of investigating the 

electronic states of solids. Von Niessen (1991) has demonstrated the usefulness of Green's 

functions in the calculation and interpretation of photoelectron spectra (PES). The 

complexities of electronic and vibrational processes which find their expression in PES 

require powerful computational tools and both theoretical and numerical developments. 

 Photoemission techniques can be classified according to the manner in which the 

energy and momentum of the incident photon and the ejected photoelectron are 

controlled. In Angle-integrated Ultraviolet Photoemission, all emitted electrons are 

collected by a hemispherical detector while in angle-resolved photoemission the emitted 

electrons are collected for a specified angle. Angle integrated photoemission gives a joint 

density of states while, the angle-resolved photoemission gives a detailed information of 

band structure, surface sensitiveness etc. In Angle-Resolved Ultraviolet Photoelectron 

Spectroscopy (ARUPS), the energy of the electrons emitted at a fixed angle is analysed 

and this gives rise to energy distribution curve. By determining the momentum of 

electrons which shows a maximum on the curve and by measuring the change in energy 
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position of the maximum on the energy distribution curve with the change of momentum, 

one can determine the energy-wave vector relationship. The method of ARUPS is shown 

in Fig. (1.1) where θi is the angle of incidence of the incoming UV radiation, θ is the 

angle of the energy analyser with respect to the normal which can be varied from 0
o
 to 

90
o
. As these experimental techniques allows measuring the dispersion of occupied bands 

as well the unoccupied bands in and around Fermi level, they have become an important 

tool for investigating the electronic properties of clean and adsorbate-covered surfaces 

and thin films. The detailed interpretation of photoemission data obtained from 

experiments requires the use of theory which should be able to incorporate appropriately 

the initial and final state wavefunctions of the electrons as well as the spatial form of the 

electromagnetic field which is responsible for photoexcitation in the first place. More 

detailed information about the ARUPS can be obtained from various literatures 

(Feuerbacher et al., 1978; Williams et al., 1980; Inglesfield, 1982; Plummer and 

Eberhardt, 1982; Braun, 1996; Dose, 1983; Schattke, 1997). 

 

Figure (1.1): Schematic diagram of Angle-Resolved Ultraviolet  

         Photoelectron Spectroscopy (ARUPS). 
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The photocurrent density formula may be written with the help of Golden Rule 

formula (Penn, 1972) as  

 


)](1[)()()(||||
2)( 2 EfEfEEEEH

d

Edj
ooiffif 





  

            (1.1)
 

where Ei and Ef  are the initial and final state of energy, i   and f  are the initial and 

final state wavefunction, fo denotes the Fermi occupation function and  - function 

establish the energy selection rule. The perturbation in the Hamiltonian responsible for 

the photoexcitation of the electron is given by  

)..(
2

pAAp 
mc

e
H                  (1.2) 

where p is the one electron momentum vector and A   is the vector potential. 

Now, the formula for photoemission cross-section can be written as 

2
2

if H
k

d

d








                   (1.3)  

Thus, we see that the calculation photocurrent density is based on the evaluation of matrix 

element if H   . 

The calculation of the matrix element in Eq. (1.3) involves the knowledge of  i   

and  f  .  Pendry (1976) and others have recognised that the calculation of  i   and  f  

was in principle, similar to LEED calculation. They considered the solid to be a stack of 

identical layers terminated at the surface. The final state was shown to be a time-reversed 

LEED state. As for example, Pendry has given a detailed method of calculation using this 

method and developed a detailed program for application to real system with notable 

success. In his calculations, the initial and final states are computed quite accurately but 

however, the vector potential is taken to be a constant. Pendry has recognised that the 
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vector potential would vary in the surface region but taking the exact account of spatial 

variation was a complex problem. Also by taking A  to be a constant, it has simplified the 

calculation of the matrix element. This method of calculation has been successful in 

different cases. However, for the case of photocurrent against photon energy from a 

constant initial state, the method did not give a good result especially near the plasmon 

energy. 

In photoemission theory of solids, the essential ingredient is the proper treatment 

of the electromagnetic fields within the solid. Mukhopadhyay and Lundqvist (1978) 

calculated electromagnetic field near a semi infinite jellium surface. The vector potential 

in the bulk and vacuum region are of asymptotic form and in the surface region, it is 

modified due to the potential. The model was used to study the semi classical infinite 

barrier (SCIB) model of the metal surface and the long wavelength limit for the 

electromagnetic wave incident on a diffuse metal surface. Maniv and Metiu (1980)
 
were 

concerned with the fields in the immediate vicinity of the interface and developed a 

scheme for a general solution of Feibelman‘s model (Feibelman, 1975). They determined 

a dielectric function which is continuous across the interface. They found their model to 

be valid for photon energy greater than the plasmon energy and are applicable only to free 

electron type of solids. Haneman (1987) reviews the knowledge of the structure and 

surface states of several clean low-index faces of silicon. Ishii and Aisaka (1991) 

presented a theoretical analysis of angle resolved photoemission spectrum by using 

dynamical multiple scattering formalism for photoelectrons. Angle-resolved 

photoemission spectra have been calculated by Strasser et al. (2005) with the one-step 

model for S adsorption on GaAs and compared with experimental distributions. 

Makinistian and Albanesi (2007) have used an ab initio FP-LAPW method to assess the 

electronic structure and optical properties of the semiconductor GeSe. From their 
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calculated conduction band and DOS, they have obtained very good agreement with the 

experimental core excitation spectra. 

Photoemission spectroscopy (PES) has been established as one of the most 

important methods to study the electronic structure of molecules, solids and surfaces 

(Cardona and Ley 1978, Hüfner 2003). In direct PES, ultraviolet or X-ray photons 

irradiate a sample surface and eject photoelectrons from the occupied electronic states, 

and thus provides information of the occupied density of states (DOS). Inverse 

photoemission (IPES) utilizes electrons (with predefined, known energies) aimed at the 

sample surface which relax into unoccupied electronic states and emit photons, and thus 

provides the unoccupied DOS (Schattke and Van Hove, 2003). Ultraviolet PES (or UPS) 

and IPES can be combined to provide the electronic structure of a material such as the 

energy band gap (Eg). Angle-resolved photoemission spectroscopy (ARPES) is one of the 

most direct methods of studying the electronic structure of solids. By measuring the 

kinetic energy and angular distribution of the electrons photoemitted from a sample 

illuminated with sufficiently high-energy radiation, one can gain information on both the 

energy and momentum of the electrons propagating inside a material. This is of vital 

importance in interpreting the connection between electronic, magnetic and chemical 

structure of solids, in particular for those complex systems (Damascelli, 2004). ARPES 

has now become a powerful imaging technique providing very direct k-space images of 

band dispersions as well as of constant energy surfaces. Moreover, in combination with 

synchrotron radiation as a tuneable photon source the experimental restrictions of ARPES 

regarding full k-space accessibility are strongly relaxed and it is possible to study three-

dimensional electronic structures in great detail (Schattke and Van Hove, 2003). 

Physically, the photoemission uses incident photons with energy hν to excite and 

eject electrons from occupied electronic states. The intensity of the photoelectrons is 
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proportional to the transition probability given by Fermi‘s golden rule (Krasovskii and 

Schattke, 1995). Ultraviolet Photoelectron Spectroscopy (UPS) is more suited for 

studying the filled electronic states in the valence band. XPS could be used, but the 

electrons from the valence band have a low photoelectron cross section and the kinetic 

energies of these valence electrons are high. Any photon energies between 4 – 150 eV 

could be used for UPS. At the low photon energies most often used in ARPES 

experiments   < 100 eV, as it is much smaller than the typical Brillouin-zone 

dimension 
2

a


 of a solid.  

Within the three-step model description (Hüfner, 2003), the optical transition 

between the bulk initial and final states can be described by a vertical transition in the 

reduced-zone scheme (kf - ki = 0), or equivalently by a transition between momentum-

space points connected by a reciprocal-lattice vector G in the extended-zone scheme (kf - 

ki = G) (Mahan, 1970). In the three-step model (Hüfner, 2003), the transmission through 

the sample surface is obtained by matching the bulk Bloch eigenstates inside the sample 

to free-electron plane waves in vacuum. Because of the translational symmetry in the x–y 

plane across the surface, from these matching conditions it follows that the parallel 

component of the electron momentum is actually conserved in the process i.e.  

1
2 sin

k
k K mE  


                   (1.4)  

Where k is the component parallel to the surface of the electron crystal momentum in the 

extended-zone scheme and Ek is the kinetic energy of electron. As for the determination 

of k, which is not conserved but is also needed in order to map the electronic dispersion 

E(k) vs the total crystal wave vector k; a different complex approach is required (Hüfner, 

2003; Strocov et al., 1997; Strocov et al., 1998). Alternatively, the value of k can be 

determined if some a priori assumption is made for the dispersion of the electron final 
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states involved in the photoemission process; in particular, one can either use the results 

of band structure calculations, or adopt a nearly-free-electron description for the final 

bulk Bloch states as given by  

2 2

0
2

( ) | |
f

k
E k E

m
 


                   (1.5)  

Where once again the electron momenta are defined in the extended-zone scheme, and E0 

corresponds to the bottom of the valence band (note that both E0 and Ef are referred to the 

Fermi energy EF; while Ek is referred to the vacuum level Ev). Because Ef =Ek+  and 

2 2
2

2
sin

k

k
E

m



, we can write 

2

0

1
2 ( cos

k
k m E V 


                   (1.6)  

Here V0 = |E0|+   is the inner potential, which corresponds to the energy of the bottom of 

the valence band referred to vacuum level Ev. 

If the measured values of Ek,   and V0 is known, one can then obtain the 

corresponding value of k. The most convenient method for determination of V0 is to infer 

V0 from the experimentally observed periodicity of the dispersion E(k) as the experiment 

can be realized by simply detecting the photoelectrons emitted along the surface normal 

(i.e. K= 0) while varying the incident photon energy and, in turn, the energy Ek of the 

photoelectrons.  

Within this approach, the photoemission process is subdivided into three 

independent and sequential steps (Feibelman and Eastman 1974, Berglund and Spicer 

1964): (i) Optical excitation of the electron in the bulk. (ii) Travel of the excited electron 

to the surface. (iii) Escape of the photoelectron into vacuum. The total photoemission 

intensity is then given by the product of three independent terms: the total probability for 

the optical transition, the scattering probability for the travelling electrons, and the 
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transmission probability through the surface potential barrier. Step (i) contains all the 

information about the intrinsic electronic structure of the material. Step (ii) can be 

described in terms of an effective mean free path, proportional to the probability that the 

excited electron will reach the surface without scattering (i.e, with no change in energy 

and momentum). Step (iii) is described by a transmission probability through the surface, 

which depends on the energy of the excited electron and the material work function   (in 

order to have any finite escape probability the condition 
2 2

0
2

| |
k

E
m

 


 must be 

satisfied). 

Bagchi and Kar (1978) developed a frequency-dependent dielectric model which 

is chosen to be a local one, which interpolates linearly between the bulk value inside the 

metal and the vacuum value (unity) outside. They showed that even with simple model, 

consideration of variation of field near the surface gave a reasonable qualitative 

agreement with experimental results for the photocurrent from the tungsten surface as a 

function of photon energy. Using the dielectric model developed by Bagchi and Kar, 

Thapa (1993) studied the variation of electromagnetic field from various metals and 

showed that the results were in good agreement with experimental results. Using the same 

dielectric model and by considering the crystal potential to be Kronig-Penny potential 

(Kronig and Penney, 1931), Thapa et al. (1995) also calculated the photocurrent in the 

case of a number of metals and semiconductors. Pachuau and others (2000, 2002) have 

calculated photoemission using Mathieu potential model as described by Davison and 

Steslicka (1992) to various metals and semiconductor which reproduces qualitatively the 

behaviour of the experimental results as reported by Bartynski et al. (1985). Zoliana and 

others (2003) have used projection operator method of group theory to develop the initial 

state wavefunction which is used for the evaluation of photocurrent.  
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Electronic and optical properties have been calculated by using various methods 

like empirical pseudopotential method (Kohn et al., 1973), Tight-Binding method (Slater 

and Kosker, 1954) etc. Hohenberg and Kohn (1964) have used Density Functional Theory 

(DFT) for the calculation of electronic properties of solids. They have shown that the 

electron density uniquely defines the total energy of a system and is a functional of the 

density. For solving the DFT equation, the full potential linearized augmented plane wave 

(FP-LAPW) method was developed (Madsen et al. 2001). They solved the Kohn-Sham 

equations for studying the band structure, density of states, optical properties etc. by 

writing several FORTRAN programs. This in the form of a standard program is known as 

WIEN2k code (Blaha
 
et al., 2008).  

We have used the full potential linearized augmented plane wave (FPLAPW) 

method to determine the electronic properties of the investigated compounds. 

Development in linear methods for solving the band structure problem during the last two 

decades has totally erased the limitations that were present in other contemporary band 

structure techniques. The linear methods have been used to calculate a wide range of 

electronic properties, and linear optical properties. In the LAPW (linearized augmented 

plane wave) method, the unit cell is partitioned into non-overlapping atomic spheres 

centered on atomic sites and an interstitial region. For the construction of the basis 

function, the muffin-tin approximation (MTA) is used. In the interstitial region, plane 

waves form the complete basis set and inside the atomic sphere, the solutions for a 

spherically symmetric potential are atomic basis functions. The LAPW‘s form the basis 

for expanding the crystalline orbitals (Bloch states). The MTA works reasonably well in 

highly coordinated systems, such as fcc metals. For covalently bonded solids or layered 

structures, the MTA is a poor approximation and leads to discrepancies with experiments. 

The more general treatment of the potential, such as provided by a full potential (FP) 
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method has advantages over the atomic sphere approximation (ASA) and MTA based 

methods. In full potential methods, the potential and charge density are expanded into 

lattice harmonics inside each atomic sphere and as a Fourier series in the interstitial 

region. The FPLAPW calculations have proven to be one of the most accurate methods 

for the computation of the electronic structure of solids within density functional theory 

(DFT). The foundation of the DFT was laid by Hohenberg and Kohn(1964). They showed 

that the total energies are a functional of the electron density. As a result one does not 

need to know the complicated many electron wave function, but only the electron density, 

in order to determine the total energy of the system and other ground state properties. In 

DFT, the exchange correlation (XC) energy is needed. This requires the use of 

approximations which can limit the accuracy of the calculated ground state properties. In 

DFT, the local density approximation (LDA) or the improved generalized gradient 

approximation (GGA) can be used. Existing literature shows that GGA works well for 

calculating electronic and optical properties. Hence we have used GGA for our 

calculations. 

In this thesis, we will present a simple method of calculating the initial state 

wavefunction by using Mathieu Potential which will be used in photocurrent calculations. 

It was Pachuau and others (2000, 2002) who has used the Mathieu potential for the first 

time in photoemission studies. This was done by writing a FORTRAN code which will be 

used in this thesis also for study of surface photoemission. For the surface photocurrent, 

the dielectric function generated from the optical data are used which is mentioned in 

Chapter 5. Photocurrent from different compound semiconductors will be calculated. 

Further, electronic and optical structures will be calculated by using the full-potential 

linearized (FP-LAPW) method which is implemented in WIEN2k code. 
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The topics in this thesis are arranged as follows:  In Chapter 2, the basic theory 

involved in the calculation of the vector potential ),(
~

zA   will be briefly discussed. This 

vector potential is spatially dependent and is defined separately for the bulk, surface and 

vacuum regions. For different compound semiconductors, the variation of the vector 

potential ),(
~

zA   against the incident photon energy   will be calculated.  

In Chapter 3, we will first present the formulation of the initial state wave function 

by using Mathieu Potential followed by its application for photocurrent calculations. 

Results of surface photocurrent calculations from different compound semiconductors 

will be presented and discussed.  

In Chapter 4, we briefly describe the method that is used to perform electronic 

structure calculations. An outline of DFT within LDA and GGA is included along with 

the methodology of FPLAPW in the chapter. This chapter also includes a discussion of 

the optical properties with special reference to the frequency-dependent dielectric 

function.  

In Chapter 5, we present studies on the II-VI semiconductors of BeX and ZnX (X 

= S, Se, Te) as well as III-V semiconductors of AlX, GaX and InX (X = P, As, Sb). The 

results for the density of states, band structure and the frequency-dependent linear optical 

response are presented.  

In Chapter 6, we will present the conclusion of the thesis, which will be followed 

by references and appendices. 
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CHAPTER 2 

 

Calculation of  

Electromagnetic Fields 

using Dielectric Model  
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 In this chapter, we shall discuss the dielectric model used and the calculation of 

electromagnetic fields in a solid when electromagnetic radiation is incident on it. In 

angle-resolved photoemission, when an electromagnetic radiation is incident on the 

surface of a solid, plays an important role. The calculation of the fields near a surface is a 

complex problem and ab initio calculations have been done only for jellium (Kiejna, 

1999). However, these calculations have not been extended to other metals where the 

jellium model is not applicable. For calculations of electromagnetic fields on metals, one 

requires to start with simpler model. Such a model was proposed by Bagchi and Kar 

(1978) and they showed that consideration of variation of field near the surface gave a 

reasonable qualitative agreement with experimental results for the photocurrent from the 

tungsten surface as a function of photon energy. In their model, they used experimentally 

measured optical data as input and hence can be extended to the case of semiconductors 

as well. Thapa et al. (1993, 1995) have also used this model and applied it successfully to 

aluminium and other metals and semiconductors. We have also used this model in our 

photocurrent calculations and therefore, we shall give a brief description of the modified 

form of dielectric model as used by Bagchi and Kar to derive the electromagnetic field. In 

Bagchi and Kar model (1978), the surface width was defined by 
22

a
z

a
 , and z = 0 

was the nominal surface plane. But in our calculations, we consider 0d z    as the 

realistic surface region with z = 0 as the true surface plane as shown in Fig. (2.1). We 

shall then discuss the application of the derived electromagnetic field to compound 

semiconductors. 
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Figure (2.1): Dielectric model used for the calculation of vector potential.  

Here d is the width of the surface,   is the incident photon  

energy and i  is the angle of incidence. 

 

2.1 Dielectric Model and Electromagnetic Field Calculations: 

 For calculation of electromagnetic field, the dielectric model (Bagchi and Kar 

1978) is shown in Figure (2.1). The solid is assumed to occupy the space to the left of z = 

0 plane. The dielectric constant varies linearly over the region 0 zd , where it is a 

local function interpolating between the bulk value inside the solid and the vacuum value 

(unity) outside. The frequency-dependent dielectric model is given by: 

      

 z, = 

     

  



















).(0,1

).(0,11

).(,21

vacuumzfor

surfacezdfor
d

z

bulkdzfori





              …   (2.1) 

 

Where d  is the width  of the surface, and    is a complex dielectric function. The 

refractive index of the bulk metal n̂  is also a complex one such that 21
ˆ  in  = 

n+ik. The real part   1  and imaginary part   2   are defined in the following way to 

simplify the calculation,  

z 
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   11   ;  
d

)1( 1
1





      

                 02  ;  
d

2
2





     

such that         1(z) = z11                …   (2.2a)         

            2(z) = z22                           …   (2.2b) 

The incident radiation is considered to be a light of angular frequency   with i  as the 

angle of incidence on the metal surface defined by the x-y plane. A gauge was chosen in 

which the scalar potential is set equal to zero i.e. φ ( r


, t) = 0, such that the 

electromagnetic field  zω,,KE  can be expressed in terms of the vector potential as 

 zω,,KE = -  z
c

i
,,


KA ,                         …   (2.3a) 

where i
c




sinK  is the parallel component of wave vector. 

The magnetic field is related to vector potential by the formula  

AB                             …   (2.3b) 

Let ),( trA = ).(.)( tiez ρKA ,  where ρ  = yyxx ˆˆ   and  )sin(ˆˆ
i

c
xxK 


K  

Therefore,  
t


),( trA = )(.)( ).(  iez ti ρKA   =  ti ,rA  

 i.e  
t


  i                         …    (2.4a) 

Also,  ),( trA =       tyyxxxKiez  ˆˆ.ˆ
A  

  =     txKiez
z

z
y

y
x

x 























Aˆˆˆ  

  =  













z
zxKi ˆˆ ),( trA  

Therefore,          













z
zxKi ˆˆ .                      …    (2.4b) 
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From Maxwell‘s equations 

J
ctc

tc

41

1

0.,0.














E
B

B
E

BD

 













                                 …   (2.5) 

we assume  =1   B=H . Also, extJ  = 0, i.e. there are no external currents and charges. 

Since   J  = indJ  = E , the last of Maxwell‘s equations gives 

E
E

B
ctc

41





  

        = 
tictc 








 EE

)(

141




 ,              ( E

E
i

t





  ) 

         = 
t

i

c 




E
)

4
1(

1




=  

tc 

E
                                      …    (2.6) 

where   = 


 i4
1 . 

In terms of the vector potential, Eq. (1.3b) can be written as 

 x x A  =   ( . A ) - 
2

A  = -
2

2

2 tc 

 A
                                                    …    (2.7)   

 Substituting (1.4a) and (1.4b) in  (1.7) we have, 

0)](.)ˆ[()ˆ()()()(
2

2

2

2
2 














 z

z
zi

z
ziz

c
z

z
AKKAAK


          …   (2.8) 

Now we consider the case of p-polarisation. In this case, A  is in the xz-plane and yB . 

Hence, the x-and z- components of  A  can be deduced from Eq. (2.8).  

 

Firstly taking the x-component of A : 

0]ˆ)(.)ˆˆ[()ˆˆ(ˆ)(ˆ)()(
2
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2

2
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ˆ
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i.e. 
dz

dA
iKA

cdz

Ad z
x

x 
2

2

2

2


                        …   (2.9a) 

where   xzAA x

x
ˆ ,      zzAA x

z
ˆ  
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Now the z-component of A  will give, 

0]ˆ)(.)ˆˆ[()ˆˆ(ˆ)(ˆ)()(
2

2

2

2
2 














 zzA
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z
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iKA

c

x
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 2

2

2

K


                        …   (2.9b) 

We also note that from Eq. (2.3b) that  

AB     =   













z
zxKi ˆˆ   zAxA zx ˆˆ   

          =   z
x iKA

z

A





 

where xAA x

x
ˆ   and   zAA z

z
ˆ  

Dividing Eq. (2.9a) by   and differentiating with respect to z, we have 

 0
1

2

2

2

2

3

3


dz

dA

cdz

AdiK

dz

Ad xzx 


                        …   (2.9c) 

Also Eq. (2.9b) gives  02

2

2











dz

dA
A

c
iK x

zK


                           …   (2.9d) 

Equating Eqs. (2.9c) and (2.9d) results in Landau and Lifshitz (1984) equation, viz. 

 0)()
1

(
2

2

2









B

K

cz

B

z 




                       …   (2.10) 

We must solve this equation under the boundary condition that both B and 
z

B




 are 

continuous. Once B is known, the electric field components can be found by using 

Maxwell‘s equation, i.e. 

 Ei = )( B


c
 

  = 
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 yB
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In terms of Cartesian components, 
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To solve Eq. (2.10), we follow the prescription of Landau and Lifshitz (1984) and use the 

substitution   B(z) = u(z) )(z  and by substituting 2

2

2

k
c




 and K = ik sin , we obtain 

     0)sin(
1

))(
1

( 2
2

2

2














B

k

z

B

z
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z
i


 

or  0)sin()()(
1 22 
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z
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z
u

zz
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The final result gives 

      0])(
1

4

3

2

1
[)sin( 2

22

2
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2

2

 u
dz

d

dz

d
uk

dz

ud
i








                        …   (2.12) 

In Eq.(2.12), clearly 
2

2

dz

d 
= 0 everywhere except for dz  and 0, where it vanishes.  

Now, substituting the values of dielectric for each region in Eq. (2.12), we can 

obtain the expression for the magnetic field for the three regions of the solid. 

In the first region, 0z  (vacuum), where  =1, we have 

  0cos 22

2

2

 uk
dz

ud
i                        … (2.13a) 

whose solution is       B = 
zikzik zz eBeB






00                     …   (2.13b) 

In the second region, dz   and  = 1+i 2.= n̂  

  
0cosˆ 222

2

2

 unk
dz

ud
                              …  (2.14a) 

The solution is   (absorbing   n̂   into the constant coefficient) 

   znik

o eBB )cosˆ('                        …  (2.14b) 

For the third region, 0 zd  (surface), 

                         0])(
1

4

3
)sin( 2

2

22

2

2

 u
dz

d
uk

dz

ud
i




                   …  (2.15a) 

Recalling Eqs. (2.2a) and (2.2b), Eq.(2.15a) becomes 

    0
)(

1

4

3
)( 2

2

2

2

2




 uc
czb

uczbk
dz

ud
                  …  (2.15b) 

where   ibib  2

21 sin   is a short  hand  notation  introduced  purely  for 

convenience. 

Eq. (2.15b) has the solution    u(z) = 2
1

2
3 

 zBzA    
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But zcczbz )( .Therefore,      B(z) = C 2z +D   

                   = ,]
)(

[ 2

21

21 D
i

i
zC 









 

     i.e.        B(z) = ,][ 2 D
c

b
zC 


      0 zd                   … (2.15c) 

The constants  C and D are determined by matching the boundary conditions at z = -d and 

z = 0. 

At z = 0, from Eqs. (2.13b) and (2.15c) we have, 
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At z = -d, from Eqs. (2.14b) and (2.15c) we have, 
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Calculations from Eqs. (2.16a) and (2.16b) shows the results as: 
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 Therefore, the expression for magnetic field can be obtained as  

.
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)(
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zik ie
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= (
0B

C
)[z+

1

d
]

2 
 + 

0B

D
,    0 zd                          … (2.18b)  

=  
0

0

B

B ziike )(  ,                  dz                             …   (2.18c) 

where Bo = amplitude of the magnetic field. 

 We now compute the electric field from Eq. (2.18) using Eq. (2.11). Recall that 

for the incident electromagnetic wave in vacuum, the amplitude of the electric field is the 

same as the amplitude of the magnetic field, ie 00 BE  . We also recall our model of 

linear dielectric variation, 

      (z) = 1,                0z  

          = 1 + z
d

)1( 
,    0 zd  

         =   21  i ,   dz   

Therefore, the x-component of electric field are given as  
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It is to be noted that the x component of the electric field in the interface region 

( 0 zd ) is a constant quantity and is independent of z.  On the other hand, for the z-

component of the electric field, we obtain electric field for different regions as follows: 

For vacuum region, i.e. 0z , 
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In the long wavelength limit, kd<<1, and 0z , 
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For the surface region, i.e. 0 zd , 
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Let us consider when the wavelength of light is much larger than d, then kd <<1,   
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Noting that    i = cosn̂ = i 2sin , we obtain 
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Again in the bulk region, i.e.  dz  , 

0

)(

E

zEz = 


 isin
[(

0

0

B

B
) ziike )(  ] 



 

A Study of Photocurrent and Band Structure from the Semiconducting Materials 

 

27 

          =  
 

   

 
























 









2

1
cos1

cos2sin














 

dki

i

ee

i
i

ziikdiik

ii    

In the long wavelength limit, k d<<1 and for z d   

      
0

)(

E

zEz = 
 

 





i

i i

i








cos
1

12sin
 

         = - 

  ii

i





cossin

2sin

2

1

2 

,    for  dz                       …   (2.20c) 

Thus the normal component of the electric field vector potential in the long 

wavelength limit can be collectively taken as:  
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2.2 Evaluation of Electromagnetic Fields: 

By using Eq. (2.21), electromagnetic fields as a function of incident photon 

energy are calculated for different solids like binary compounds between one element 

from the second group of the Periodic Table, namely Be and Zn, and one element from 

the sixth group of the Periodic Table like S, Se, and Te, the so-called II–VI 

semiconductors; binary compounds between one element from the third group of the 

Periodic Table, namely Al, Ga and In, and one element from the fifth group of the 

Periodic Table like P, As and Sb, the so-called III–V semiconductors.  

 We have also calculated the electromagnetic fields as a function of the distance z 

from the surface of solids. The value of the dielectric constant )( is unity for vacuum 

region. For the bulk and the surface region, we have used our generated data for )( . 

However, it has been found by Appelbaum (1975) that for most metals, the surface width 

d~15 
0

A  with respect to the last plane of the atoms beyond which the electronic properties 

are independent of the presence of the surface and hence we have taken the value of  d~ 

10 
0

A .  

 

(i) Beryllium chalcogenides: 

In Figure 2.2(a), a graph of  
2~

zA against the incident photon energy (  ) is 

plotted for the surface plane located at z = 0 (vacuum), z = - 0.5 d (surface) and z = -d 

(bulk) for BeX (X= S, Se, Te) where d is the width of the surface. We find that for the 

surface region z = - 0.5d,  
2~

zA increases with the increase in the incident photon 

energy and a peak occurs at photon energy  = 15.39 eV, 14.41 eV, 12.64 eV after 

which it starts decreasing with further increase in the photon energy  and becomes 

minimum at  = 21.84 eV, 20.99 eV, 17.40 eV for BeS, BeSe, BeTe respectively. The 
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calculated plasmon energies ( p ) of BeS, BeSe, BeTe are 19.52 eV, 18.39 eV, 16.12 eV 

(Kumar et al. 2013; Yadav and Kumar, 2013). For further increase in photon energy a 

secondary peak occurs at photon energy  = 28 eV for BeS and BeSe while  = 25 eV 

for BeTe. For the location of the surface plane at z = 0, which is the vacuum region, we 

find that with the increase in the photon energy,  
2~

zA  decreases slightly and we do not 

observe a proper peak below the plasmon energy but a minimum is observed near the 

plasmon energy. For the other locations of the surface plane at z = -d, which is the bulk 

region,  
2~

zA  increases slightly with the increase in the photon energy and a hump is 

observed at around  = 27 eV for BeS and BeSe while  = 25 eV for BeTe.  

 Figure 2.2(b) shows the plot of spatial variation of electromagnetic field (
dz

Ad 

~

) 

against the location  of  the  surface  plane (z)  for  different  values  of  photon  energy. It 

is seen that 
dz

Ad 

~

 is maximum in the middle of surface region for  = 15.39 eV, 14.41 

eV, 12.64 eV  for BeS, BeSe, BeTe respectively, whereas for other photon energies, peak 

values in 
dz

Ad 

~

 shifts either towards the bulk or the vacuum side. The fact that the peak is 

localised at the surface ( Fig. 2.2(b)) means that photoemission is a surface related 

phenomena.  

 

(ii) Zinc chalcogenides: 

In Figure 2.3(a), a graph of  
2~

zA against the incident photon energy (  ) is 

plotted for the surface plane located at z = 0 (vacuum), z = - 0.5 d (surface) and z = -d 

(bulk) for ZnX (X= S, Se, Te) where d is the width of the surface. We find that for the 
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surface region z = - 0.5d,  
2~

zA increases with the increase in the incident photon 

energy and a peak occurs at photon energy  = 14.3 eV, 13.6 eV, 11.7 eV after which it 

starts decreasing with further increase in the photon energy  and becomes minimum at 

 = 20.0 eV, 18.0 eV, 16.15 eV for ZnS, ZnSe, ZnTe respectively. The calculated 

plasmon energies ( p ) of ZnS, ZnSe, ZnTe are 16.71 eV, 15.78 eV, 14.76 eV (Kumar 

et al. 2013; Yadav and Kumar, 2013; Kumar, 2013). Reddy et al. (2003) have calculated 

the values for ZnS, ZnSe, ZnTe as 14.73 eV, 14.33 eV, 13.66 eV respectively. For the 

location of the surface plane at z = 0, which is the vacuum region, we find that with the 

increase in the photon energy,  
2~

zA  decreases slightly and we do not observe a proper 

peak below the plasmon energy but a minimum is observed near the plasmon energy. For 

the other locations of the surface plane at z = - d, which is the bulk region,  
2~

zA  

increases slightly with the increase in the photon energy and a hump is observed at 

around  = 27 eV for ZnS and ZnSe while  = 25 eV for ZnTe. 

Figure 2.3(b) shows the plot of spatial variation of electromagnetic field (
dz

Ad 

~

) 

against the location  of  the  surface  plane (z)  for  different  values  of  photon  energy. It 

is seen that 
dz

Ad 

~

 is maximum in the middle of surface region for  = 14.3 eV, 13.6 eV, 

11.7 eV  for ZnS, ZnSe, ZnTe respectively, whereas for other photon energies, peak 

values in 
dz

Ad 

~

 shifts either towards the bulk or the vacuum side. The fact that the peak is 

localised at the surface ( Fig. 2.3(b)) means that photoemission is a surface related 

phenomena.  
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Figure 2.2 (a): Plot of variation of   
2~

zA  against photon energy for location of surface 

planes at z = -d, -0.5d and 0 for BeX (X= S, Se, Te) using calculated data. 
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Figure 2.2 (b): Plot of 
dz

Ad 

~

  against distance from the surface for various 

photon energies in BeX (X= S, Se, Te) using calculated data. 
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Figure 2.3(a): Plot of variation of   
2~

zA  against photon energy for location of surface 

planes at z = -d, -0.5d and 0 for ZnX (X= S, Se, Te) using calculated data. 
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Figure 2.3(b): Plot of 
dz

Ad 

~

 against distance from the surface for various 

photon energies in ZnX (X= S, Se, Te) using calculated data. 

 



 

A Study of Photocurrent and Band Structure from the Semiconducting Materials 

 

35 

(iii) Aluminium pnictides: 

In Figure 2.4, a graph of  
2~

zA against the incident photon energy (  ) is 

plotted for the surface plane located at z = 0 (vacuum), z = - 0.5 d (surface) and z = -d 

(bulk) for AlX (X= P, AS, Sb) where d is the width of the surface. We find that for the 

surface region z = - 0.5d,  
2~

zA increases with the increase in the incident photon 

energy and a peak occurs at photon energy  = 12.3 eV, 12.0 eV, 10.9 eV after which it 

starts decreasing with further increase in the photon energy and becomes minimum at 

 = 17.43 eV, 16.75 eV, 15.28 for AlP, AlAs, AlSb respectively. The calculated 

plasmon energies ( p ) of AlP, AlAs, AlSb are 16.65 eV, 15.75 eV, 13.72 eV (Kumar et 

al. 2013; Yadav and Kumar, 2013; Yadav and Singh, 2010; Kumar, 2013). Reddy et al. 

(2003) have calculated the values of AlP, AlAs, AlSb as 18.1 eV, 16.5 eV, 15.5 eV 

respectively. For further increase in photon energy, a secondary peaks occurs at around 

photon energy  = 23 eV for AlP and AlAs while  = 20 eV for AlSb. For the 

location of the surface plane at z = 0, which is the vacuum region, we find that with the 

increase in the photon energy,  
2~

zA  decreases slightly and we do not observe a proper 

peak below the plasmon energy but a minimum is observed near the plasmon energy. For 

the other locations of the surface plane at z = - d, which is the bulk region,  
2~

zA  

increases slightly with the increase in the photon energy and a peak is observed at around 

 = 23 eV, 22 eV, 19 eV for AlP, AlAs, AlSb respectively. 
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(iv) Gallium pnictides: 

In Figure 2.5, a graph of  
2~

zA against the incident photon energy (  ) is 

plotted for the surface plane located at z = 0 (vacuum), z = - 0.5 d (surface) and z = -d 

(bulk) for GaX (X= P, AS, Sb) where d is the width of the surface. We find that for the 

surface region z = - 0.5d,  
2~

zA increases with the increase in the incident photon 

energy and a peak occurs at photon energy  = 12.8 eV, 12.0 eV, 10.7 eV after which it 

starts decreasing with further increase in the photon energy and becomes minimum at 

 = 16.07 eV, 16.31 eV, 15.14 eV for GaP, GaAs, GaSb respectively. The calculated 

plasmon energies ( p ) of GaP, GaAs, GaSb are 16.50 eV, 15.35 eV, 13.38 eV (Kumar 

et al. 2013; Yadav and Kumar, 2013; Yadav and Singh, 2010; Kumar, 2013) but Reddy et 

al. (2003) have calculated to be 17.14 eV, 14.87 eV, 12.5 eV respectively. For further 

increase in photon energy, an insignificant humps occurs at around photon energy  = 

23 eV for GaP and GaAs while  = 22 eV for GaSb. For the location of the surface 

plane at z = 0, which is the vacuum region, we find that with the increase in the photon 

energy,  
2~

zA  decreases slightly and we do not observe a proper peak below the 

plasmon energy but a minimum is observed near the plasmon energy. For the other 

locations of the surface plane at z = - d, which is the bulk region,  
2~

zA  increases 

slightly with the increase in the photon energy and a number of humps and suppressions 

are observed at around  = 23 eV for GaP, GaAs where  = 17 eV for GaSb.  
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(iv) Indium pnictides: 

In Figure 2.6, a graph of  
2~

zA against the incident photon energy (  ) is 

plotted for the surface plane located at z = 0 (vacuum), z = - 0.5 d (surface) and z = -d 

(bulk) for InX (X= P, AS, Sb) where d is the width of the surface. We find that for the 

surface region z = - 0.5d,  
2~

zA increases with the increase in the incident photon 

energy and a peak occurs at photon energy  = 11.0 eV, 10.8 eV, 9.9 eV after which it 

starts decreasing with further increase in the photon energy and becomes minimum at 

 = 14.76 eV, 14.73 eV, 13.46 eV for InP, InAs, InSb respectively. The calculated 

plasmon energies ( p ) of InP, InAs, InSb are 14.76 eV, 14.07 eV, 12.73 eV (Kumar et 

al. 2013; Yadav and Kumar, 2013; Yadav and Singh, 2010; Kumar, 2013) but Reddy et 

al. (2003) have calculated to be 15.96 eV, 13.85 eV, 11.81 eV respectively. For the 

location of the surface plane at z = 0, which is the vacuum region, we find that with the 

increase in the photon energy,  
2~

zA  decreases slightly and we do not observe a proper 

peak below the plasmon energy but a minimum is observed near the plasmon energy. For 

the other locations of the surface plane at z = - d, which is the bulk region,  
2~

zA  

increases slightly with the increase in the photon energy and a number of humps and 

suppressions are observed at around  = 15 eV for InP, InAs, InSb. 

 In all the plots shown above showing the variation of the electromagnetic field as 

a function of the incident photon energy (  ), for the location of the surface plane at the 

surface region, we have observed a maximum in the electromagnetic field below the 

plasmon energy and a suppression near the plasmon energy. The plasmon energy is 

chosen to be defined as the energy at which the real value of )(1  disappears. The peak 
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value in  
2~

zA at incident photon energy below the plasmon energy is due to the 

excitations of the surface plasmon. The suppression of the electromagnetic field in the 

neighbourhood of the plasmon energy for the surface region indicates that the behaviour 

of the electromagnetic field in the surface region is very similar to its behaviour outside 

the surface. For other locations of the surface plane, that is, at the vacuum and at the bulk 

region, peak in electromagnetic field below the plasmon energy and minimum near the 

plasmon energy were not observed. This shows the importance of the surface region in 

compound semiconductors.  

Hence we can conclude that the origin of a peak in the field calculation is a 

surface feature. From the results shown above, we can also conclude that the 

electromagnetic fields we have calculated which is deduced using a local dielectric model 

can be used for surface photocurrent calculations for compound semiconductors. 
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Figure 2.4: Plot of variation of   
2~

zA  against photon energy for location of surface 

planes at z = -d, -0.5d and 0 for AlX (X= P, AS, Sb) using calculated data. 
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Figure 2.5: Plot of variation of   
2~

zA  against photon energy for location of surface 

planes at z = -d, -0.5d and 0 for GaX (X= P, AS, Sb) using calculated data. 
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Figure 2.6: Plot of variation of   
2~

zA  against photon energy for location of surface 

planes at z = -d, -0.5d and 0 for InX (X= P, AS, Sb) using calculated data. 
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Photocurrent Calculations 

using the   

Mathieu Potential Model 
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In this chapter, we present the calculations of photocurrent from compound 

semiconductors by using the Mathieu potential for the crystal. In this model, the potential 

is represented by a periodic sinusoidal wave in one-dimensional crystal. For such a 

potential, the Schrödinger equation reduces to the Mathieu equation whose solutions have 

been discussed in detail by McLachlan (1951). Brillouin (1953) had used this model as an 

appropriate model for developing the energy band theory of solids, while Morse used it in 

his study of electron diffraction. Slater (1952) used the Mathieu potential problem in one, 

two and three dimensions to describe the energy bands in a realistic crystal. Then Carver 

(1971) has discussed the symmetries of Mathieu functions, and the relations between the 

functions and the electron wave functions at the centres and edges of the crystal bands. 

The Mathieu potential has been at first used by Statz (1950) for surface state calculation. 

Levine has used Mathieu potential for calculating the condition for arbitrary surface 

termination. In this chapter, we will discuss a formalism developed for photoemission 

calculations in which the electron states are derived by using the Mathieu potential 

(Levine, 1968). Two cases will be discussed namely, the effects of the empty lattice and 

strong periodic lattice potential on the electronic states for deriving the initial state wave 

functions as described by Davison and Steslicka (1992). 

It was Pachuau et al.
 
(2001, 2002) who had used this approach of Davison and 

Steslicka for deriving the initial state wavefunctions for evaluation of the matrix element  

/  f iH ψ   for calculating photocurrent. The calculated photocurrent results as 

obtained by Pachuau et al.
 
(2000) in the case of free electron metals like Al and Be 

showed satisfactory behaviour especially for photon energy below and above the plasmon 

energies. They have developed also formulae for initial state wavefunction which is 

applicable to other metals
 
than free electron metals. This was applied to calculate 

photocurrent by using Eqn. (1.1) of Chapter 1 from d-band metals like W, Mo, Cu
 
and 
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semiconductor Si. The photocurrent data in the UV photon energy range showed 

interesting features comparable to experimental results especially in the case of W
 
and 

Mo. With this motivation, we have applied Mathieu potential model to evaluate the initial 

state wave function to calculate the matrix element in photocurrent  by  using  the  same  

dielectric model as used in the earlier chapters.  

 

3.1 Formulation of initial state wavefunction by Mathieu Potential Model  

3.1.1 Empty Potential with Finite Surface: 

Let us consider a one - dimensional crystal whose potential is represented by a 

sinusoidal potential given by   











a

x
VxV

2
cos)( 0         (3.1) 

where ‘a’ is the period of the potential having a maximum value V
0
 at x = 0. The one-

dimensional Schrödinger equation can be written as 

 
    02cos2

2

2

 zzq
dz

zd



     (3.2) 

where 
 
 
 

2

0V π x π E
2q = , z= , T = , α=

a a a T
 

Here q is the amplitude of the potential which measures its strength. Equation 

(3.2) can be solved for obtaining initial state wavefunction  iψ x  for the bulk and surface 

regions  0x , and also for the vacuum regions  0x . Equation (3.2) is the Mathieu 

equation and its solution is derived for free electron or empty potential (q ~ 0) when the 

crystal potential is flat as shown in Figure (3.1). To determine the initial state wave 

function i (x) in Equation (3.2), we have included a surface of width (d) in the crystal 

potential.   
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Figure 3.1: Model diagram of sinusoidal Mathieu Potential used  

for calculating the initial  state wave function. 
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The initial state wave function for the bulk and surface and for the vacuum regions is 

given by 
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, , 0 , 00
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1
2 , 0 , 02
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x q e for x

kx q ii

x x
e for x


 




 


   

  
 

  

 

 (3.3) 

where   00 z
a

x


 , and   x0 is the location of the crystal surface plane. In Eq. (3.3),   is 

related to work function of the metal and   the wave vector. In Eq. (3.3) above, we have 

Ek ii 2   and   

 xmxmqx 'sin'cos)( ,0    

  )('tan
1

0 


 xm  

such that  
a

m
m


' , m being the band gap index,    is the height of step potential and  

  is the hybridization parameter.  

 

3.1.2 Strong Periodic Potential with Finite Surface : 

 The case of empty lattice potential is not applicable to the strongly bonded metals 

like d-band metals or semiconductors. Hence one needs to develop the initial state wave 

functions by solving the Mathieu equation in Eq. (3.1) by incorporating the sine and 

cosine elliptic functions. We have considered the same model as in the case of empty 

lattice potential model which is given in Fig. (3.1), but used for strong periodic lattice (i.e. 

q > 0). 
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It  is  therefore, necessary  to  find  an explicit form  of  atomic orbital   qx ,'0    

to  derive  the initial state wave function  zi .   The   most general form is a linear 

combination of all the bulk standing states   qxsem ,'0   and   qxcem ,'0    for all the 

Fermi energy gap m. Thus, the surface states will be largely a hybrid of sine and cosine 

elliptic functions which is given by the expression 

     qxseqxceqx mmm ,',',' 000       (3.4) 

where  m  is the hybridization parameter which can be written as  

     
     qxecqxce

qxesqxse

mm

mm
m

,','

,','

0

1

0

0

1

0













      (3.5) 

Here   qxsem ,'0  and  m 0ce x' ,q   are the sine and cosine elliptic functions in Eq. (3.4). 

These functions in expanded form can be written as 
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(3.7) 

For  finite surface potential, surface state existence condition implies that 

    ,
2

0

a
x 

a

12
 ,   0    and   m = 3, 5…               (3.8) 
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We are considering surface state occurring for m = 3 and hence from Eqs. (3.6), (3.7) and 

(3.8), we can write,   

 

   0,'03 qxce     ,     
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640
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1,' q

q
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Hence, we may obtain the value of   3   as: 
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       (3.10) 

Using Eqs. (3.8) and (3.9) into Eq. (3.4), the initial state wave function in the case of 

strong periodic potential becomes 
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1 11 '2 21 , 0
4 16 640,
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   (3.11) 

Here, 

'1 2   2

i i 0 0

π
q= , k = E  ,  ξ =2,  x = .z   

a      

0z  is the location of the surface state wavefunction and a is the lattice constant. We have 

calculated photocurrent for two locations of the initial state wavefunctions  in the surface 

region z0. The derivation of  iψ x,q  is discussed in detailed by Pachuau (2001).  
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 The final state wave function  f  as the scattering state of the step potential 

which is encountered by the electron (Bagchi and Kar 1978). Step potential is defined by 

        0V x V θ(x)  

where θ(x)  is unit function such that θ(x)  = 1 (0) for  0x (   0x ). 

 The final state wave function which is the solution of the step potential can be 

written as (in atomic units): 

 

          







































































0
2

1

0
2

2

1

2

1

2

1

ze
kq

kq
e

q

zee
kq

q

q
z

zqi

ff

ffzqi

f

zzki

ff

f

f

f

ff

f








       (3.12) 

where ff Ek 22  ,      0

2 2 VEq ff    and hEE if  .  In Eq. (3.12), the factor  
z

e


  is 

included on the surface and bulk side to take into accounts the inelastic scattering of the 

electrons.   

The photocurrent density formula may be written with the help of Golden Rule 

formula (Penn, 1972) as  

 


)](1[)()()(||||
2)( 2 EfEfEEEEH

d

Edj
ooiffif 





  

       (3.13)
 

where Ei and Ef  are the initial and final state of energy, iψ   and fψ  are the initial and 

final state wavefunction, fo denotes the Fermi occupation function and  - function 

establish the energy selection rule. The perturbation in the Hamiltonian responsible for 

the photoexcitation of the electron is given by  
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( . . ) p A A p
e

e
H =

2 m c
                 (3.14) 

where me is the mass of the elcetron, p is the one electron momentum vector and A is the 

vector potential of the incident photon field.  

To compute the photon field, we have used the local dielectric model of Bagchi 

and Kar (1978) which has been used in Chapter 2. With simple modifications, the photon 

field used in our calculations for three regions can be written as 
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where A
1
 is a constant depending on dielectric function    , photon energy     and 

angle of incidence i . 

The matrix element  f i| H |    involved in scattering cross-section can be 

expanded as follows: 

I = f i| H |      
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   (3.16)    

We will discuss here the contribution of the surface region ( 0 zd ) only to 

evaluate matrix element in Eqn. (3.16) for calculating photocurrent. The matrix element 

in Eqn. (3.16) can now be represented by  

 I =  
 

 



0 0

ω* *i
f ω f i

-d -d

dA zdψ 1
ψ A z dz+ ψ ψ dz

dz 2 dz
     (3.17) 
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 Photocurrent was calculated as a function of photon  energy (  ) in the case of  

compound semiconductors. For each of these compounds semiconductors, we used our 

generated dielectric function. 

The detailed expansion of Eq. (3.16) is shown in APPENDIX-I and the 

FORTRAN programme for calculating photocurrent is given in APPENDIX-II. 

 

3.2 Calculation of photocurrent by using Mathieu Potential Model with Strong 

Periodic Potential with Finite Surface 

 

 We discuss here the photocurrent results in the case of compound semiconductors 

like Beryllium chalcogenides, Zinc chalcogenides, Aluminium pnictides, Gallium 

pnictides and Indium pnictides. For each of these compound semiconductors, we have 

used our generated dielectric constant. Choice of parameter like initial state energy (Ei ), 

magnitude of potential (V0), Fermi level (EF), were those pertaining to respective 

semiconductors. However, angle of incidence was 045i  for p-polarised light under 

consideration in all the cases. Photocurrent had been calculated for values of 
0

z = -2 a.u. 

and  
0

z = -8 a.u. As the width of the surface is 10 a.u. in all the cases, 
0

z = - 2 a.u. is near 

the surface-vacuum interface and  
0

z = -8 a.u. is towards the surface-bulk interface. We 

have shown in all the cases the plot of photocurrent has been converted to normalized 

values. This has been done in order to avoid the large difference in numerical magnitude 

of the calculated photocurrent data which could not be reflected as graph plots especially 

for the case of 
0

z = -8 a.u., as it was too small to be plotted on the same unit scale. 
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 (i) Beryllium chalcogenides: 

The plot of photocurrent as a function of photon energy (  ) for BeS, BeSe, 

BeTe is shown in Figure (3.2). We have plotted the results in normalised unit for two 

locations of surface states. For location of i  near the surface-vacuum interface, i.e., in 

the surface region (
0

z = - 2 a.u.), we find that photocurrent showed a peak at  = 6.29 

eV in the three compounds. With the increase in photon energy, it decreases and attained 

a minimum value at  = 16.65 eV, 15.91 eV, 15.17 eV for BeS, BeSe, BeTe 

respectively. Measured value of plasmon energies ( p ) of BeS, BeSe, BeTe are 19.52 

eV, 18.39 eV, 16.12 eV (Kumar et al. 2013; Yadav and Kumar, 2013). Hence, we find 

that photocurrent decreased to minimum near about the bulk plasmon energy. For further 

increase in photon energy beyond p , photocurrent attained another maxima at  = 

27.02 eV for BeS,  = 26.28 eV for BeSe and BeTe but of smaller height than the first 

peaks. However, in the case of 
0

z = -8 a.u. in which the surface state is located closer 

towards the bulk, the behaviour of the photocurrent is somewhat different. There is no 

proper peak in photocurrent like the case of 
0

z  = - 2 a.u. for values of photon energy 

below and above p but minimum at  =17.39 eV, 15.91 eV,  15.17 eV for BeS, BeSe 

and BeTe. 

 

(ii) Zinc chalcogenides: 

The plot of photocurrent as a function of photon energy (  ) for ZnS, ZnSe, 

ZnTe is shown in Figure (3.3). We have plotted the results in normalised unit for two 

locations of surface states. For location of i  near the surface-vacuum interface, i.e., in 

the surface region (
0

z = - 2 a.u.), we find that photocurrent showed a peak at  =5.55 eV 

for ZnS,  = 6.29 eV for ZnSe and ZnTe. With the increase in photon energy, it 
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decreases and attained a minimum value at   = 16.65 eV, 15.17 eV, 14.43 eV. 

Measured value of plasmon energies ( p ) of ZnS, ZnSe, ZnTe are 16.71 eV, 15.78 eV, 

14.76 eV (Kumar et al. 2013; Yadav and Kumar, 2013; Kumar 2013) and Reddy et al. 

(2003) have calculated 14.73 eV, 14.33 eV, 13.66 eV respectively. Hence, we find that 

photocurrent decreased to minimum near about the bulk plasmon energy. For further 

increase in photon energy beyond p , photocurrent attained another maxima at  = 

26.27eV for all compounds but of smaller height than the first peaks. However, in the 

case of 
0

z = -8 a.u. in which the surface state wavefunction is located closer towards the 

bulk, the behaviour of the photocurrent is somewhat different. There is no proper peak in 

photocurrent like the case of 
0

z  = - 2 a.u. for values of photon energy below and above 

p but minimum at  =15.91 eV, 15.17 eV, 14.43 eV for ZnS, ZnSe and ZnTe. 
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Figure 3.2: Plot of photocurrent against photon energy   with  i  defined by Mathieu 

model for strong potential in the case of BeX (X= S, Se, Te) using calculated 

data. 
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. 

  

 

  

 

 

Figure 3.3: Plot of photocurrent against photon energy   with  i  defined by Mathieu 

model for strong potential in the case of ZnX (X= S, Se, Te) using calculated 

data. 
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(iii) Aluminium pnictides: 

The plot of photocurrent as a function of photon energy (  ) for AlP, AlAs, 

AlSb is shown in Figure (3.4). We have plotted the results in normalised unit for two 

locations of surface states. For location of i  near the surface-vacuum interface, i.e., in 

the surface region (
0

z = - 2 a.u.), we find that photocurrent showed a peak at  = 4.81 

for AlP and AlAs,  = 5.55 eV for AlSb. With the increase in photon energy, it 

decreases and attained a minimum value at  = 15.91 eV, 15.17 eV, 14.43 eV. The 

calculated plasmon energies ( p ) of AlP, AlAs, AlSb are 16.65 eV, 15.75 eV, 13.72 eV 

(Kumar et al. 2013; Yadav and Kumar, 2013; Yadav and Singh, 2010; Kumar, 2013) and 

Reddy et al. (2003) have calculated 18.1 eV, 16.5 eV, 15.5 eV respectively. Hence, we 

find that photocurrent decreased to minimum near about the bulk plasmon energy. For 

further increase in photon energy beyond p , photocurrent attained another maxima at 

 = 25.54 eV, 24.80 eV, 25.54 eV, but of smaller height than the first peaks. However, 

in the case of 
0

z = -8 a.u. in which the surface state is located closer towards the bulk, the 

behaviour of the photocurrent is somewhat different. There is no proper peak in 

photocurrent like the case of 
0

z  = - 2 a.u. for values of photon energy below and above 

p but minimum at  =15.91 eV, 15.17 eV, 14.43 eV for AlP, AlAs and AlSb. 

 

(iv) Gallium pnictides: 

The plot of photocurrent as a function of photon energy (  ) for GaP, GaAs, 

GaSb is shown in Figure (3.5). We have plotted the results in normalised unit for two 

locations of surface states. For location of i  near the surface-vacuum interface, i.e., in 

the surface region (
0

z = - 2 a.u.), we find that photocurrent showed a peak at  = 6.29 

eV for GaP and GaAs,  = 7.03 eV for GaSb. With the increase in photon energy, it 
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decreases and attained a minimum value at  = 16.65 eV, 15.17 eV, 14.43 eV. The 

calculated plasmon energies ( p ) of GaP, GaAs, GaSb are 16.50 eV, 15.35 eV, 13.38 

eV (Kumar et al. 2013; Yadav and Kumar, 2013; Yadav and Singh, 2010; Kumar, 2013) 

and Reddy et al. (2003) have calculated 17.14 eV, 14.87 eV, 12.5 eV respectively. Hence, 

we find that photocurrent decreased to minimum near about the bulk plasmon energy. For 

further increase in photon energy beyond p , photocurrent attained another maxima at 

 = 25.54 eV for GaS,  = 26.28 eV for GaAs and GaSb, but of smaller height than 

the first peaks. However, in the case of 
0

z = -8 a.u. in which the surface state 

wavefunction is located closer towards the bulk, the behaviour of the photocurrent is 

somewhat different. There is no proper peak in photocurrent like the case of 
0

z  = - 2 a.u. 

for values of photon energy below and above p but minimum at  =16.65 eV, 15.17 

eV, 14.43 eV for GaP, GaAs and GaSb. 

 

(v) Indium pnictides: 

The plot of photocurrent as a function of photon energy (  ) for InP, InAs, InSb 

is shown in Figure (3.6). We have plotted the results in normalised unit for two locations 

of surface states. For location of i  near the surface-vacuum interface, i.e., in the surface 

region (
0

z = - 2 a.u.), we find that photocurrent showed a peak at  = 6.29 eV for InP, 

 = 7.03 eV for InAs and InSb. With the increase in photon energy, it decreases and 

attained a minimum value at  = 16.65 eV, 15.91 eV, 14.43 eV. The calculated plasmon 

energies ( p ) of InP, InAs, InSb are 14.76 eV, 14.07 eV, 12.73 eV (Kumar et al. 2013; 

Yadav and Kumar, 2013; Yadav and Singh, 2010; Kumar, 2013) and Reddy et al. (2003) 

have calculated 15.96 eV, 13.85 eV, 11.81 eV respectively. hence we find that 

photocurrent decreased to minimum near about the bulk plasmon energy. For further 
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increase in photon energy beyond p , photocurrent attained another maxima at  = 

25.54 eV for InP and InAs,  = 27.02 eV for InSb, but of smaller height than the first 

peaks. However, in the case of 
0

z = -8 a.u. in which the surface state is located closer 

towards the bulk, the behaviour of the photocurrent is somewhat different. There is no 

proper peak in photocurrent like the case of 
0

z  = - 2 a.u. for values of photon energy 

below and above p but minimum at  =16.65 eV, 15.91 eV, 14.43 eV for InP, InAs 

and InSb. 

We find that almost in all the case of compounds semiconductors, photocurrent 

showed similar trends. For example, as photon energy increased, photocurrent reached a 

minimum at around the values of photon energy equal to measured value of plasmon 

energy. Beyond the plasmon energy, a second peak in photocurrent was obtained whose 

height is smaller in magnitude than the first one at  < p . The reason for the 

occurrence of peak in photocurrent at  < p  is due to surface refraction effect where 

the z-component of electromagnetic field becomes maximum at 2/ps    .  

We, therefore, concluded that the model used here for photoemission calculations 

is applicable to the case of compound semiconductors. However, it can be shown that one 

can also make use of Mathieu type of potential in photoemission calculations. Though the 

model used is simple, however, the inclusion of initial state wave function into the matrix 

element appears to produce the qualitative features as observed earlier in the measured 

data of photocurrent. The main drawback of the model used is that the same initial state 

wave function i  is used to describe both the surface and bulk regions of the solids under 

study. 
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However, there are two drawbacks in the method of calculation of photoemission 

as discussed by Pachuau et al. (2000, 2002).
 
It had been found out by numerical analysis 

that the first and the last integrands in the above equation do not converge due to choice 

of values of scattering factor   and  . It is required that     for these integrals to 

converge. Secondly, as discussed above, contributions from the bulk as well as from the 

vacuum regions to matrix element is considered. This is essentially the case of surface 

resonance where one considers photoemission to be due to surface and bulk effects. 
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Figure 3.4: Plot of photocurrent against photon energy   with  i  defined by Mathieu 

model for strong potential in the case of AlX (X= P, AS, Sb) using calculated 

data. 
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Figure 3.5: Plot of photocurrent against photon energy   with  i  defined by Mathieu 

model for strong potential in the case of GaX(X= P, AS, Sb) using calculated 

data. 
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Figure 3.6: Plot of photocurrent against photon energy   with  i  defined by Mathieu 

model for strong potential in the case of InX (X= P, AS, Sb) using calculated 

data. 
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4.1 Density Functional Theory (DFT): 

 DFT is an extremely successful approach for the description of ground state 

properties of metals, semiconductors, and insulators. The full-potential linearized 

augmented plane wave (FPLAPW) method employs density-functional theory (DFT), 

introduced by Hohenbergand Kohn (1964) and Kohn and Sham (1965). The underlying 

theorem (Hohenberg-Kohn-Sham theorem) on which this theory rests is that the total 

energy, E, of an atomistic system can be expresses as a functional of its electron 

density,  , namely [ ]E E  , that E is at its minimum for the ground-state density, and is 

stationary with respect to first-order variations in the density. 

Typically, the Born-Oppenheimer approximation (Born and Oppenheimer, 1927) 

is employed which assumes that the motion of the nuclei are negligible with respect to 

that of electrons. This implies that the electronic structure is calculated for a given atomic 

geometry; the nuclei are then moved according to classical mechanics. 

 

4.1.1 The Kohn-Sham equations 

To obtain the ground-state density, the variational principle is applied with respect 

to the one-particle wave functions: 

2
2 ( ) ( ) ( )

2 i i ieff
V r r r

m
 

 
 
  

   
   

     (4.1)

 

where 

( ) ( ) + [ ( )]eff C xcV r V r r
  

       (4.2)

 

is the effective potential and i  the effective one-electron eigenvalues. Equations (4.1) 

are the ―Kohn-Sham equations‖ and the solutions, ( )i r


, form an orthonormal set, 

i.e.  ( ) ( )  i j ijr r dr   
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The Coulomb or electrostatic potential is given as: 

2 2 '
( )  + 

'

( )
 - '

 - - R
C

Z
V r

r
e e dr

r rr


 


  




 
 

    (3.3)

 

which can also be calculated using Poisson‘s equation, i.e., 

2 2( )  - 4 ( )CV r qe r 
 

       (4.4)

 

where ( )q r


represents the electronic charge distribution and the positive point charges at 

position R . 

The exchange-correlation potential is given by 

  xc
xc

E 


 


        (4.5)

 

Because the exchange-correlation potential (and energy) are not known, approximations 

have to be made. 

 

4.1.2 Local Density Approximation (LDA) 

A very successful and widely used approximation for the exchange-correlation 

energy is the Local-density approximation (LDA). Here the exchange correlation energy 

is assumed to depend only on the local electron density of each volume element dr


: 

  [ ]   [( ) ( )] xc xcE r r dr   
  

     (4.6)

 

 [ ]xc  is the exchange-correlation energy per electron of a homogeneous electron gas 

and is expressed as an analytic function of the electron density, as is the exchange-

correlation potential, xc . There are various forms of the LDA in the literature; we refer 

to those of Hedin and Lunqvist (1971) and Wigner (non-spin-polarized forms), and Barth 
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and Hedin (1972) (spin-polarized form) since they are the ones implemented in the 

PLAPW programme version. 

 

4.1.3 Generalized Gradient Approximation (GGA) 

Despite its simplicity, LDA calculations often yield results in close agreement 

with experimental but there are cases where they fail or show large discrepancies. In such 

case, it is quite natural to take the next step beyond the homogenous electron gas (the 

basis of LDA) and include gradient corrections, so that [ ]GGA

xcE  is a function of spin 

densities ( )n r  and their gradients ( )r


: 

[ ] =  [( ) ( ),  ( )] GGA GGA

xc xcE r r r dr    
   

   (4.7) 

By imposing certain conditions which, for example, the exchange (correlation) 

hole density must satisfy, GGA has been developed to improve the quality of LDA 

results. Many modern codes using DFT now use more advanced approximations to 

improve accuracy for certain physical properties. There are several different 

parameterizations of the GGA. As stated above, the LDA uses the exchange-correlation 

energy for the uniform electron gas at every point in the system regardless of the 

homogeneity of the real charge density. For non-uniform charge densities the exchange-

correlation energy can deviate significantly from the uniform result. This deviation can be 

expressed in terms of the gradient and higher spatial derivatives of the total charge 

density. The GGA (Langreth and Perdew, 1980; Langreth and Mehl, 1983; Perdew, 1986; 

Perdew and Wang, 1986) used the gradient of the charge density to correct for this 

deviation. For systems where the charge density is slowly varying, the GGA has proved 

to be an improvement over LDA. 
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As a comparison between the LDA and GGA, the LDA has succeeded in structural 

properties of solids with slowly varying charge density. The GGA enable to expand a 

limitation of LDA to have dependence on the gradient of charge density. However, the 

superiority of the GGA with respect to LDA is not clear to clusters and solid. At the same 

time GGA are computationally as simple to use as the LDA. On the other hand, the result 

of many applications as well as formal analysis suggests (Zupan et al., 1997; Moll et al,. 

1995; Hammer et al., 1999) that GGA functional are still too limited to yield a full 

consistent improvement over the LDA and to describe binding energies within the desired 

accuracy in general. 

 

4.1.4 Full-Potential Linearized Augmented Plane Wave Method (FP-LAPW): 

In this work, we used the full potential linearized augmented plane wave 

(FPLAPW) method. This method has proven to be one of the most accurate methods for 

performing electronic structure calculations for crystals. It is based on the DFT for the 

treatment of exchange correlation (XC) (Hohenberg and Kohn, 1964; Kohn and Sham, 

1965) and uses e.g. the local spin density approximation (LSDA). Recent improvements 

using the GGA are available (Perdew et al. 1992, 1996). In LAPW method, a basis set is 

introduced which is especially adapted to the problem. This adaptation is achieved by 

dividing the unit cell into two regions, namely (i) non-overlapping atomic spheres 

(centered at the atomic sites) and (ii) an interstitial region (region II) as shown in Fig. 

(4.1). For the construction of basis functions, the muffin tin approximation (MTA) is used 

according to which the potential is assumed to be spherically symmetric within the atomic 

spheres in which an atomic-like function is used and constant outside in which plane 

waves are used.  
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 Figure (4.1): Partitioning of the unit cell into atomic spheres (I) and an interstitial 

region (II) 
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The basis functions for the two regions are: 

(1) Inside atomic sphere I, of radius Ri, a linear combination of radial functions 

times spherical harmonics )(r
lm

Y is used  
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    (4.8)  

where ),(
l

Er
l

u


is the regular solution of the radial Schrödinger equation for energy 

l
E and the spherical part of the potential inside sphere I; ),(

l
Er

l
u


  is the energy 

derivative of 
l

u evaluated at the same energy
l

E . A linear combination of these two 

functions constitutes the linearization of the radial function. The coefficients 
lm

A  and 

lm
B are functions of nk determined by requiring that this basis function matches each 

plane wave (PW) the corresponding basis function of the interstitial region. 
l

u  and 
l

u are 

obtained by numerical integration of the radial Schrödinger equation on a radial mesh 

inside the sphere. 

       (2) In the interstitial region a plane wave expansion is used 

 
rnki

e
nk








1

       (4.9)   

 

where nKknk


 ; nK


are the reciprocal lattice vectors and k


 is the wave vector inside 

the first Brillouin zone. Each plane wave is augmented by an atomic-like function in 

every atomic sphere. 

The solutions to the Kohn-Sham equations are expanded in this combined basis 

set of LAPW‘s according to the linear variation method  


n nknc

k
         (4.10)     
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and the coefficients cn are determined by the Rayleigh-Ritz variational principle. 

In order to improve upon the linearization and to make possible a consistent 

treatment of semicore and valence states in one energy window, adding additional basis 

functions called ‗local orbitals (LO)‘ was suggested by Singh (1991). Local orbitals 

consists of a linear combination of 2 radial functions at 2 different energies and one 

energy derivative and is given as 

)ˆ()
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   (4.11) 

In its general form, the FP-LAPW method expands both the potential and the 

charge density into the lattice harmonics inside each atomic sphere and as a Fourier series 

in the interstitial region.  Thus we have  

 

ˆ                       inside sphere

exp outside sphere




 





 

LM L M

L M

K
K

V (r)Y (r)

V(r)

V ik.r

           (4.12) 

 Thus their form is completely general so that such a scheme is termed full-

potential calculation. In order to have a small number of LM values in the lattice 

harmonics expansion a local coordinate system for each atomic sphere is defined 

according to the point group symmetry of the corresponding atom. This specifies a 

rotation matrix that relates the local to the global coordinate system of the unit cell. 

 

4.2 Linear Optics 

Linear optics covers a variety of phenomena involving the interaction of light with 

matter. The constantly growing application of optics in technology, telecommunication, 

medicine, etc. demanding detailed theoretical modeling, has opened new fields for 

theoretical study. Understanding both the linear and nonlinear optical properties of solids 
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requires a detailed quantum mechanical picture of how electrons move in these materials. 

This is an important emerging area of theoretical condensed matter physics. 

Despite the progress of modern theory, a profound understanding even of the well 

known optical processes is in many cases still far from satisfactory. A host of new and 

fundamental quantum interference effects in solids (so called ―coherent control 

phenomena‖) recently predicted by J. E. Sipe‘s group (Deyirmenjian and Sipe, 1999) and 

confirmed experimentally, demonstrates that there is still a lot to be discovered in this 

field. Finally, the exciting and important theory of optical response in the fabricated 

semiconductor nanostructures, such as quantum wells, quantum dots, and super lattices, is 

still in its infancy. Besides important interest from the perspective of applied physics, 

these low-dimensional systems are a testing ground for fundamental concept in quantum 

mechanics itself.  

 

4.2.1 Linear Optical Properties 

The various ways in which light interacts with matter are of immense practical 

interest e.g. absorption, transmission, reflection, scattering or emission. These properties 

are energy dependent. The study of optical properties of solids has proven to be a 

powerful tool in our understanding of the electronic properties of materials. In particular 

structure, energy dependence of the properties mentioned above is in an intricate way 

related to the band structure. Information on energy eigenvalues and eigenfunction is 

needed to calculate the frequency / energy dependent optical properties. 

When light of sufficient energy shines on a material, it induces transitions of 

electrons from occupied states (below EF) to unoccupied states (above EF). Clearly a 

quantitative study of these transitions must provide some understanding of the position of 

the initial and the final energy bands and symmetry of their associated wave functions. 
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The dielectric function  ,q  of the electron gas, with its strong dependence on 

frequency and wave vector, has significant consequences for physical properties of solids. 

In one limit,  ,0  describes the collective excitations of the Fermi sea such as the 

volume and surface plasmons. In another limit,  0,q describes the static screening of 

electron-electron, electron-lattice, and electron-impurity interactions in crystal. The 

dielectric function depends sensitively on the electronic band structure of a crystal, and 

studies of dielectric function by optical spectroscopy are very useful in determination of 

the overall band structure of the crystal. In the infrared, visible and ultraviolet spectral 

regions, the wave vector of the radiation is very small as compared with the shortest 

reciprocal lattice vector, and therefore it is taken to be zero. We are concerned with the 

real  1  and imaginary   2  parts of the dielectric function (Kittel, 1994; Dressel and 

Gruner, 2003) 

     1 2i              (4.13) 

The    has contributions from interband transitions. 

 

4.2.1 Direct interband transitions 

When the electromagnetic radiation falls on crystal, it interacts with the electrons 

of the crystal. We assume that the crystal is free of imperfections. The total Hamiltonian 

including the vector potential A


 of the electromagnetic field of the incident 

electromagnetic radiation is 

 
21

=  + ( )
2

H P eA V r
m


  

       (4.14)  

where P


is the momentum and ( )V r


is the periodic crystal potential. 
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The first order perturbation operator describing the interaction between the 

radiation and the electrons is the time-dependent linear term 

   , = .  o

e
H r t A p

m

  
        (4.15)  

For a plane wave, the vector potential can be written as 

 =  exp[ ( .  )]  oA A e i k r t cc 
          (4.16)  

where e  the unit vector of polarization in the direction of the electric field and cc is the 

complex conjugate. Here only the first term is considered since it gives rise to absorption 

and the second term (emission) is neglected. 

The transition probability (Chu and Sher, 2008) for an electron going from an 

occupied valence band state ( )vvE k


to an empty conduction band state ( )ccE k


is then 

     v c
w = Ψ  Ψ

2
t2

c vc v2 2

0 v

e
ω,t,k ,k dt' dr k ,r,t A.p k ,r,t

m  
        


  (4.17) 

Since v and c  are Bloch type eigenfunctions belonging to vE and cE , respectively, we 

can write 

       -1= exp  exp    

      
k ,r ,t - i E k  t ik .r  .  u k , rv v vvvv v   (4.18) 

and correspondingly for Ψc . The term u
v

and u
c

contain periodicity of the lattice. From 

equations (4.16), (4.17), and (4.18) and using 

 = -
 

A
E

t








         (4.19)  

we obtain 

   
2

-1o

v c
w =   - 

2
t2

cvc v2 2

0

e E
ω,t,k ,k dt' exp i E - E t e.M

m



  

   
     (4.20) 

with the matrix element 
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   * =    exp .vc vcv c
V

e.M dr exp - i k - k .r u e. ik r u  
 

         
   (4.21) 

here the matrix element will vanish unless 
   

c v nk  - k = k  - k  where 


nk  is the reciprocal 

lattice vector. 

Since  = 
 2π
k

λ
is very small as compared to the linear dimensions of the BZ it 

can be neglected. This yields the first selection rule saying that only vertical transitions 

without a change of the wave vector are allowed. These are termed as direct transitions. 

After integrating over t′, equation (4.20) gives: 

 
 

 

2

o

v c

exp  -  - 1
w =

 - 

  

  

    

 

2
2

c v
cv

2 2

c v

i E - E t /e E
ω,t,k ,k e.M

m i E - E /



 
  (4.22)  

This gives the transition probability per unit time (Chu and Sher, 2008) 

 
2

o =  - 
   


2

2

cvcv c v2 2 2

e E
W dk e.M E - E

2 m
 

 
    (4.23) 

The  function contains the second selection rule. The transition probability is 

different from zero only if the energy difference between the final and initial states is 

equal to the photon energy. 

We can now obtain the various optical constants as follows: The frequency 

dependent conductivity is given by 

 
2

o = 2


cvW             (4.24) 

The imaginary part of dielectric function is 

   
2 2

2

4
 =  -  

  


2

cv c v2 2 2

e
dk e.M E - E

m
  

 
     (4.25) 

 
 

2 2

2

c
 = 

4
 = 






 




c v

2

cv

2 2 2
k c v

E - E

e.Me
ds

m E - E



 

      (4.26) 
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From  2  the real part of the dielectric function can be calculated using the 

Kramers-Kronig relations (Dressel and Gruner, 2003), 

 
 

 1 22 2
0

2
 = 1 + 

 - 

ω'
P ' dω'

ω' ω
 





        (4.27) 

 
 

 2 12 2
0

2 1
 =  - 1

 - 
P ' - dω'

ω' ω


 





        (4.28) 

where P denotes the principal part of the integral.  

The results of optical constant obtained by using Equations (4.27) and (4.28) in 

case of Beryllium chalcogenides, Zinc chalcogenides, Aluminium pnictides, Gallium 

pnictides and Indium pnictides are given in details in Chapter 5. 
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CHAPTER – 5 

 

Calculation of Electronic and Optical 

Properties by using FP-LAPW method 
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The full linearized augmented plane wave (FP-LAPW) method within the 

framework of density functional theory (DFT) (Hohenberg and Kohn, 1964), as 

implemented in the WIEN2k code (Blaha et al., 2008), is used for computation of 

electronic structure, the density of state (DOS) and optical properties of Beryllium 

chalcogenides (BeS, BeSe and BeTe), Zinc chalcogenides (ZnS, ZnSe and ZnTe),  

Aluminium pnictides (AlP, AlAs and AlSb), Gallium pnictides (GaP, GaAs and GaSb) 

and Indium pnictides (InP, InAs and InSb). The fundamental space lattice is face-centered 

cubic in all binary compounds under studies. The first Brillioun zone of fcc crystal 

structure in k- space showing the high symmetry points and structure showing Zinc 

Blende (Sphalerite) are shown in Fig. (5.1). Equations (4.27) and (4.28) are used to find 

the real and imaginary part of dielectric function for all compound semiconductors under 

studies. The exchange-correlation potential was calculated with generalized gradient 

approximation (GGA) based on Perdew et al. (1996). Kohn-Sham wave functions (Kohn 

and Sham, 1965) were expanded in terms of spherical harmonic functions inside the non-

overlapping muffin-tin spheres surrounding the atomic sites and in Fourier series in the 

interstitial region. We have used RMT× K max = 7 to determine the matrix size, where Kmax 

is the plane-wave cut off and RMT is the muffin tin sphere radii. In the atomic region, the 

basis set consists of spherical harmonics with angular quantum number l = 10 and a non 

spherical contribution with l = 4. The self-consistent iterations are considered to be 

converged when the total energy of the system are stable within 10
-5

 Ry. A mesh point of 

5000 k-points were used to obtain 111 special k-points in the irreducible wedge of the 

Brillouin zone for the compound semiconductors under study. The muffin-tin radius was 

varied to ensure total energy convergence. 
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(a) 

 

(b) 

 

Figure 5.1:  (a) First Brillouin zone of the face-centered cubic lattice showing 

symmetry points (Christensen and Gorczyca, 1994). (b) Structure showing 

Zinc Blende (Sphalerite)  
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5.1 Results and Discussion on Beryllium chalcogenides: 

There is an intense investigation of the electronic and physical properties of BeS, 

BeSe and BeTe compounds. The lattice parameters of beryllium chalcogenides were 

initially measured by Zachariasen (1926). Yim et al., (1972) have confirmed the 

crystalline structure to be zinc-blende. Stukel (1970) studied the energy bands of 

beryllium chalcogenides using the first principle self-consistent orthogonalized-plane 

wave (OPW). The structural and electronic properties have also been theoretically 

investigated using the tight-binding linear muffin-tin orbital method within the framework 

of density functional theory in its local density approximation (LDA) by Kalpana et al. 

(1998). Fleszar and Hanke (2000) have calculated electronic excitations in BeX using the 

many-body Green‘s functions technique (GW) and have given a detailed discussion of 

LDA versus GW. A few non-relativistic local density approximation (LDA) calculations 

of the structural, electronic and optical properties for beryllium mono-chalcogenides have 

been performed by Okoye (2004). Hassan et al., (2006) have present detail calculation of 

the band structure using more advanced Engel Vosko‘s GGA (EV-GGA) formalism. 

Imad Khan et al. (2013) have calculated electronic and optical properties of mixed Be-

chalcogenides with the FP-LAPW method using a recently developed modified Beck and 

Johnson potential.  

The electronic configurations of elements in beryllium chalcogenides are Be: [He] 

2s
2
; S: [Ne] 3s

2
 3p

4
; Se: [Ar] 3d

10
 4s

2
 4p

4
 and Te: [Kr] 4d

10
 5s

2
 5p

4
. We have chosen 

sphere radii of 1.8 Å for Be, 2.1 Å, 2.4 Å and 2.8 Å respectively for S, Se and Te. We 

used lattice parameter 4.8630 Å for BeS, 5.1520 Å for BeSe and 5.6270 Å for BeTe 

(Martienssen and Warlimont, 2005). At ambient temperature and pressure, the 

semiconducting beryllium chalcogenides crystallized in the zinc-blende structure.  The 
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space group is F-43 m. The Be atom is located at the origin and the X atom is located at 

(1/4, 1/4, 1/4). 

 

5.1.1 Density of States and Band Structure  

The calculated total density of states, the partial density of states and band 

structures for Beryllium chalcogenides are shown in figures 5.2(a), 5.2(b) and 5.2(c). The 

valence band maximum (VBM) occurs at the Γ point and conduction band minimum 

(CBM) at the X point resulting in an indirect gap in agreement with experiment and 

previous theoretical work (Yim et al., 1972; Martienssen and Warlimont, 2005; Stukel, 

1970; Gonz´alez-Di´az et al., 1997; Okoye, 2004; Fleszar and Hanke, 2000; Hassan and 

Akbarzadeh, 2006; Imad Khan et al., 2013; Baaziz et al., 2006; Al-Douri et al., 2012; Hacini 

et al., 2012; Ameri et al., 2008; Kalpana et al., 1998; Khenata et al., 2006). The lowest-lying 

band shown in the graph arises mainly from the chalcogen valence s states and the upper 

valence bands arises from the chalcogen valence p states with the top occurring at the Γ 

point. The conduction band arises mainly from the beryllium s states and chalcogen s, p 

and d states with the minimum energy occurring at X-points.  

The band gap of semiconductor BeX in the tetragonal phase as calculated by using 

the FP-LAPW method and using GGA approximation was found to be 3.12 eV, 2.64 eV 

and 1.98 eV for BeS, BeSe & BeTe respectively. The important features of the band 

structure for each compound are given in Table 5.1 which was reported by 

Malsawmtluanga et al. (2014) It is clearly seen that the band gap obtained by GGA are 

lower than the corresponding experimental values and results obtained from OPW and 

EV-GGA with the same exchange correlation approximation. This underestimation of the 

band gap is mainly due to the fact that the simple forms of GGA are not sufficiently 
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flexible to accurately reproduce both exchange correlation energy and its charge 

derivative. 

5.1.2 Optical properties 

The determination of the optical properties of a compound in the spectral range 

above its band gap plays an important role in the understanding of the nature of that 

material and also gives a clear picture of its applications in optoelectronic devices. The 

detailed variation of real, ε1 (ω) and imaginary ε2 (ω) parts of the dielectric function for 

BeX with photon energy are shown in Figure 5.2(d). The ε1 (ω) increases with an increase 

in photon energy in the energy range 0-5.8 eV, 0-5.18 eV, 0-4.1 eV respectively for BeS, 

BeSe and BeTe, and rises to a maximum value of 16.2 at 5.8 eV, 16.7 at 5.18 eV and 18.1 

at 4.1 eV. The ε1 (ω) then decreases with increase in photon energy with a minimum 

value of -4.28 at 8.34 eV, -4.32 at 7.5 eV, -6.0 at 6.16eV for BeS, BeSe and BeTe. For the 

value of ε1 (ω) < 0, the curve shows metallic reflectance characteristics. We have found 

that the three compounds have the same structure that is attributed to the fact that the 

band structures of these compounds are similar with minor differences causing 

insignificant changes in the structures of ε2 (ω). The decrease in the energy band gap 

moving from S to Se to Te causes to shift the whole structure ε2 (ω) to lower energies by 

around 1.0 eV, resulting in the edge of optical absorption (fundamental absorption edge) 

for ε2 (ω), which is located at 5.6 eV, 4.45 eV and 3.6 eV for BeS, BeSe and BeTe.  

The peak of the imaginary part of the dielectric function is related to the electron 

excitation. It is clear from the figure that ε2 (ω) shows single peak at 6.9 eV, 6.2 eV, 5.1 

eV for BeS, BeSe and BeTe respectively which was reported by Malsawmtluanga et al. 

(2014). The peaks are primarily due to the interband transition between the maximum of 

valence band at Γ - edge and the bottom most conduction band at X - edge. Moving from 

S to Se, the insignificant hump on the right shoulder of the main peak of BeS at 7.4 eV 



 

A Study of Photocurrent and Band Structure from the Semiconducting Materials 

 

82 

clearly appears in the 7.0 eV at the ε2 (ω) structures of BeSe; this hump disappears again 

when we move from Se to Te. We compare our calculated ε2 (ω) with the previous 

theoretical calculations (Okoye, 2004; Al-Douri et al., 2012; Khenata et al., 2006) and 

agreement is found. 

 

 

 

Table 5.1: Our calculated energy band gap values for BeS, BeSe and BeTe and the 

experimental and theoretical band gap (all values are in eV). 

Comp 

-ounds 

Expt. 

Band 

gap 

Theoretical Band gap (Eg) Present 

work 

GGA 

OPW LDA EVGGA GGA 

BeS >5.5
a
  4.17

 b
 3.78

c
, 

2.828
g
 

4.23
d
, 4.26

f
, 

4.241
g
, 4.247

h
 

3.12
d
, 4.20

e
, 3.14

f
, 

3.141
g
, 3.148

 h
, 2.911

i
 

3.12 

BeSe 4-4.5
a
 3.61

b
 3.12

c
, 

2.397
g
 

3.61
d
, 3.64

f
, 

3.655
g
, 3.634

h
 

2.66
d
, 3.55

e
, 2.67

f
, 

2.682
g
, 2.672

h
,  

2.64 

BeTe ~ 2.7
a
 2.94

 b
 2.17

c
, 

1.796
g
 

2.79
d
, 2.81

f
, 

2.921
g
 

1.98
d
, 2.60

e
, 2.03

f
, 

2.070
g
,1.879

i
 

1.98 

 

a
Yim et al. (1972),

 b
Stukel (1970), 

c
Kalpana et al. (1998), 

d
Hassan and Akbarzadeh 

(2006), 
e
Imad Khan et al. (2013), 

f
Baaziz et al. (2006), 

g
Al-Douri et al. (2012), 

h
Hacini et 

al. (2012), 
i
Ameri et al. (2008) 
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Figure 5.2(a). Total Density of States for BeS, BeSe and BeTe. The vertical dotted lines 

at E = 0 eV indicates the Fermi energy level.  
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Figure 5.2(b). Partial Density of States for BeS, BeSe and BeTe. The vertical dotted lines 

at E = 0 eV indicates the Fermi energy level.  
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 Figure 5.2(c). Band structure for BeS, BeSe and BeTe along the high symmetry 

directions. EF = 0 eV corresponds to the Fermi level. 
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Figure 5.2(d). Real and Imaginary part of dielectric function for BeS, BeSe and BeTe. 
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5.2. Results and Discussion on Zinc chalcogenides. 

 

Zinc chalcogenides have attracted much attention because they possess direct 

energy band gaps and are efficient light emitters even at room temperature. The electronic 

and optical properties have been extensively studies for many technological applications 

(Sapra et al., 2002; Walter et al., 1970; Tsuchiya et al., 2003; Huang and Ching, 1993; 

Erbarut, 2003; Ghahramani et al., 1991; Bang et al., 2001; Freeouf, 1973). 

The electronic configurations of elements in Zinc chalcogenides are Zn: [Ar] 

3d
10

4s
2
; S: [Ne] 3s

2
 3p

4
; Se: [Ar] 3d

10
 4s

2
 4p

4
 and Te: [Kr] 4d

10
 5s

2
 5p

4
. We have chosen 

sphere radii of 2.1 Å for Zn, 1.8 Å, 2.2 Å and 2.3 Å respectively for S, Se and Te. For our 

calculation, we used lattice parameters a = 5.4053 Å, 5.667 Å, and 6.0882 Å for ZnS, 

ZnSe, and ZnTe respectively (Martienssen and Warlimont, 2005). The semiconducting 

Zinc chalcogenides crystallized in the zinc-blende structure. The space group is F-43 m. 

The Zn atom is located at the origin and the X atom is located at (1/4, 1/4, 1/4). 

 

5.2.1. Density of States and Band Structure 

 
The calculated total density of states, the partial density of states and band 

structures for zinc chalcogenides are shown in figures 5.3(a),(b),(c) and (d). The valence 

band maximum (VBM) and conduction band minimum (CBM) are occurs at the Γ-point 

resulting in a direct gap of 2.1 eV, 1.5 eV and 1.3 eV for ZnS, ZnSe and ZnTe 

respectively in agreement with experiment and previous theoretical work (Martienssen 

and Warlimont, 2005; Huang and Ching, 1993; Reshak and Auluck, 2007; Corso et al., 

1996). It is clearly seen that the band gap are on the whole underestimated in comparison 

with experiments results as shown in Table 5.2 which was reported by Malsawmtluanga 

et al. (2012). This underestimation of the band gaps is mainly due to the fact that the 

simple form GGA do not take into account the quasiparticle self energy correctly 
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(Rashkeev and Lambrecht, 2001) which make it not sufficiently flexible to accurately 

reproduce both exchange correlation energy and its charge derivative.  

From the PDOS, we are able to identify the angular momentum character of the 

various structures. The lowest energy group has mainly chalcogen s states. The second 

group between -7.0 to -6.0 eV and the third group from -5.0 eV up to the Fermi energy 

(EF) is composed of Zn-d and chalcogen p states. The last group from 1 eV and above has 

contributions from Zn-sd and chalcogen p states. From the trends in the band structures ( 

as we move from S to Se to Te), we can see that the first group in ZnSe is shifted towards 

lower energies by around 0.5 eV in comparison with ZnS, while in ZnTe it is shifted 

towards higher energies by around 1 eV. The bandwidth of the second group is reduced. 

This group is shifted towards lower energies by around 0.5 eV causing to increase the gap 

between the second and third groups. The bandwidth of the conduction band increases 

slightly by around 0.5 eV on going from S to Se to Te. From the PDOS, we note a strong 

hybridization between Zn-d and chalcogen p states. Following Yamasaki et al. (1987), we 

can define degree of hybridization by the ratio of Zn-d states and X-p states within the 

muffin tin sphere. Based on this, we can say that the hybridization between Zn-d and 

chalcogen-p states becomes stronger when moving from S to Se to Te.  

 

5.2.2 Optical properties 

The detailed variation of real, ε1 (ω) and imaginary ε2 (ω) parts of the dielectric 

function for ZnX with photon energy are shown in Figure 5.3 (e). The ε1 (ω) spectra 

appears at the same energy as a peak in the corresponding ε2 (ω) spectra. Since ZnX 

compounds have cubic symmetry, we need to calculate only the imaginary part of the 

frequency dependent dielectric function to completely characterize the linear optical 

properties. Our analysis of the ε2(ω) curves show that the first critical points of the 
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dielectric function occurs at 1.9 eV, 0.9 eV and 0.7 eV for ZnS, ZnSe and ZnTe 

respectively. These critical points are followed by small structure located at 4.5 eV in 

ZnS, 3.7 eV in ZnSe and 2.9 eV in ZnTe related to direct transition (L - L). The main 

peaks in the spectra are situated at 6.0 eV, 5.5 eV and 4.5 eV respectively for ZnS, ZnSe 

and ZnTe. The main peak is followed by pronounced peak situated at 7.4 eV, 7.0 eV and 

5.9 eV. These peaks are primarily due to direct transition between valence band and 

conduction band above the Fermi energy at L-edge. The experimental measurement 

localized the main peaks at 6.8 eV, 6.2 eV, and 5.3 eV for ZnS, ZnSe and ZnTe (Freeouff, 

1973; Kim et al., 1993). All the structures in 𝜀2 (ω) are shifted towards the lower energies 

with increase in the peak height when S is replaced by Se and Se by Te, in agreement 

with the experimental data. In comparison with the experimental data, there is slight 

energy shift in the main peaks. This energy shifts mainly arise from the GGA, which give 

a smaller band gap in comparison with experiment which was reported by 

Malsawmtluanga et al. (2012).  

Table 5.2: Our calculated energy band gap values for ZnS, ZnSe and ZnTe and the 

experimental and theoretical band gap (all values are in eV). 

Comp 

-ounds 

Expt. Band 

gap 

Theoretical Band gap (Eg) Present 

Work 

 GGA  
LDA GGA EVGGA 

ZnS 3.87
a
, 3.80

b
 2.34

b
, 2.1

c
, 2.4

d
 2.3

c
, 1.96

e
 2.80

e
 2.1 

ZnSe 2.67
a
, 2.82

b
 1.65

b
, 1.3

c
, 1.6

d
 1.7

c
, 1.11

e
 1.84

e
 1.5 

ZnTe 2.25
a
, 2.39

b
 2.24

b
, 1.1

c
, 1.6

d
 1.4

c
, 1.01

e
 1.57

e
 1.3 

 

a
Strehlow and Cook (1973),  

b
Huang and Ching (1993), 

c
Reshak and Auluck (2007), 

d
Corso et al. (1996),

 e
Baaziz et al. (2006) 
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Figure 5.3(a). Total DOS and Partial DOS for ZnS. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level.  
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Figure 5.3(b). Total DOS and Partial DOS for ZnSe. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level.  
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Figure 5.3(c). Total DOS and Partial DOS for ZnTe. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level.  
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 Figure 5.3(d). Band structure for ZnS, ZnSe and ZnTe along the high symmetry 

directions. EF = 0 eV corresponds to the Fermi level. 
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Figure 5.3(e). Real and Imaginary part of dielectric function for ZnS, ZnSe and ZnTe.  
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5.3 Results and Discussion on Aluminium pnictides: 

The electronic configurations of elements in Gallium pnictides are Al: [Ne] 3s
2 

3p
1
; P: [Ne] 3s

2 
3p

3
; As: [Ar] 3d

10 
4s

2 
4p

3
 and Sb: [Kr] 4d

10 
5s

2 
5p

3
. We have chosen 

sphere radii of 2.1 Å for Al, 2.3 Å for P, 2.5 Å for As and 2.8 Å for Sb. For our 

calculation, we used lattice parameters a = 5.4635 Å, 5.66139 Å, and 6.09593 Å for AlP, 

AlAs and AlSb respectively (Martienssen and Warlimont, 2005). The compound AlX 

crystallized in the zinc-blende structure. The space group is F-43 m. The Al atom is 

located at the origin and the X atoms are located at (1/4, 1/4, 1/4). 

 

5.3.1 Density of States and Band Structure 

The calculated total density of states, the partial density of states and band 

structures for Aluminum pnictides are shown in figures 5.4(a),(b),(c) and (d). The band 

structure and DOS can be divided into three main groups. The lowest energy group has 

mainly pnictide s states. The second group is mainly Al-s and pnictide p states. The third 

group is mainly from p state of Al and pnictide. From the partial DOS, we note a strong 

hybridization between Al-s and pnictide p states below and above EF. The valence band 

maximum (VBM) is located around Γ and the conduction band minimum (CBM) is 

located around X resulting in an indirect energy bad gap of 1.58 eV, 1.46 eV, 1.2 eV for 

AlP, AlAs and AlSb respectively. A comparison of the experimental and theoretical band 

gaps are given in Table 5.3 which was reported by Malsawmtluanga et al. (2014). It is 

clearly seen that the band gap obtained by GGA are lower than the corresponding 

experimental values and results obtained from Tight Binding method (Korti-Baghdadli et 

al., 2013).  Our results are in a good agreement with the other theoretical work with the 

same exchange correlation approximation of LDA (Huang and Ching, 1993; Reshak and 
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Auluck, 2007) and GGA (Bentouaf et al., 2013; Ahmed et al., 2009). We note that the 

energy gap decreases when P replaced by As and As by Sb in agreement with the 

previous theoretical calculations and experimental data. 

 

5.3.2 Optical properties 

The detailed variation of real, ε1 (ω) and imaginary ε2 (ω) parts of the dielectric 

function for AlX with photon energy are shown in Figure 5.4(e). Since the investigated 

compounds have cubic symmetry, we need to calculate only one dielectric tensor 

component to completely characterize the linear optical properties. This component is ε2 

(ω) the imaginary part of the frequency dependent dielectric function. We note that ε2 (ω) 

shows a large peak located at 4.5 eV for AlP, 4.3 eV for AlAs, and 3.7 eV for AlSb which 

was reported by Malsawmtluanga et al. (2014). All the structures in ε2 (ω) are shifted 

towards the lower energies when P is replaced by As and As by Sb. This is attributed to 

the increases in the band width of the conduction bands when we move from P to As to 

Sb. We note that the peak heights are increases when we move from P to As to Sb. We 

compare our calculated ε2 (ω) with the most recent calculations of Huang and Ching 

(1993). Previous calculations (Huang and Ching, 1993) underestimate the magnitude of ε2 

(ω) in the low energy regime. This could be due to an inaccurate representation of the 

wave functions. 
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Table 5.3: Our calculated energy band gap values for AlP, AlAs and AlSb and the 

experimental and theoretical band gap (all values are in eV). 

Comp 

-ounds 

Experimental 

Band gap  

Theoretical Band gap (Eg) Our Calculated 

Band-gaps GGA TB LDA GGA 

AlP 2.45
a
, 2.50

b
 2.45

c
 2.17

b
, 1.49

d
 1.638

e
 1.58 

AlAs 2.153
a
, 2.3

b
 2.153

c
 1.37

b
,  1.39

d
 1.494

e
 1.46 

AlSb 1.615
a
, 1.87

b
 1.615

c
 1.23

b
, 1.17

d
 1.214

f
 1.20 

 

a
Martienssen and Warlimont (2005), 

b
Huang and Ching (1993);  

c
Korti-Baghdadli et al. 

(2013);  
d
Reshak and Auluck (2007);  

e
Bentouaf et al. (2013);  

f
Ahmed et al. (2009).  
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Figure 5.4(a). Total DOS and Partial DOS for AlP. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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Figure 5.4(b). Total DOS and Partial DOS for AlAs. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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Figure 5.4(c). Total DOS and Partial DOS for AlSb. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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Figure 5.4(d). Band structure for AlP, AlAs and AlSb along the high symmetry 

directions. EF = 0 eV corresponds to the Fermi level. 
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Figure 5.4(e). Real and Imaginary part of dielectric function for AlP, AlAs and AlSb.  
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5.4 Results and Discussion on Gallium Pnictides: 

 

The semiconductor gallium pnictides are becoming of increasing importance in 

many emerging optoelectronic and electronic device applications. Among these 

applications are light emitting diodes, photovoltaic cells, photo detectors, lasers, 

modulators, integrated circuits, filters etc. (Jivani and Jani, 2012). In semiconductor GaX 

(X=P, As, Sb), there is a large variation in the energy gaps, suggesting that the energy 

band gap depends on the method of the band structure calculation (Al-Douri and Reshak, 

2011; Reshak, 2005;  Rabah et al., 2003; Rahaman et al., 2009).  

The electronic configurations of elements in Gallium pnictides are Ga : [Ar] 3d
10 

4s
2 

4p
1
;  P : [Ne] 3s

2 
3p

3
; As : [Ar] 3d

10 
4s

2 
4p

3
 and Sb : [Kr] 4d

10 
5s

2 
5p

3
. We have chosen 

sphere radii of 2.2 Å for Ga, 2.1 Å, 2.3 Å and 2.7 Å respectively for P, As and Sb. The 

Gallium pnictides crystallize in the zinc-blende structure at ambient pressure and 

temperature with lattice parameter 5.4506 Å for GaP, 5.65359 Å for GaAs and 6.09593 Å 

for GaSb (Martienssen and Warlimont, 2005). The space group is F-43 m. The Ga atom is 

located at the origin and the X atom is located at (1/4, 1/4, 1/4).  

 

5.4.1 Density of States and Band Structure 

The calculated total density of states, the partial density of states and band 

structures for Gallium pnictides are shown in figures 5.5(a),(b),(c),(d) and (e). The band 

structure, partial and total DOS can be divided into three main groups. The lowest energy 

group has mainly pnictide s states. The second group between –7 eV to EF is composed of 

Ga-sp and pnictide p states. The last group from 1.65 for GaP, 0.52 eV for GaAs, and 

0.17 eV for GaSb and above has contributions from Ga-spd and pnictide p states. The 

valence band maximum (VBM) is located at Γ for all the three compounds. In GaP 

compound, the conduction band minimum (CBM) is located at X resulting in indirect 
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energy gap of about 1.65 eV. While in GaAs and GaSb compounds, the CBM located at Γ 

resulting in a direct energy gap of about 0.52 and 0.17 eV respectively. The location of 

the VBM and CBM is agreed with experiment (Martienssen and Warlimont, 2005; 

Postigo et al., 1998; Kittel, 1994; Huang and Ching, 1993), and previous theoretical work
 

(Reshak, 2005; Al-Douri and Reshak, 2011; Rahaman, 2009; Postigo et al., 1998; Korti-

Baghdadli, 2013). The trends in the band structures in moving from P to As to Sb shows 

that the first group in GaAs is shifted towards lower energies by around 0.5 eV in 

comparison with GaP, while in GaSb it is shifted towards higher energies by around 0.5 

eV. The bandwidth of the second group is increased. The bandwidth of the conduction 

band slightly increases by around 0.5 eV towards Fermi energy (EF) on going from P to 

As to Sb which causes to reduce the energy gap near Γ.  

The important features of the band structure for each compound are given in Table 

5.4 which was reported by Malsawmtluanga et al. (2014). It is clearly seen that the band 

gaps obtained by GGA are lower than the corresponding experimental values. This 

underestimation of the band gap is mainly due to the fact that the simple forms of GGA 

are not sufficiently flexible to accurately reproduce both ex-change correlation energy 

and its charge derivative. Whereas our results are in a good agreement with theoretical 

results obtained from GGA and LDA except Tight Binding method (Korti-Baghdadli et 

al., 2013). We note that the reduction in the energy gap in agreement with the 

experimental data. GaAs and GaSb exhibit an overall reduction of the gap over the entire 

Brillouin zone.  

 

5.4.2 Optical properties 

The optical properties of solids can be described in terms of the optical dielectric 

function. The detailed variation of real, ε1 (ω) and imaginary ε2 (ω) parts of the dielectric 
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function for GaX with photon energy are shown in figure 5.5(f) which was reported by 

Malsawmtluanga et al. (2014). The ε1 (ω) spectra appears at the same energy as a peak in 

the corresponding ε2 (ω) spectra. For the value of ε1 (ω) < 0, the curve shown metallic 

reflectance characteristics. Our analysis of the ε2(ω) curves show that the first absorption 

edge of the dielectric function occurs at 1.65 eV, 0.52 eV and 0.17 eV for GaP, GaAs and 

GaSb respectively. These critical points are followed by small structure located at 3.03 

eV in GaP, 2.4 eV in GaAs and 1.84 eV in GaSb. The main peaks in the spectra are 

situated at 4.48 eV, 4.23 eV and 3.61 eV respectively. The main peaks are followed by 

small hump situated at 5.70 eV, 5.59 eV and 4.83 eV respectively. The peak of the 

imaginary part of the dielectric function is related to the electron excitation.  

We have found that the three compounds have the same structure that is attributed 

to the fact that the band structures of these compounds are similar with minor differences 

causing insignificant changes in the structures of ε2 (ω). All the structures in ε2 (ω) are 

shifted towards the lower energies with reduces in the peak heights when P is replaced by 

As and As by Sb, in agreement with the experimental data (Aspnes and Studna, 1983). 

This is attributed to the reduction in the band gaps. We have compared our calculated 𝜀2 

(ω) with the experimental data (Aspnes and Studna, 1983) and shows very good 

agreement in the case of the peak position and peak height.  
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Table 5.4: Our calculated energy band gap values for GaP, GaAs and GaSb and the 

experimental and theoretical band gap (all values are in eV). 

Compo

-unds 

Experimental 

Band gap 

Theoretical Band gap (Eg)  Our Calculated 

Band-gaps  TB LDA GGA 

GaP 2.2
a
, 2.26

b
, 2.38

c
, 

2.22
d
 

2.272
e
 1.22

c
, 1.45

f
, 

1.62
g
 

2.0
h
 1.65 

GaAs 1.8
a
, 1.43

b
, 

1.52
c
,1.42

d
 

1.419
e
 1.04

c
, 0.4

f
, 

0.37
g
 

0.49
h
 0.52 

GaSb 1.2
a
, 0.78

b
, 0.81

c
, 

0.725
d
 

0.725
e
 0.8

c
, 0.2

f
, 

0.07
g
 

0.4
h
 0.17 

 

a
Postigo et al. (1998), 

b
Kittel (1994), 

c
Huang and Ching (1993), 

d
Strehlow and Cook 

(1973), 
e
Korti-Baghdadli (2013), 

f
Rabah (2003), 

g
 Rahaman (2009), 

h
Al-Douri and 

Reshak (2011) 
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Figure 5.5(a). Total Density of States for GaP, GaAs and GaSb. The vertical dotted lines 

at E = 0 eV indicates the Fermi energy level  
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Figure 5.5(b). Partial Density of States for GaP. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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Figure 5.5(c). Partial Density of States for GaAs. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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Figure 5.5(d). Partial Density of States for GaSb. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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 Figure 5.5(e). Band structure for GaP, GaAs and GaSb along the high symmetry 

directions. EF = 0 eV corresponds to the Fermi level. 
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Figure 5.5(f). Real and Imaginary part of dielectric function for GaP, GaAs and GaSb. 
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5.5 Results and Discussion on Indium Pnictides: 

The semiconductors Indium Pnictides InX (X=P, As, Sb) compounds have 

attracted much attention because they possess narrow band gaps and for their potential as 

new device materials. These compounds are important as solar cells for space 

applications due to its high efficiency conversion and good radiation resistance that its 

thinness provides, reducing the probability of radiation damage (Yamaguchi, 2001).   

The electronic configurations of elements in Indium pnictides are In: [Kr] 4d
10 

5s
2 

5p
1
; P: [Ne] 3s

2 
3p

3
; As: [Ar] 3d

10 
4s

2 
4p

3
 and Sb: [Kr] 4d

10 
5s

2 
5p

3
. We have chosen 

sphere radii of 2.3 Å for In, 2.1 Å, 2.5 Å and 2.8 Å respectively for P, As and Sb. The 

Indium pnictides crystallize in the zinc-blende structure at ambient pressure and 

temperature with lattice parameter 5.8687 Å for InP, 6.0583 Å for InAs and 6.47937 Å 

for InSb (Martienssen and Warlimont, 2005). The space group is F-43m. The In atom is 

located at the origin and the X atom is located at (1/4, 1/4, 1/4).  

 

5.5.1 Density of States and Band Structure  

Figures 5.6(a),(b),(c),(d) and (e) shows the calculated total density of states, the 

partial density of states and band structures for  Indium pnictides InX (X=P, As, Sb). The 

band structure, partial and total DOS can be divided into three main groups. The lowest 

energy group has mainly pnictide s states. The second group between –7 eV to EF is 

composed of In-sp and pnictide p states. The last group from 0.7 for InP, 0.031 eV for 

InAs, and 0.01 eV for InSb and above has contributions from In-spd and pnictide pd 

states. The valence band maximum (VBM) and the conduction band minimum (CBM) are 

located at Γ resulting in a direct gap in agreement with experiment and previous 

theoretical work (Martienssen and Warlimont, 2005; Huang and Ching 1993). The 

conduction bands shift towards Fermi energy (EF) when moving from P to As to Sb.  
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A comparison of the experimental and theoretical band gaps are given in Table-I. 

It is clearly seen that the band gap obtained by GGA are lower than the corresponding 

experimental values and results obtained from Tight Binding method (Korti-Baghdadli et 

al., 2013). We note that DOS does show a lager energy gaps than the band structures. 

This is attributed to the fact that the DOS near the conduction band minimum is very 

small because of the small effective mass. Our calculated value is lower than the value 

obtained by Reshak (2006) in the same exchange correlation potential which is attributed 

by the choice of parameters like lattice constant, k-points etc. Following Yamasaki et al. 

(1987), we can define degree of hybridization by the ratio of In-d states and pnictide p 

states within the muffin tin sphere. Based on this we can say that the hybridization 

between In-d and pnictide p states is very weak.  

 

5.5.2 Optical properties 

The detailed variation of real, ε1 (ω) and imaginary ε2 (ω) parts of the dielectric 

function for InX with photon energy are shown in figure 5.6(f). We note that 𝜀2 (ω) shows 

a large peak located at 4.3 eV for InP, 4.0 eV for InAs, and 3.5 eV for InSb in between 

two small peaks. All the structures in 𝜀2 (ω) are shifted towards the lower energies when P 

is replaced by As and As by Sb, in agreement with the experimental data (Aspnes and 

Studna, 1983). This is attributed to the reduction in the band gaps. We compare our 

calculated 𝜀2 (ω) with the experimental data (Aspnes and Studna, 1983) and shows very 

good agreement in the case of the peak position and peak height.  
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Table 5.5: Our calculated energy band gap values for InP, InAs and InSb and the 

experimental and theoretical band gap (all values are in eV). 

Compo 

-unds 

Experimental 

 Band gap 

 

Theoretical Band gap (Eg) 

 

Present 

work 

GGA TB LDA GGA 

InP 1.39
a
, 1.351

b
, 1.35

c
 1.34

d
 1.39

a
, 1.804

e
, 0.7

f
, 

0.71
g
 

0.85
f 
 0.7 

InAs 0.42
 a
, 0.356

b
, 0.35

c
 0.35

d 
 0.55

a
, 0.259

e
, 0.24

f
, 

0.03
g
 

0.31
f
   0.031 

InSb 0.24
 a
 , 0.17

b
, 0.18

c
 0.17

d 
 0.24

 a
, 0.00

e
, 0.14

f
, 

0.01
g 
 

0.18
f 
 0.01 

 
a
Huang and Ching (1993), 

b
Strehlow and Cook (1973),

 c
Kittel (1994), 

d
Korti-Baghdadli et 

al. (2013), 
e
Remediakis and Efthimios Kaxiras (1999), 

f
Reshak (2006), 

g
Rahaman et al. 

(2009) 
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Figure 5.6(a). Total Density of States for InP, InAs and InSb. The vertical dotted lines at 

E = 0 eV indicates the Fermi energy level. 
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Figure 5.6(b). Partial Density of States for InP. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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Figure 5.6(c). Partial Density of States for InAs. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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Figure 5.6(d). Partial Density of States for InSb. The vertical dotted lines at E = 0 eV 

indicates the Fermi energy level. 
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Figure 5.6(e). Band structure for InP, InAs and InSb along the high symmetry directions. 

EF = 0 eV corresponds to the Fermi level. 
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Figure 5.6(f). Real and Imaginary part of dielectric function for InP, InAs and InSb. 



 

A Study of Photocurrent and Band Structure from the Semiconducting Materials 

 

122 

 

 

 

 

 

 

 

CHAPTER 6 

 

CONCLUSION 
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In this thesis, we have presented the calculations of electromagnetic fields, 

photocurrent, electronic and linear optical properties of II-VI semiconductors of BeX and 

ZnX (X = S, Se, Te) as well as III-V semiconductors of AlX, GaX and InX (X = P, As, 

Sb). The electromagnetic fields in the bulk, surface and vacuum regions of these systems 

were calculated using the modified form of dielectric model developed by Bagchi and 

Kar (1978). In all these systems, we have found that in the surface region, the plot of 

vector potential  
2

ω

~
zA showed maxima in peak at

2

p

s





  , where s  is the surface 

plasmon energy and p  is the bulk plasmon energy of compound semiconductors. 

Interestingly, all compound semiconductors showed a minimum in the value of vector 

potential where value of incident photon energy (  ) was equal to p . With the 

further increase of incident photon energies, beyond the plasmon energy, the field values 

increase and attain a small hump, and then decreased towards minimum. Our calculated 

results showed good agreement with the calculated value (Kumar et al. 2013; Yadav and 

Kumar, 2013; Yadav and Singh, 2010; Kumar, 2013; Reddy et al. 2003). From our 

results, we can also conclude that the vector potential  zA

~
 deduced for the surface 

region of solid can be used in the calculation of surface photocurrent from compound 

semiconductors. 

We have presented photocurrent calculations by using the Mathieu potential 

model which is used to describe the lattice potential. We have calculated with the case of 

strong lattice potential as the semiconductors have band gaps, for which results of 

photocurrent is plotted against photon energy. Surface photocurrent had been calculated 

for the localized surface state at 
0

z = -2 a.u. and 
0

z = -8 a.u. for II-VI semiconductors of 

BeX and ZnX  as well as III-V semiconductors of AlX, GaX and InX. In all the cases, for 
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the location of the initial state wavefunction at the 
0

z = - 2 a.u.(surface-vacuum interface), 

photocurrents showed maximum value below plasmon energy and suppression at the 

plasmon energy ( p ). Our calculated results were compared with the previous 

calculated value eV (Kumar et al. 2013; Yadav and Kumar, 2013; Yadav and Singh, 

2010; Kumar, 2013; Reddy et al. 2003) and found to agree qualitatively well. The 

inclusion of initial state wavefunction into the matrix element appears to produce the 

qualitative features as observed earlier in the experimentally measured data (Levinson et 

al., 1979; Bartynski et al., 1985). The main drawback of the model used is that the same 

initial state wavefunction i  is used to describe both the surface and bulk regions of the 

solids under study.  It was also found that bulk potential has very little effect on surface 

photocurrent. This fact had been explained by Levinson et al. (1979) that it is the rapid 

variation of the photon field vector in the surface which causes surface photocurrent. 

Further, the large drop in the value of photocurrent as photon energy approached the 

plasmon energy is due to the decrease in the value of
dz

Ad 

~

. However, it can be shown 

that one can also make use of Mathieu type of potential in calculations of surface 

photocurrent from compound semiconductors. 

Knowledge of the band structure is required to calculate the optical properties 

which are governed by the electronic energy states at EF and away from EF. The GGA in 

the FPLAPW method was used for calculations of the electronic band structure, density 

of states and optical properties from II-VI semiconductors of BeX and ZnX as well as III-

V semiconductors of AlX, GaX and InX which crystallize in the Zinc-blende structure.  

In Beryllium chalcogenides, an indirect gap of 3.12 eV, 2.64 eV and 1.98 eV for 

BeS, BeSe and BeTe were found respectively. In Zinc chalcogenides, a direct gap of 2.1 
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eV for ZnS, 1.5 eV for ZnSe and 1.3 eV for ZnTe were found. In Aluminum pnictides, an 

indirect energy band gap of 1.58 eV, 1.46 eV, 1.2 eV for AlP, AlAs and AlSb were found 

respectively. In Gallium pnictides, an indirect energy gap about 1.65 eV for GaP was 

found. But for GaAs and GaSb compounds, a direct energy gap of about 0.52 and 0.17 eV 

were found respectively. In Indium pnictides, a direct gap of 0.7 eV for InP, 0.031 eV for 

InAs, and 0.01 eV for InSb were found. In all the cases, the calculated values were in 

agreement with experiment (Strehlow and Cook 1973; Huang and Ching 1993; 

Martienssen and Warlimont, 2005) and previous theoretical work. (Kalpana et al., 1998; 

Reshak and Auluck, 2007; Rahaman et al., 2009; Al-Douri and Reshak, 2011; Korti-

Baghdadli, 2013) 

In the linear optical properties of compound semiconductors under studies, the 

variation of real ε1 (ω) and imaginary ε2 (ω) parts of the dielectric function with photon 

energy were plotted. We have compared our results with the experimental data (Aspnes 

and Studna, 1983; Freeouff, 1973; Kim et al., 1993; Huang and Ching, 1993) and found 

generally in good agreement in the case of the peak position and peak height. The effect 

of replacing S by Se and Te in the case of II-VI semiconductors of BeX and ZnX and the 

effect of replacing P by As and Sb in the case of III-V semiconductors of AlX, GaX and 

InX on the band structure and optical properties were discussed. We have found that the 

energy band gaps are underestimated in comparison with the experimental data, which is 

attributed to our use of GGA. For optical calculation, a dense mesh of k points is required 

for accurate results. We can conclude that FP-LAPW method is very appropriate for the 

calculation of electronic band structure, density of states and optical properties of the 

semiconductor compounds. Thus, to study the electronic structures of most of the 

materials, one usually used the DFT method with GGA and LDA, but they 

underestimated the band gap of semiconductors. There are some alternative methods to 
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improve the band gap with respect to the experimental values like the Hybrid functionals 

(HSE) (Heyd et al., 2005), the DFT+U method (Anisimov et al., 1997), the LDA+DMFT 

theory (Georges et al., 1996) and the GW (Bechstedt et al., 2009). Recently, Tran and 

Blaha (2009) proposed a semilocal modified Beck-Johnson potential (mBJ) for the 

improvement in the results for band gaps. This new orbital independent mBJ potential in 

which mBJ exchange term is coupled with LDA correlation, could predict the energy 

bands more accurately so that calculated band gaps of the semiconductor materials could 

come out in good agreement with the experimental results. 
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APPENDIX  I 

 

 

CALCULATION OF   PHOTOCURRENT BY USING WAVEFUNCTION 

DEDUCED BY MATHIEU POTENTIAL MODEL FOR THE SURFACE STATE 

 (THE CASE OF STRONG POTENTIAL) 

 

 We consider a periodic lattice potential represented by sinusoidal Mathieu 

potential function 
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q a2 , and a is the lattice constant as 

shown in Fig. (3.1) of Chapter 3. The most general form for the initial state wavefunction 

will be a linear combination of sine and cosine elliptic functions for all the Fermi gap m 

which is given by  
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where m  is the hybridization parameter which can be written as 
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The sine and cosine elliptic functions in the expanded form can be written as 
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For  finite surface potential ( q > 0), surface state existence condition implies that 
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We are considering surface state occurring for m = 3 and hence we can write,   
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The hybridization constant   3   now reduces to: 
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Since Eq. (I.5) is the condition for the surface state existence, with the help of Eqs. (I.6) 

and (I.7), therefore the final form of initial state wavefunctions corresponding to 

electronic states in the surface and bulk, and vacuum regions, can be written as 
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Photocurrent had been calculated by using the formula, 
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 In Eq. (I.9) above, i  is given by Eq. (I.8), and f  and perturbation term H 
/ 
in 

one-dimension is 
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Matrix element in Eq. (I.9) can be expanded as          
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Using Eqs. (I.8), (I.10) and (I.11), the integrals in Eq.(I.13) can now be expanded  as 

follows: 
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 Photocurrent is calculated by evaluating the integrals I1 , I2 , I3 and I4 by writing 

FORTRAN programmes, details of which is given in APPENDIX- II. 
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APPENDIX II 

 

 

FORTRAN PROGRAMME FOR PHOTOCURRENT CALCULATIONS  

BY USING MATHIEU POTENTIAL MODEL 

 (THE CASE OF STRONG POTENTIAL) 

 

c       __________________________________________________ 

c       Name of program : MATH1.FOR (MATHU1.FOR) 

c       SURFACE STATE CALCULATIONS, z extends from -d to 0. 

c       Written by Dr. R.K. Thapa, Dept. of Physics, MZU 

c       Updated by Dr. Z. Pachuau, Last change: 9 Aug 2014 9:21 pm  

c       Program to calculate photocurrent by using Mathieu potential model 

c       Refer : Phys. Letts. A294 (2002)52-57. 

c       __________________________________________________ 

c       alamb3 = (xi+mu)*0.295          q <---> aqq 

c       alamb3 = 1.275                 mu <---> amu 

c       mu=0.5                         zo'<--->xo 

c       xi=2.0                         xo --> is the location of the  

c       m=3.                                  surface state wavefunction. 

c       qm=1. 

c       q=1, 

c       zo'=(pi/a)*zo 

c       a=6. 

c       __________________________________________________ 

        complex a1,ci,t2,t3,eps,cmplx,aqf,ex,ttf,ttx,tty 

        common aki,akf,aqf,ci,d,amu,aqq,alpha,xo 

        ci=cmplx(0.,1.) 

        pi=22./7. 

        OPEN (UNIT=1,FILE="ZnTe.in") 

        OPEN(UNIT=6,FILE="ZnTe(0).out") 

        read (1,*)np,nint 

        read(1,*)  ei,theta,d,vz,alpha,amu,aqq,xo,ne 

c       read (1,*) ei,theta,d,a,mu,xi,vz,alpha,ne 

c       write (np,2) ei,theta,d,a,mu,xi,vz,alpha,ne 

        aki=sqrt(2.*ei) 

        do 90 ie=1,ne 

          read (1,*) w,eps1,eps2 

           wev=w*27.2 

              akf=sqrt(2.*(ei+w)) 

              ex=ei+w-vz 

            aqf=sqrt(2.*ex)           

         ttx=aqf-akf 

         tty=aqf+akf 

         ttf=ttx/tty 

        eps=cmplx(eps1,eps2) 

        call refrac (w,wp,theta,eps,a1) 

        call term2 (a1,eps,t2,nint) 

        call term3 (a1,eps,t3,nint) 

c        write (np,3) w,aqf,t2,t3 
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        xint=cabs(t2+t3) 

        xcur=xint*xint   

        cur=(xcur*akf*akf)/w 

c        cur=cur/0.157637E-01 

c        write (np,3) wev,eps1,eps2,cur 

 write (np,3) wev,cur 

c  3    format(2x,f8.4,2x,2(f15.6,2x),2x,f20.6,2x) 

  3    format(2x,f8.4,10x,f20.6,2x) 

c   5    format (2x,'w=',f7.4,2x,'eps=',2(f15.6,1x),'cur='e15.6) 

   90   continue 

        stop 

        end 

 

c       __________________________________________________ 

        subroutine term2 (a1,eps,t2,nint) 

        complex eps,a1,t2,r1,ci,f1,q,aqf 

        dimension f1(700),f2(700) 

        common aki,akf,aqf,ci,d,amu,aqq,alpha,xo 

        ci=cmplx(0.,1.) 

        q1=(1.-(aqq/16.)+(11./640.)*aqq**2.) 

        q=a1*d*eps*q1*amu 

        q=q*sqrt(1./(2.*aqf*aki))*(aqf/(aqf+akf)) 

        ag=-d 

        ah=0. 

        dd=(ah-ag)/(nint-1) 

        do 10 i=1, nint 

        x=ag+(i-1)*dd 

        amx=amu*(xo-x) 

        f1(i)= (cos(akf*x)-ci*sin(akf*x))*exp(-amx) 

   10   f1(i)=f1(i)*EXP(-alpha*x)/((1.-eps)*x+d) 

        call sint(ag,ah,f1,nint,r1) 

        t2=r1*q/3.1416 

        return 

        end 

c       __________________________________________________ 

        subroutine term3 (a1,eps,t3,nint) 

        complex eps,a1,t3,r1,ci,f1,cmplx,q,aqf 

        dimension f1(700),f2(700) 

        common aki,akf,aqf,ci,d,aqq,amu,alpha,xo 

        ci=cmplx(0.,1.) 

        q1=(1.-(aqq/16.)+(11./640.)*aqq**2.) 

        q=a1*d*eps*q1 

        q=q*sqrt(1./(2.*aqf*aki))*(aqf/(aqf+akf)) 

        ag=-d 

        ah=0. 

        dd=(ah-ag)/(nint-1) 

        do 10 i=1,nint 

        x=ag+(i-1)*dd 

        amx=amu*(xo-x) 

        f1(i)=(cos(aqf*x)-ci*sin(aqf*x))*exp(-amx) 
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   10   f1(i)=f1(i)*EXP(-alpha*x)/((1.-eps)*x+d)**2. 

        call sint(ag,ah,f1,nint,r1) 

        t3=r1*q/(2.*3.1416) 

        return 

        end 

c       __________________________________________________ 

c       This subroutine calculates the portion a1 of the field. 

c       __________________________________________________ 

        subroutine refrac (w,wp,theta,eps,a1) 

        complex a1,cx,csqrt,eps,ci,cmplx,cy 

        s2=sin(2.*theta) 

        s1=sin(theta) 

        c1=cos(theta) 

c       b1=1.-eps 

c       b1=1./(b1*x+d) 

        cy=eps-s1*s1 

        cx=csqrt(cy) 

        a1=-s2/(cx+eps*c1) 

        return 

        end 

c       __________________________________________________ 

c       This subroutine performs integration of term1 and term2 

c       by using SIMPSON'S ONE THIRD RULE 

c       __________________________________________________ 

        subroutine sint (a,b,f,n,r) 

        complex f,r,s 

        dimension f(n) 

        h=(b-a)/(n-1) 

        s=0.0 

        s=s+f(1)+f(n) 

        m=n-1 

        do 10 i=2,m,2 

   10   s=s+4.*f(i)+2.*f(i+1) 

        r=h*s/3. 

        return 

        end 
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Abstract 
 

We have applied the full-potential linearized augmented plane wave (FP-
LAPW) method) within density-functional theory (DFT) to study the 
theoretical study of electronic and optical properties of BeX (X = S, Se, Te) as 
implemented in WIEN2k code. Our results are in agreement with previous 
theoretical and experimental studies on this important semiconductor 
compounds. For the optical calculations, the dipole approximation is used. The 
imaginary part of dielectric function is calculated in momentum 
representation, which requires matrix elements of the momentum p between 
occupied and unoccupied states. The microscopic origin of the main features 
in the optical spectra is identified and also the factors responsible for most of 
the optical absorption.  
 
Key words: BeX, FP-LAPW, band structure, optical property, WIEN2k. 
 
PACS Nos.: 71.15.Ap, 71.15.Mb, 71.20.Nr, 78.20.Ci 

 
 
1. Introduction 
There is an intense investigation of wide band gap semiconductors because of their 
unusual properties and possible applications in various electrical and optical devices. 
Keeping this in mind the group IV and III–V compounds have been extensively 
studied theoretically as well as experimentally. Recently, there has been a dedicated 



38  Aldrin Malsawmtluanga et al 
 

 

effort to understand the II–VI compounds. In fact, probably as a result of their very 
high toxic nature only few experimental studies [1] have been performed on these 
compounds but more theoretical studies of these compounds are available in the 
literature [2-13]. Theoretical calculation of the optical and electronic properties of 
BeX (X = Te, Se and S) compounds were performed by Stukel [2] using a first-
principle self-consistent orthogonalized-plane wave (OPW). The calculated dielectric 
functions were not compared with the experimental data because no data were 
available at that time. A few non-relativistic local density approximation (LDA) 
calculations of the structural, electronic and optical properties have been performed 
[3, 4] for beryllium monochalcogenides. Fleszar and Hanke [5] have calculated 
electronic excitations in BeX using the many-body Green’s functions technique (GW) 
and have given a detailed discussion of LDA versus GW. Hassan and Akbarzadeh [6] 
have present detail calculation of the band structure using more advanced Engel 
Vosko’s GGA (EV-GGA) formalism. Imad Khan et al. [7] have calculated electronic 
and optical properties of mixed Be-Chalcogenides with the FP-LAPW method using a 
recently developed modified Beck and Johnson potential. The structural and 
electronic properties have also been theoretically investigated using the tight-binding 
linear muffin-tin orbital method (TB-LMTO) [12]. 
 The aim of this paper is to give a comparative and complementary study of 
electronic properties to both experimental and other theoretical works by using FP-
LAPW method as well as optical studies for BeS, BeSe and BeTe. 
 
 
2. Calculation Method 
We have calculated the optical properties of BeX using the FPLAPW method [14] as 
implemented in the WIEN2K package [15]. We choose the exchange-correlation 
potential parameterized by Perdew et al. [16] which is derived by using the 
generalized gradient approximation (GGA). In the FPLAPW method, a basis set is 
obtained by dividing the unit cell into non-overlapping atomic spheres (centered on 
the atomic sites) and an interstitial region. Inside the atomic sphere, a linear 
combination of radial function times spherical harmonic is used, and in the interstitial 
region a plane wave expansion is augmented by an atomic like function in every 
atomic sphere. This method yields accurate energy eigenvalues and wavefunctions, 
therefore appropriate for calculating the electronic and optical properties of crystalline 
solids. We have chosen sphere radii of 1.8 Å for Be, 2.1 Å, 2.4 Å and 2.8 Å 
respectively for S, Se and Te. For our calculation, we used lattice parameters a = 
4.8630 Å, 5.1520 Å, and 5.6270 Å for BeS, BeSe, and BeTe respectively [17]. The 
values of Kmax × RMT = 7.0 (where RMT is the atomic sphere radius and Kmax is 
the interstitial plane wave cut-off), In the atomic region, the basis set consists of 
spherical harmonics with angular quantum number l = 10 and a non spherical 
contribution with l = 4 are kept constant throughout the calculations The self-
consistent iterations are considered to be converged when the total energy of the 
system are stable within 10-5 Ry. The semiconducting beryllium chalcogenides 
crystallized in the zinc-blende structure. The space group is F-43 m. The Be atom is 
located at the origin and the X atom is located at (1/4, 1/4, 1/4). In a cubic unit cell 
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only one component of the dielectric function has to be calculated, i.e. εxx, written as 
 ε(ω) = ε1(ω) + iε2(ω)  (1) 
describes the optical response of the system at all photon energies E = h ω. The 
imaginary part of the dielectric function ε2(ω) is given by [18]  
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where M is the dipolematrix element, i and j are the initial and final states, 
respectively, fi is the Fermi distribution function for the i th state. Ei is the energy of 
electron in the i th states. The real part of the dielectric function ε1(ω) can be extracted 
from the imaginary part of the dielectric function ε2(ω) by using the Kramers–Kronig 
relation [19] 
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where P implies the principal value of the integral. 
 
 
3. Results and discussions 
3.1. Electronic properties 
The calculated total density of states, the partial density of states and band structures 
for Beryllium chalcogenides are shown in figures 1, 2 and 3. The band structure 
calculated for BeS, BeSe and BeTe are rather similar. The valence band maximum 
(VBM) occurs at the Γ point and conduction band minimum (CBM) at the X point 
resulting in an indirect gap in agreement with experiment and previous theoretical 
work [1–13]. The lowest-lying band shown in the graph arises mainly from the 
chalcogen valence s states and the upper valence bands arises from the chalcogen 
valence p states with the top occurring at the Γ point. The conduction band arises 
mainly from the 2s-Be states with the minimum energy occurring at X-points.  

 

 
 

Fig. 1. Total Density of States for BeS, BeSe and BeTe 
 



40  Aldrin Malsawmtluanga et al 
 

 

 
 

Figure 2. Partial Density of States for BeS, BeSe and BeTe 
 

 
 

Figure 3. Band structure for BeS, BeSe and BeTe 
 

Table 1: Our calculated energy band gap values and the experimental and 
theoretical band gap (all values are in eV) 
 

System 
study 

Expt. 
Band gap 

Theoretical Band gap Present 
work 
GGA 

OPW TB-
LMTO 

EV GGA 

BeS >5.5a 4.17 b 3.78c 4.23d, 4.26f, 
4.241g, 4.247h 

3.12d, 4.20e, 3.14f, 3.141g, 
3.148 h, 2.911i 

3.12 

BeSe 4-4.5a 3.61b 3.12c 3.61d, 3.64f, 
3.655g, 3.634h 

2.66d, 3.55e, 2.67f, 2.682g, 
2.672h, 

2.64 

BeTe 2.7a 2.94 b 2.17c 2.79d, 2.81f, 
2.921g 

1.98d, 2.60e, 2.03f, 
2.070g,1.879i 

1.98 

 

 

 aRef. [1], bRef. [2], cRef. [12], dRef. [6], eRef. [7], fRef. [8], gRef. [9], hRef. [10], 
iRef. [11], 
 The band gap of semiconductor BeX in the tetragonal phase as calculated by using 
the FP-LAPW method and using GGA approximation was found to be 3.12 eV, 2.64 
eV and 1.98 eV for BeS, BeSe & BeTe respectively. The important features of the 
band structure for each compound are given in Table 1. It is clearly seen that the band 
gap obtained by GGA are lower than the corresponding experimental values and 
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results obtained from OPW and EV-GGA and not far from the results obtained by the 
TB-LMTO methods with the same exchange correlation approximation. This 
underestimation of the band gap is mainly due to the fact that the simple forms of 
GGA are not sufficiently flexible to accurately reproduce both exchange correlation 
energy and its charge derivative. 
 
3.2. Optical properties 
The determination of the optical properties of a compound in the spectral range above 
its band gap plays an important role in the understanding of the nature of that material 
and also gives a clear picture of its applications in optoelectronic devices. The 
detailed variation of real, ε1 (ω) and imaginary ε2 (ω) parts of the dielectric function 
for BeX with photon energy are shown in Figure (4). The ε1 (ω) spectra appears at the 
same energy as a peak in the corresponding ε2 (ω) spectra. Metallic reflectance 
characteristics are exhibited in the range of ε1 (ω) < 0. We have found that the three 
compounds have the same structure that is attributed to the fact that the band 
structures of these compounds are similar with minor differences causing insignificant 
changes in the structures of ε2 (ω). The decrease in the energy band gap moving from 
S to Se to Te causes to shift the whole structure ε2 (ω) to lower energies by around 1.0 
eV, resulting in the edge of optical absorption (fundamental absorption edge) for ε2 
(ω), which is located at 5.6, 4.45 and 3.6 eV. These edges of optical absorption give 
the threshold for direct optical transitions between the highest valence and the lowest 
conduction band along the symmetry lines Г. 

The peak of the imaginary part of the dielectric function is related to the electron 
excitation. It is clear from the figure that ε2 (ω) shows single peak at 6.95 eV, 6.22 
eV, 5.07 eV for BeS, BeSe and BeTe respectively. The peaks are primarily due to 
transitions between valence bands and conduction bands above the Fermi energy 
along the symmetry lines Г-X direction. Moving from S to Se, the insignificant hump 
on the right shoulder of the main peak of BeS at 7.42 eV clearly appears in the 6.98 
eV at the ε2 (ω) structures of BeSe; this hump disappears again when we move from 
Se to Te. We compare our calculated ε2 (ω) with the previous theoretical calculations 
[4, 9, 13] and agreement is found. 

 

 
 

Figure 4. Real and Imaginary part of dielectric function for BeS, BeSe and BeTe 
4. Conclusions 
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 This paper has reported calculations of the energy bands, density of states and 
optical properties of BeX using generalized gradient approximation (GGA) within the 
FP-LAPW method. Our results for band structure and DOS show that these 
compounds have similar structures and the energy gap decreases when S replaced by 
Se and Te. All the structures in the imaginary part of the dielectric function ε2 (ω) are 
shifted towards lower energies when S is replaced by Se and Te. We compare our 
calculated ε2 (ω) with the previous theoretical calculations [4, 9, 13] and agreement is 
found. We also identified the microscopic origin of the main features in the optical 
spectra and found that transitions between highest lying valence band (HVB) and 
lowest lying conduction band (LCB) are responsible for most of the optical absorption 
in BeX. It is an established fact that indirect band gap materials are bad emitters of 
light because phonons are involved in the de- excitation of electron and hence the 
absorbed photon energy is trapped. Due to this disadvantage, BeX are ineffective for 
optoelectronic industry. In order to use these compounds in the green, blue and ultra 
violet (UV) optical devices the indirect band gaps of these materials must have to be 
transformed into direct ones through band gap engineering (i.e. doping, creating, 
applying external pressure or current etc). 
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ABSTRACT  
 

A comparative study of theoretical and experimental electronic properties and linear optical dielec-
tric function of zinc blende structure of aluminium pnictides is presented by applying the full-
potential linearized augmented plane wave (FP-LAPW) method within density-functional theory 
(DFT) as implemented in WIEN2k code. Results are presented for the band structures, for the 
density of states, and for the real and imaginary parts of the linear dielectric functions for photon 
energies up to 10 eV. The results are compared with other existing calculations and experimental 
data and agreement was found.           
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INTRODUCTION 
 
Recently, III–V zinc blende semiconductors 

compounds occupy a privileged position in the 
domain of materials science. These compounds 
semiconductors are favorite hosts for photonic 
and optoelectronic devices. These semiconduc-
tors have higher electron mobility and have 
wider band gaps than silicon. In the past two 
decades, remarkable progress has been made 
toward accurate calculations of the total energy, 
using density functional theory in the local den-
sity approximation1 and more recently in the 

generalized gradient approximation2. In the pre-
sent work we use the full potential linear aug-
mented plane wave (FP-LAPW) method which 
has proven to be one of the most accurate meth-
ods3 for the computation of the electronic struc-
ture of solids within density functional theory 
(DFT). Hence the effect of the full potential on 
the linear optical properties can be ascertained. 

Although there have been numerous calcula-
tions of the electronic and optical properties of 
AlX (X=P, As, Sb) using different methods, to 
our knowledge there is only one report had been 
used the full potential calculation4 to calculate 
the electronic structures. Our calculations will 
highlight the effect of replacing P by As and As 
by Sb on the electronic and optical properties of 

 

Science Vision www.sciencevision.org Science Vision www.sciencevision.org Science Vision www.sciencevision.org Science Vision www.sciencevision.org 

Science Vision 14(4), 195-199  
2014 

October-December 
ISSN (print) 0975-6175 

ISSN (online) 2229-6026  



Science Vision © 2014 MAS. All rights reserved 196  

the investigated compounds. 
The aim of this paper is to give a compara-

tive and complementary study of electronic and 
optical properties to both experimental and 
other theoretical works by using FP-LAPW 
method for AlX. 

 

METHOD 
 
The calculation of optical properties of AlX 

was based on the FPLAPW method5 as imple-
mented in the WIEN2K package6. We choose 
the exchange-correlation potential parameter-
ized by Perdew et al.,2 which is derived by using 

the generalized gradient approximation (GGA). 

In the FPLAPW method, a basis set is obtained 
by dividing the unit cell into non-overlapping 
atomic spheres (centered on the atomic sites) 
and an interstitial region. Inside the atomic 
sphere, a linear combination of radial function 
times spherical harmonic is used, and in the in-
terstitial region a plane wave expansion is aug-
mented by an atomic like function in every 
atomic sphere. This method yields accurate en-
ergy eigenvalues and wavefunctions, therefore 
appropriate for calculating the electronic and 
optical properties of crystalline solids. We have 
chosen sphere radii of 2.1 Å for Al, 2.3 Å for P, 
2.5 Å for As and 2.8 Å for Sb. For our calcula-
tion, we used lattice parameters a = 5.4635 Å, 

5.66139 Å, and 6.09593 Å for AlP, AlAs and 
AlSb respectively7. The values of Kmax × RMT 

= 7.0 (where RMT is the atomic sphere radius 

and Kmax is the interstitial plane wave cut-off), 

In the atomic region, the basis set consists of 
spherical harmonics with angular quantum 
number l = 10 and a non spherical contribution 

with l = 4 are kept constant throughout the cal-

culations The self-consistent iterations are con-
sidered to be converged when the total energy of 
the system are stable within 10-5 Ry. The com-
pound AlX crystallized in the zinc-blende struc-
ture. The space group is F-43 m. The Al atom is 
located at the origin and the X atoms are located 
at (1/4, 1/4, 1/4). 

The dielectric function of a solid is usually 

describes in terms of a complex parameter as ε
(ω) = ε1(ω) + iε2(ω),in which the imaginary or 

the absorptive part of the dielectric function, ε2

(ω) can be obtained directly from the band struc-

ture calculation8. While the real part ε1(ω) can 

be obtained from the imaginary part ε2(ω) by 
using the Kramers-Kronig dispersion relation.9 

  

RESULTS AND DISCUSSION 
 

Band structure and density of states 

 

The calculated total density of states, the par-
tial density of states and band structures for alu-
minum pnictides are shown in Figures 1, 2 and 
3. The band structure and TDOS can be divided 
into three main groups/structures. From the 
partial DOS we are able to identify the angular 
momentum character of the various structures. 
The lowest energy group has mainly X-s states. 
The second group is mainly Al-s and X-p states. 
The third group is mainly from p state of Al and 
X. From the partial DOS, we note a strong hy-
bridization between Al-s and X-p states below 
and above EF. The valence band maximum 

(VBM) is located around Γ and the conduction 
band minimum (CBM) is located around X re-
sulting in an indirect energy bad gap of 1.58 eV, 
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System study Expt. band 

gap  

Theoretical band gap  Our calculated 

band-gaps GGA TB LDA GGA 

AlP 2.50
a
 2.45

b
 2.17

a
, 1.49

c
 1.638

d
 1.58 

AlAs 2.3
a
 2.153

b
 1.37

a
,  1.39

c
 1.494

d
 1.46 

AlSb 1.87
a
 1.615

b
 1.23

a
, 1.17

c
 1.214

e
 1.20 

 

Table 1. Indirect energy band gap values and the experimental and theoretical band gap (all values are in eV). 

aRef. 11; bRef. 10; cRef. 12; dRef. 13; eRef. 14. 
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Figure 1. Total density of states for AlP, AlAs and AlSb. 

Figure 4. Real and imaginary part of dielectric function for AlP, AlAs and AlSb.  

Figure 2. Partial density of states for AlP, AlAs and AlSb. 

Figure 3. Band structure for AlP, AlAs and AlSb. 
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1.46 eV, 1.2 eV for AlP, AlAs and AlSb respec-
tively. A comparison of the experimental and 
theoretical band gaps are given in Table I. It is 
clearly seen that the band gap obtained by GGA 
are lower than the corresponding experimental 
values and results obtained from tight binding 
method (TB) 10. Our results are in a good agree-
ment with the other theoretical work with the 
same exchange correlation approximation of 
LDA11,12 and GGA13,14.We note that the energy 
gap decreases when P replaced by As and As by 
Sb in agreement with the previous theoretical 
calculations and experimental data. 

 

Linear optical properties 

 

The detailed variation of real, ε1 (ω) and 

imaginary ε2 (ω) parts of the dielectric function 
for AlX with photon energy are shown in Figure 
4. Since the investigated compounds have cubic 
symmetry, we need to calculate only one dielec-
tric tensor component to completely character-
ize the linear optical properties. This component 

is ε2 (ω) the imaginary part of the frequency de-

pendent dielectric function. We note that ε2 (ω) 
shows a large peak located at 4.5 eV for AlP, 4.3 
eV for AlAs, and 3.7 eV for AlSb. All the struc-

tures in ε2 (ω) are shifted towards the lower en-
ergies when P is replaced by As and As by Sb. 
This is attributed to the increases in the band 
width of the conduction bands when we move 
from P to As to Sb. We note that the peak 
heights are increases when we move from P to 

As to Sb. We compare our calculated ε2 (ω) 
with the most recent calculations of Huang and 
Ching11. Previous calculations11 underestimate 

the magnitude of ε2 (ω) in the low energy re-
gime. This could be due to an inaccurate repre-
sentation of the wave functions. 

 

CONCLUSION 
 
The calculations of band structure, DOS and 

linear optical response for AlP, AlAs, and AlSb 
compounds using FP-LAPW method based on 
the DFT in GGA are presented in this work. 

Our results for band structure and DOS, show 
that these compounds have similar structures 
and the energy gap decreases when P is replaced 
by As and As by Sb. This is attributed to the fact 
that the bandwidth of the conduction bands in-
creases on going from P to As to Sb. All the 
structures in the imaginary part of the dielectric 

function ε2 (ω) are shifted towards lower ener-
gies when P is replaced by As and As by Sb. We 

compare our calculated ε2 (ω) with the previous 
theoretical calculations and found good agree-
ment. We also identified the microscopic origin 
of the main features in the optical spectra and 
found that transitions between highest lying va-
lence band (HVB) and lowest lying conduction 
band (LCB) are responsible for most of the opti-
cal absorption in AlX. It is an established fact 
that indirect band gap materials are bad emitters 
of light because phonons are involved in the de- 
excitation of electron and hence the absorbed 
photon energy is trapped. Due to this disadvan-
tage, AlX are ineffective for optoelectronic in-
dustry. In order to use these compounds in the 
green, blue and ultra violet (UV) optical devices 
the indirect band gaps of these materials must 
have to be transformed into direct ones through 
band gap engineering (i.e. doping, creating, ap-
plying external pressure or current etc.). 
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ABSTRACT 

We presented a theoretical study of electronic properties and linear optical dielectric function of zinc blende 

structure of Gallium pnictides by using the full-potential linearized augmented plane wave (FP-LAPW) method 

within density-functional theory (DFT). In this approach, the generalized gradient approximation (GGA) was used 

for the exchange-correlation potential calculation. Results are presented for the band structures, for the density of 

states, and for the real and imaginary parts of the linear dielectric functions for photon energies up to 8 eV. Detailed 

comparisons are made with published experimental and theoretical data and show generally good agreement.  

 

Key words: Band structure, FP-LAPW, GaX, Optical properties and WIEN2k 

PACS Nos. : 71.15.Ap, 71.15.Mb, 71.20.Nr, 78.20.Ci 

 

INTRODUCTION 

The group III-V semiconductors are having great technological importance. They are becoming of increasing 

importance in many emerging optoelectronic and electronic device applications. Among these applications are light 

emitting diodes, photovoltaic cells, photo detectors, lasers, modulators, integrated circuits, filters etc (Jivani & Jani, 

2012).  

There have been many electronic band structure calculations for III–V semiconductors. These include the empirical 

pseudopotential method (EPM) (Al-Douri & Aourag, 2002; Al-Douri et al., 2003), the tight binding (TB) (Rabah et 

al., 2003; Reshak, 2005), full potential method (Reshak, 2005; Bouhemadouet al., 2009) and the pseudopotential 

total energy approach (Froyen & Cohen, 1983). In the present work, we have reported the FP-LAPW calculations of 

the band structures in GaX (X = P, As and Sb) to study the electronic and optical properties. The exchange and 

correlation potential has been calculated using the generalized gradient approximation (GGA) (Perdew et al., 1996) 

for the total energy calculations. 

In semiconductor GaX (X=P, As, Sb), there is a large variation in the energy gaps, suggesting that the energy band 

gap depends on the method of the band structure calculation4,5,9,10. In this work, we describe detailed calculations of 

the band structure, density of states and linear optical properties for the semiconductor GaX (X=P, As, Sb,) 

compound with zinc-blende structure. Our calculations will highlight the effect of replacing P by As and As by Sb 

on the electronic and optical properties in GaX compounds. The aim of this paper is to give a comparative and 

complementary study of electronic and optical properties to both experimental and other theoretical works by using 

FP-LAPW method. 

 

METHODOLOGY 

The electronic configurations of elements in Gallium pnictides are Ga : [Ar] 3d10 4s2 4p1;  P : [Ne] 3s2 3p3; As : [Ar] 

3d10 4s2 4p3 and Sb : [Kr] 4d10 5s2 5p3. We have chosen sphere radii of 2.2 Å for Ga, 2.1 Å, 2.3 Å and 2.7 Å 

respectively for P, As and Sb. The calculations reported here were performed using the FPLAPW method11 as 

implemented in the WIEN2K package12. We choose the exchange-correlation potential parameterized by Perdew et 

al., (1996) which is derived by using the generalized gradient approximation (GGA). In the FPLAPW method, a 

basis set is obtained by dividing the unit cell into non-overlapping atomic spheres (centered on the atomic sites) and 

an interstitial region. Inside the atomic sphere, a linear combination of radial function time’s spherical harmonic is 

used, and in the interstitial region a plane wave expansion is augmented by an atomic like function in every atomic 

sphere. This method yields accurate energy eigenvalues and wave functions, therefore appropriate for calculating the 

electronic and optical properties of crystalline solids.  

The Gallium pnictides crystallize in the zinc-blende structure at ambient pressure and temperature with lattice 

parameter 5.4506 Å for GaP, 5.65359 Å for GaAs and 6.09593 Å for GaSb13. The space group is F-43 m. The Ga 

atom is located at the origin and the X atom is located at (1/4, 1/4, 1/4).The values of Kmax × RMT = 7.0 (where RMT is 

the atomic sphere radius and Kmax is the interstitial plane wave cut-off), In the atomic region, the basis set consists of 

spherical harmonics with angular quantum number l = 10 and a non spherical contribution with l = 4 are kept 

constant throughout the calculations. The self-consistent iterations are considered to be converged when the total 
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energy of the system are stable within 10-5 Ry. A mesh point of 5000 k-points were used to obtain 111 special k-

points in the irreducible wedge of the Brillouin zone for GaP, GaAs, and GaSb. Both the muffin-tin radius and 

number of k-points were varied to ensure total energy convergence.  

The dielectric function of a solid is usually describes in terms of a complex parameter as ε(ω) = ε1(ω) + iε2(ω),in 

which the imaginary or the absorptive part of the dielectric function, ε2(ω) can be obtained directly from the band 

structure calculation. While the real part ε1(ω) can be obtained from the imaginary part ε2(ω)  by using the Kramers-

Kronig dispersion relation (Wooten, 1972). 

 

RESULTS AND DISCUSSION 

Band Structure and Density of States 

The calculated total density of states, the partial density of states and band structures for Gallium pnictides are 

shown in figs. 1, 2 and 3.The band structure, partial and total DOS can be divided into three main groups. From fig. 

2 i.e. the partial DOS, the angular momentum character of the various structures can be identifying. The lowest 

energy group has mainly X-s states. The second group between –7 eV to EF is composed of Ga-sp and X-p states. 

The last group from 1.65 for GaP, 0.52 eV for GaAs, and 0.17 eV for GaSb and above has contributions from Ga-

spd and X-p states. The valence band maximum (VBM) is located at Γ for all the three compounds. In GaP 

compound the conduction band minimum (CBM) is located at X resulting in indirect energy gap of about 1.65 eV. 

While in GaAs and GaSb compounds the CBM located at Γ resulting in a direct energy gap of about 0.52 and 0.17 

eV respectively. The location of the VBM and CBM is agreed with experiment (Postigo et al., 1998; Strehlow & 

Cook, 1973) and previous theoretical work (Reshak, 2005; Al-Douri & Reshak, 2011; Rahaman et al., 2009); 

Postigo et al., 1998 and Korti-Baghdadli et al., 2013). The trends in the band structures in moving from P to As to 

Sb can be summarized as follows: The first group in GaAs is shifted towards lower energies by around 0.5 eV in 

comparison with GaP, while in GaSb it is shifted towards higher energies by around 0.5 eV. The bandwidth of the 

second group is increased. The bandwidth of the conduction band slightly increases by around 0.5 eV towards Fermi 

energy (EF) on going from P to As to Sb which causes to reduce the energy gap near Γ.  

 

Table 1: Our calculated direct energy band gap values and the experimental and theoretical band gap 

Compo-

unds 

a (A˚ ) Expt. Band gap 

(eV) 

Theoretical Band gap (eV) Our Calculated 

Band-gaps (eV) TB LDA GGA 

GaP 5.4506a 2.2b, 2.26c, 2.38d, 

2.22e 

2.272f 1.22d, 1.45g, 

1.62h 

2.0i 1.65 

GaAs 5.6536a 1.8b, 1.43c, 

1.52d,1.42e 

1.419f 1.04d, 0.4g, 0.37h 0.49i 0.52 

GaSb 6.0959a 1.2b, 0.78c, 0.81d, 

0.725e 

0.725f 0.8d, 0.2g, 0.07h 0.4i 0.17 

aRef. [13], bRef. [15], cRef. [16], dRef. [17], eRef. [18], fRef. [19], gRef. [5], hRef. [10], iRef. [9], 

 

The important features of the band structure for each compound are given in Table 1. It is clearly seen that the band 

gaps obtained by GGA are lower than the corresponding experimental values. This underestimation of the band gap 

is mainly due to the fact that the simple forms of GGA are not sufficiently flexible to accurately reproduce both ex-

change correlation energy and its charge derivative. Whereas our results are in a good agreement with theoretical 

results obtained from GGA and LDA except TB method with the same exchange correlation approximation. We 

note that the reduction in the energy gap in agreement with the experimental data. GaAs and GaSb exhibit an overall 

reduction of the gap over the entire Brillouin zone.  

Optical properties 

The optical properties of solids can be described in terms of the optical dielectric function. The detailed variation of 

real, ε1 (ω) and imaginary ε2 (ω) parts of the dielectric function for GaX with photon energy are shown in Fig. 4. 

The ε1 (ω) spectra appears at the same energy as a peak in the corresponding ε2 (ω) spectra. Metallic reflectance 

characteristics are exhibited in the range of ε1 (ω) < 0. Since the investigated compounds have cubic symmetry, we 

need to calculate only one dielectric tensor component to completely characterize the linear optical properties. This 

component is ε2 (ω) the imaginary part of the frequency dependent dielectric function.  
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Figure 1: Total Density of States for GaP, GaAs and GaSb 

 

 
Figure 2: Partial Density of States for GaP, GaAs and GaSb 

 

 
Figure 3: Band structure for GaP, GaAs and GaSb 

 

 
Figure 4: Real and Imaginary part of dielectric function for GaP, GaAs and GaSb 

 

Our analysis of the ε2(ω) curves show that the first critical points of the dielectric function occurs at 1.65 eV, 0.52 

eV and 0.17 eV for GaP, GaAs and GaSb respectively. These critical points are followed by small structure located 

at 3.03 eV in GaP, 2.4 eV in GaAs and 1.84 eV in GaSb). The main peaks in the spectra are situated at 4.48 eV, 4.23 

eV and 3.61 eV respectively. The main peaks are followed by small hump situated at 5.70 eV, 5.59 eV and 4.83 eV 

respectively. The peak of the imaginary part of the dielectric function is related to the electron excitation.  

We have found that the three compounds have the same structure that is attributed to the fact that the band structures 

of these compounds are similar with minor differences causing insignificant changes in the structures of ε2 (ω). All 
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the structures in ε2 (ω) are shifted towards the lower energies with reduces in the peak heights when P is replaced by 

As and As by Sb, in agreement with the experimental data (Aspnes & Studna, 1983). This is attributed to the 

reduction in the band gaps. We compare our calculated 𝜀2 (ω) with the experimental data (Aspnes & Studna, 1983). 

This comparison shows very good agreement in the matter of the peaks position and peaks height.  

 

CONCLUSION 

This paper has reported calculations of the energy bands structure, density of states and linear optical properties of 

GaX (X=P, As, Sb) compounds using generalized gradient approximation (GGA) within the FP-LAPW method. Our 

result for band structure and DOS shows that these compounds are semiconductors with energy gaps of 1.65, 0.52, 

0.17 eV. We note that the energy gap reduces when P replaced by As and As by Sb in agreement with the 

experimental data and pervious theoretical calculations. We compare our calculated linear optical properties with the 

experimental data (Aspnes & Studna, 1983). This comparison shows very good agreement in the matter of the peaks 

position and peaks height.  
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ABSTRACT  
 

A theoretical study of electronic and optical properties of zinc blende structure of BeS is presented 
by applying the full-potential linearized augmented plane wave (FP-LAPW) method within density-
functional theory (DFT) as implemented in WIEN2k code. Our results are in agreement with pre-
vious theoretical and experimental studies on this important semiconductor compound. For the 
optical calculations, the dipole approximation is used. The imaginary part of dielectric function is 
calculated in momentum representation, which requires matrix elements of the momentum p be-
tween occupied and unoccupied states. The microscopic origin of the main features in the optical 
spectra is identified and also the factors responsible for most of the optical absorption.  
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INTRODUCTION 
 
The II–VI semiconductors compounds have 

been extensively studied in recent years because 
of their scientific and technology interests. They 
are used in the fabrication of light-emitting de-
vices that are employed in optical processing, 
detection systems for environmental pollution 
and color-displaying modules. In particular, the 

beryllium chalcogenides BeS, BeSe and BeTe 
are the II–VI compounds that crystallize in the 
four-fold coordinated zinc blende (B3) structure 
at low pressure. In fact, probably as a result of 
their very high toxic nature only few experimen-
tal studies1 have been performed on these com-
pounds but more theoretical studies of these 
compounds are available in the literature.2-13 
Theoretical calculation of the optical and elec-
tronic properties of BeX (X = Te, Se and S) 
compounds were performed by Stukel2 using a 
first-principle self-consistent orthogonalized-
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plane wave (OPW). The calculated dielectric 
functions were not compared with the experi-
mental data because no data were available at 
that time. A few non-relativistic local density 
approximation (LDA) calculations of the struc-
tural, electronic and optical properties have been 
performed for beryllium monochalcogenides.3,4 
Fleszar and Hanke5 have calculated electronic 
excitations in BeX using the many-body Green’s 
functions technique (GW) and have given a de-
tailed discussion of LDA versus GW. Hassan 
and Akbarzadeh6 have present detail calculation 
of the band structure using more advanced 
Engel Vosko’s GGA (EV-GGA) formalism. 
Imad Khan et al.7 have calculated electronic and 

optical properties of mixed Be-chalcogenides 
with the FP-LAPW method using a recently 
developed modified Beck and Johnson potential. 
The structural and electronic properties have 
also been theoretically investigated using the 
tight-binding linear muffin-tin orbital method 
(TB-LMTO).12 

The aim of this paper is to give a compara-
tive and complementary study of electronic 
properties to both experimental and other theo-
retical works by using FP-LAPW method as 
well as optical studies for BeS. 

 

METHOD 
 

We calculated the optical properties of BeS 
using the FPLAPW method14 as implemented in 
the WIEN2K package.15 We choose the ex-
change-correlation potential parameterized by 
Perdew et al.16 which is derived by using the gen-

eralized gradient approximation (GGA). In the 
FPLAPW method, a basis set is obtained by 
dividing the unit cell into non-overlapping 
atomic spheres (centered on the atomic sites) 
and an interstitial region. Inside the atomic 
sphere, a linear combination of radial function 
times spherical harmonic is used, and in the in-
terstitial region a plane wave expansion is aug-
mented by an atomic like function in every 
atomic sphere. This method yields accurate en-
ergy eigenvalues and wavefunctions, therefore 
appropriate for calculating the electronic and 

optical properties of crystalline solids. We have 
chosen sphere radii of 1.8 Å for Be and 2.8 Å for 
S. For our calculation, we used lattice parame-
ters a = 4.8630 Å for BeS.17 The values of Kmax 

× RMT = 7.0 (where RMT is the atomic sphere 

radius and Kmax is the interstitial plane wave 

cut-off), In the atomic region, the basis set con-
sists of spherical harmonics with angular quan-
tum number l = 10 and a non spherical contribu-

tion with l = 4 are kept constant throughout the 

calculations The self-consistent iterations are 
considered to be converged when the total en-
ergy of the system are stable within 10-5 Ry. The 
semiconducting beryllium sulphide crystallized 
in the zinc blende structure. The space group is 
F-43 m. The Be atom is located at the origin and 
the S atom is located at (1/4, 1/4, 1/4). In a 
cubic unit cell only one component of the dielec-

tric function has to be calculated, i.e. εxx, written 

as 
 

ε(ω) = ε1(ω) + iε2(ω)    (1) 

 
describes the optical response of the system at all 

photon energies E = hω. The imaginary part of 

the dielectric function ε2(ω) is given by18 

(2) 
where M is the dipolematrix element, i and j are 

the initial and final states, respectively, fi is the 

Fermi distribution function for the i th state. Ei is 

the energy of electron in the i th states. The real 

part of the dielectric function ε1(ω) can be ex-

tracted from the imaginary part of the dielectric 

function ε2(ω) by using the Kramers–Kronig 

relation19 

 

(3) 
 

 
where P implies the principal value of the inte-

gral. 
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Figure 1. Total density of states for ZB BeS.  Figure 2. Partial density of states for ZB BeS. 

Figure 3. Band structure for BeS. 

Figure 4. Real and imaginary part of dielectric function 

for BeS. 
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RESULTS AND DISCUSSIONS 

 
Electronic properties 

 

For zinc blende structured of BeS, the calcu-
lated total density of states, the partial density of 
states and band structures are illustrated in Fig-
ures 1, 2 and 3. The valence band maximum 

(VBM) occurs at the Γ point and conduction 

band minimum (CBM) at the X point resulting 
in an indirect gap in agreement with experiment 
and previous theoretical work.1-13 The lowest-
lying band shown in the graph arises mainly 
from the chalcogen valence s states and the up-

per valence bands arises from the chalcogen va-

lence p states with the top occurring at the Γ 

point. The conduction band arises mainly from 
the 2s-Be states with the minimum energy occur-

ring at X-points.  
The band gap of semiconductor BeS in the 

tetragonal phase as calculated by using the FP-
LAPW method and using GGA approximation 
was found to be 3.12 eV. The important features 
of the band structure are given in Table 1. It is 
clearly seen that the band gap obtained by GGA 
are lower than the corresponding experimental 
values and results obtained from OPW and EV-
GGA and not far from the results obtained by 
the TB-LMTO methods with the same exchange 
correlation approximation. This underestima-
tion of the band gap is mainly due to the fact 
that the simple forms of GGA are not suffi-
ciently flexible to accurately reproduce both ex-
change correlation energy and its charge deriva-
tive. 

 

Optical properties 

 

The determination of the optical properties of 
a compound in the spectral range above its band 
gap plays an important role in the understanding 
of the nature of that material and also gives a 
clear picture of its applications in optoelectronic 

devices. The detailed variation of real, ε1 (ω) and 

imaginary ε2 (ω) parts of the dielectric function 

for BeS with photon energy are shown in Figure 

4. The ε1 (ω) spectra appears at the same energy 

as a peak in the corresponding ε2 (ω) spectra. 
Metallic reflectance characteristics are exhibited 

in the range of ε1 (ω) < 0. The peak of the imagi-

nary part of the dielectric function is related to 
the electron excitation. It is clear from the figure 

that ε2 (ω) shows single peak at 6.95 eV for BeS. 

The peaks are primarily due to transitions be-
tween valence bands and conduction bands 
above the Fermi energy along the symmetry 

lines Г-X direction. We compare our calculated 

ε2 (ω) with the previous theoretical calcula-

tions4,9,13 and agreement is found.  
 

CONCLUSIONS 
 

We present the electronic and optical proper-
ties of Zinc blende structure of BeS using gener-
alized gradient approximation (GGA) within 
the FP-LAPW method. We found that the ZB 
structured BeS has indirect gap which is induced 

by the (Γ - X) transition with its value being 3.12 

eV. We compare our calculated ε2 (ω) with the 

previous theoretical calculations4,9,13 and agree-
ment is found. The band calculations are com-

System 

study 

Expt. 

Band 

gap 

Theoretical Band gap Present 

work 

GGA 
OPW TB-LMTO EV GGA 

BeS >5.5
a
 4.17

 b
 3.78

c
 4.23

d
, 4.26

f
, 4.241

g
, 

4.247
h
 

3.12
d
, 4.20

e
, 3.14

f
, 3.141

g
, 

3.148
 h

, 2.911
i 

3.12 

 

Table 1. Our calculated energy band gap values and the experimental and theoretical band gap (all values are in 

eV). 

aRef. 1, bRef. 2, cRef. 12, dRef. 6, eRef. 7, fRef. 8, gRef. 9, hRef. 10, iRef. 11. 

Theoretical investigation of electronic and optical properties of zinc blende structure of BeS  



Science Vision © 2014 MAS. All rights reserved 93  

parable very well to available measurements. In 
addition, we revealed behaviours of TDOS and 
PDOS of the ZB BeS. The obtained optical pa-
rameters suggest that the strong absorption spec-
trum appears mostly in the ultra-violet region, 
and the optical absorption decreases with pho-
ton energy in the high energy range. 
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ABSTRACT 
 

A comparative study of theoretical and experimental electronic properties and 
linear optical dielectric function of zinc blende structure of Indium pnictides is 
presented by using the full-potential linearized augmented plane wave (FP-
LAPW) method within the DFT formalism. In this approach, the generalized 
gradient approximation (GGA) was used for the exchange-correlation 
potential calculation. Results are presented for the band structures, for the 
density of states, and for the real and imaginary parts of the linear dielectric 
functions for photon energies up to 15 eV. Detailed comparisons are made 
with published experimental and theoretical data and generally showed good 
agreement.  
 
Key words: Band structure, FP-LAPW, InX, Optical properties, WIEN2k. 
 
PACS Nos. : 71.15.Ap, 71.15.Mb, 71.20.Nr, 78.20.Ci 

 
 
INTRODUCTION 
In the last century considerable advances have been realized in the research and 
applications of semiconductors. It is well known that semiconductor technology has a 
great impact on our society. The III-V semiconductors are extensively used in the 
high-tech photonic and optoelectronic devices because of their wide range of band 
gaps. Narrow band gaps semiconductors Indium Pnictides InX (X=P, As, Sb) 
compounds have attracted much attention for their potential as new device materials 
[1].  

There have been many electronic band structure calculations for III–V 
semiconductors. These include the empirical pseudopotential method (EPM)[2], the 
tight binding (TB)[3], full potential method[4], and the pseudopotential total energy 



10  Aldrin Malsawmtluanga et al 

approach[5]. In the present work, we have reported the FP-LAPW calculations of the 
band structure, density of states and linear optical properties for the semiconductors 
InX (X=P, As, Sb,) compounds with zinc-blende structure. The exchange and 
correlation potential has been calculated using the generalized gradient approximation 
(GGA)[6] for the total energy calculations. 
 
 
CALCULATION METHOD 
The electronic configurations of elements in Indium pnictides are In: [Kr] 4d10 5s2 5p1; 
P: [Ne] 3s2 3p3; As: [Ar] 3d10 4s2 4p3 and Sb: [Kr] 4d10 5s2 5p3. We have chosen sphere 
radii of 2.3 Å for In, 2.1 Å, 2.5 Å and 2.8 Å respectively for P, As and Sb. The 
calculations reported here were performed using the FPLAPW method [7] as 
implemented in the WIEN2K package [8]. We choose the exchange-correlation 
potential parameterized by Perdew et al.[6] which is derived by using the generalized 
gradient approximation (GGA). In the FPLAPW method, a basis set is obtained by 
dividing the unit cell into non-overlapping atomic spheres (centered on the atomic 
sites) and an interstitial region. Inside the atomic sphere, a linear combination of 
radial function times spherical harmonic is used, and in the interstitial region a plane 
wave expansion is augmented by an atomic like function in every atomic sphere. This 
method yields accurate energy eigenvalues and wavefunctions, therefore appropriate 
for calculating the electronic and optical properties of crystalline solids.  

The Indium pnictides crystallize in the zinc-blende structure at ambient 
pressure and temperature with lattice parameter 5.8687 Å for InP, 6.0583 Å for InAs 
and 6.47937 Å for InSb[9]. The space group is F-43 m. The In atom is located at the 
origin and the X atom is located at (1/4, 1/4, 1/4).The values of Kmax × RMT = 7.0 
(where RMT is the atomic sphere radius and Kmax is the interstitial plane wave cut-off), 
In the atomic region, the basis set consists of spherical harmonics with angular 
quantum number l = 10 and a non spherical contribution with l = 4 are kept constant 
throughout the calculations. The self-consistent iterations are considered to be 
converged when the total energy of the system are stable within 10-5 Ry. A mesh point 
of 5000 k-points were used to obtain 111 special k-points in the irreducible wedge of 
the Brillouin zone for InP, InAs, InSb. Both the muffin-tin radius and number of k-
points were varied to ensure total energy convergence.  

The dielectric function of a solid is usually describes in terms of a complex 
parameter as ε(ω) = ε1(ω) + iε2(ω),in which the imaginary or the absorptive part of the 
dielectric function, ε2(ω) can be obtained directly from the band structure calculation. 
While the real part ε1(ω) can be obtained from the imaginary part ε2(ω)  by using the 
Kramers-Kronig dispersion relation[10]. 
 
 
RESULTS AND DISCUSSION 
BAND STRUCTURE AND DENSITY OF STATES 
Figures 1, 2 and 3 shows the calculated total density of states, the partial density of 
states and band structures for  Indium pnictides InX (X=P, As, Sb). The band 
structure, partial and total DOS can be divided into three main groups. The lowest 
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energy group has mainly pnictide s states. The second group between –7 eV to EF is 
composed of In-sp and pnictide p states. The last group from 0.7 for InP, 0.031 eV for 
InAs, and 0.01 eV for InSb and above has contributions from In-spd and pnictide pd 
states. The valence band maximum (VBM) is located at Γ for all the three 
compounds. The valence band maximum (VBM) and the conduction band minimum 
(CBM) are located at Γ resulting in a direct gap in agreement with experiment and 
previous theoretical work [11]. The conduction bands shift towards Fermi energy (EF) 
when moving from P to As to Sb.  

A comparison of the experimental and theoretical band gaps are given in 
Table-I. It is clearly seen that the band gap obtained by GGA are lower than the 
corresponding experimental values and results obtained from Tight Binding method 
[12]. We note that DOS does show a lager energy gaps than the band structures. This 
is attributed to the fact that the DOS near the conduction band minimum is very small 
because of the small effective mass. Following Yamasaki et al. [13], we can define 
degree of hybridization by the ratio of In-d states and pnictide p states within the 
muffin tin sphere. Based on this we can say that the hybridization between In-d and 
pnictide p states is very weak.  
 
Optical properties 
The detailed variation of real, ε1 (ω) and imaginary ε2 (ω) parts of the dielectric 
function for InX with photon energy are shown in Figure 4. We note that 2ߝ (ω) shows 
a large peak located at 4.3 eV for InP, 4.0 eV for InAs, and 3.5 eV for InSb in 
between two small peaks. All the structures in 2ߝ (ω) are shifted towards the lower 
energies when P is replaced by As and As by Sb, in agreement with the experimental 
data [14]. This is attributed to the reduction in the band gaps. We compare our 
calculated 2ߝ (ω) with the experimental data [14] and shows very good agreement in 
the matter of the peaks position and peaks height.  
 
 
CONCLUSIONS 
This paper has reported calculations of the energy bands structure, density of states 
and linear optical properties of InX (X=P, As, Sb) compounds using generalized 
gradient approximation (GGA) within the FP-LAPW method. Our result for band 
structure and DOS shows that these compounds are semiconductors with energy gaps 
of 0.7, 0.031, 0.01 eV. We note that the energy gap reduces when P replaced by As 
and As by Sb in agreement with the experimental data and pervious theoretical 
calculations. We compare our calculated linear optical properties with the 
experimental data [14]. This comparison shows very good agreement in the matter of 
the peaks position and peaks height.  
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Table 1: Our calculated direct energy band gap values and the experimental and 
theoretical band gap (all values are in eV) 
 

Com- 
pounds 

Expt. Band gap Theoretical Band gap Present  
work 
GGA 

TB LDA GGA 

InP 1.39a, 1.35b, 1.351c 1.34d 1.39a, 1.804e, 0.71f, 0.7g, 0.85g 0.7 
InAs 0.42a, 0.35b, 0.356c 0.35d 0.55a, 0.259e, 0.03f, 0.24g, 0.31g 0.031 
InSb 0.24a, 0.18b, 0.17c 0.17d 0.24a, 0.00e, 0.01f, 0.14g, 0.18g 0.01 

aRef. [11], bRef. [15], cRef. [16], dRef. [12], eRef. [17], fRef. [18], gRef. [19] 
 

 
 

Figure 1: Total Density of States for InP, InAs and InSb 
 

 
 

Figure 2: Partial Density of States for InP, InAs and InSb 
 

 
 

Figure 3: Band structure for InP, InAs and InSb 
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Figure 4: Real and Imaginary part of dielectric function for InP, InAs and InSb 
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