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PEMODELAN MATEMATIK BAGI FAKTOR KEIONAN DAN MODULUS
PUKAL UNTUK BAHAN SEMIKONDUKTOR HEKSAGON PENDUAAN

ABSTRAK

Bahan semikonduktor telah menjadi penting dan utama dalam pembuatan
beberapa perkakasan elektronik. Medium elektronik terkini telah menyaksikan bahan
semikonduktor termaju diperlukan untuk menambahbaik keupayaan sesutu bahan
elektronik. Disebabkan kepelbagaian aplikasi dalam teknologi perkakasan elektronik,
struktur semikonduktor itu perlu dikaji sifatnya. Dalam tesis ini, semikonduktor bersifat
heksagon penduaan akan dikaji melibatkan struktur dan sifat keelektrikannya terhadap
faktor keionan serta modulus pukal. Struktur garam batu (Rock Salt) dan wurzit
(Wurzite) akan dijadikan fokus kajian kerana ia merupakan bahan utama bagi
semikonduktor heksagon penduaan. Fokus kajian tertumpu kepada penentuan sifat
keionan dan modulus pukal bahan-bahan ini melalui pembinaan model-model
matematik berkaitan. Pembinaan model matematik berdasarkan faktor keionan dan
modulus pukal adalah dalam sebutan jurang tenaga (E,) serta pemalar kekisi (c/a) bagi
bahan garam batu dan wurzit tersebut. Pembinaan model ini berdasarkan Teori Fungsian
Ketumpatan dari Gelombang Satah Imbuhan Potensi Penuh dan Penghampiran
Kecerunan Umum Engel Vosko dengan menggunakan pengaturcaraan WIEN2k.
Pengesahan model yang dibina adalah berdasarkan perbandingan dengan data
eksperimen dari beberapa kajian penyelidik terdahulu dalam kondisi berbeza seperti
pengesahan berdasarkan tekanan. Ditunjukkan dalam tesis ini melalui ilustrasi taburan
dan gambarajah bahawa keputusan bagi model yang dibina adalah seiring dengan data

eksperimen penyelidik tersebut. Keputusan daripada kajian ini adalah lebih jelas dan

XX



berupaya menjadi alat matematik dalam menyelesaikan masalah melibatkan faktor

keionan serta modulus pukal bagi struktur garam batu dan wurzit.
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MATHEMATICAL MODELLING OF IONICITY FACTOR AND BULK
MODULUS FOR HEXAGONAL BINARY SEMICONDUCTOR
MATERIALS

ABSTRACT

Semiconductor materials have become important as being the main ingredients
in almost all electronic devices. The current electronic medium has seen that advanced
semiconductor materials are needed to enhance the capability of electronic materials.
Due to their numerous applications in technology and electronic devices, hexagonal
binary semiconductor structures will be explored in this thesis and their structural and
electrical properties for ionicity factor and bulk modulus will be investigated as well.
Rock Salt and Wurtzite structures will be considered in this thesis since these structures
are considered as a major part of the hexagonal binary semiconductors. The aim of this
thesis is to find exact determinations of ionicity factor and bulk modulus in terms of
energy gap (E,) and lattice constants (c/a) for Rock Salt and Wurtzite structures. These
determinations are conducted by using Density Functional Theory (DFT) of Full-
Potential Linear Augmented Plane Wave (FP-LAPW) which is a method constructed by
utilizing the WIEN2k programming code within Engel Vosko-General Gradient
Approximation (EV-GGA). The validation of the constructed models is done by
comparing them with different researchers’ experimental data under different conditions
such as exposing these mathematical models to pressure. It has been shown from
illustrated tables and figures that the models results are well conformed to experimental
values of other researchers. The results of the present study are very straightforward and
able to become mathematical tool for solving physical problems involving ionicity

factor and bulk modulus with respect to Rock Salt and Wurtzite structures.
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CHAPTER 1

INTRODUCTION

1.1 Preface

A semiconductor is a material with small but nonzero energy gap which behaves
as an insulator at absolute zero, but allows thermal excitation of electrons into its
conduction band at temperatures below its melting point. It is materials that are among
the properties of a conductor and an insulator. A semiconductor is commonly used and
found in almost all electronic devices. Examples of semiconductor materials are
germanium, selenium, and silicon. Semiconductor materials constitute the basic building
blocks of emitters and receivers in cellular, satellite, liquid-crystal-display televisions
(LCD-TV), and fiberglass communication. The semiconductors have largely replaced
vacuum tubes in electronics, allowing for more complex and smaller electronic devices
and modern computers. Therefore, because of their numerous applications in technology
and electronic devices, they have been subjects of many researchers and the main

subject of the present thesis as well.

Binary semiconductor structures are chemical compounds that contain exactly
two different elements, e.g. SiC, Gads, Cds. Studies of electronic and structural
properties of binary semiconductors have received considerable attention, both
experimentally and theoretically (Gurunathan et al., 1999). Ionicity factor and bulk
modulus are among these properties which have been determined since the invention of

semiconductors in the mid of the 20th century.


http://www.computerhope.com/jargon/c/conduct.htm
http://www.computerhope.com/jargon/s/silicon.htm
http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Chemical_element

The hexagonal binary semiconductor structures have high melting point, high
thermal conductivity and large bulk modulus. These properties as well as wide energy
gaps are closely related to strong bonding. Due to this, the electronic and structural
properties of ionicity factor and bulk modulus for Wurtzite and Rock-Salt structures that

constitute major part of the hexagonal binary semiconductors are determined.

The electronic and structural properties of the hexagonal binary semiconductor
materials have been investigated by various researchers such as Phillips (1970, 1973),
Harrison (1973), Pauling (1932, 1939, 1960), Garcia and Cohen (1993), Wang and Ye
(2002) and others. However, in spite of much research on the fundamental properties
and device applications of the hexagonal semiconductor structures, the ionicity factor,
and bulk modulus, in terms of energy gap and lattice constants, for the Wurtzite and
Rock-Salt hexagonal semiconductor structures have not been given full attention. This
motivated us to conduct a study for determining the electronic and structural properties
of the hexagonal phase for Wurtzite and Rock-Salt structures by constructing

mathematical models.

Mathematical approaches are used in the mathematical modeling for finding
solutions to 1onicity factor and bulk modulus with respect to Wurtzite and Rock-Salt
structures.

In this study, ionicity factor and bulk modulus of Wurtzite and Rock-Salt
structures have been determined by constructing four mathematical models and several
results have been obtained by comparing it to an experimental data. The proposed

mathematical models in this study can assist physicists in finding the determinations of



ionicity factor and bulk modulus for Wurtzite and Rock-Salt of hexagonal binary

semiconductor structures.

1.2 Basic Definitions

This section gives basic definitions of the physical terms used throughout this
thesis. The terms which will be discussed are hexagonal semiconductors structure,

ionicity factor, bulk modulus, lattice constants and energy gap.

1.2.1 Hexagonal semiconductor structures

A semiconductor is a material that is neither metals nor insulators. Such material
has electrical conductivity between conductor such as copper and an insulator such as
glass. Consequently, the electrical properties of the semiconductors are intermediate
between metals and insulators. This is due to the special arrangement of energy level
electrons in semiconductors (Phillips, 1971). The crystal structures contain a collection
of atoms that are closely packed into the shape of a hexagon. The hexagon is then
characterized by the existence of a single six symmetry axis. The structure of hexagonal
semiconductors consists of three lattice constants and three angles between them, shown
in Figure 1.1. Parameter a, b, c refers to the sides of the hexagon, in which a = b, b # c,

a==90° y=120° (Grosso & Parravicini, 2003).



Figure 1.1. Hexagonal unit cells with lengths a, b, ¢ and angles a, S, y (Grosso
& Parravicini, 2003).

Other structures such as monoclinic, trigonal, tetragonal, orthorhombic and cubic
are different from hexagonal structures in term of relationship between the sides of the

structures and the relationship between the angles of the structures as shown in Table

1.1.

Table 1.1 Types of Structures

Type Conditions

Monoclinic atzb#coa=B=90"%y
Trigonal a=b=coa=p=y<120°#90°
Tetragonal a=b#ca=p=y=90°
Orthorhombic atb#coa=p=y=90°

Cubic a=b=ca=p=y =90°
Hexagonal a=b#coa=p=90°y=120°




There are many types of hexagonal binary semiconductor structures such as
Waurtzite, Rock-Salt, Zinc-Blende, Chalcopyrite, Fluorite, Delafossite, Perovskite, and
etc. (Grundmann, 2010). The Wurtzite mineral is a crystal structure of various binary
compounds. It is an example of the hexagonal crystal system. Rock-Salt is a chemical
compound belonging to the larger class of ionic salts; salt in its natural form is

crystalline mineral and known as Rock-Salt or Halite.

overlap

>

Fermi level

Electron energy

conductor semiconductor insulator

Figure 1.2. Energy band levels for conductor, semiconductors, and an insulator
(Grundmann, 2010).

Figure 1.2 illustrates the energy band level for insulators, semiconductors and
conductors, and reflects three levels of bands; valence band, energy gap which contains
Fermi level and conduction bands. The Fermi level is defined as total chemical
potential for electrons or is known as electrochemical potential for electrons, and can be
referred to Ep The valence band is the highest range of electron energies in which
electrons are normally present at an absolute zero temperature. The valence band is
located below the conduction band separated from it in insulators and semiconductors

by an energy gap. The energy gap is the separation of energy between highest valence


http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Absolute_zero
http://en.wikipedia.org/wiki/Electrical_insulator

band state and the lowest conduction band state. In metals, the conduction band has no
energy gap to separate it from the valence band. The conduction band quantifies the
range of energy required to free an electron from its bond to an atom. In general, various
materials can be classified by their energy gap which can be defined as the difference

between the valence and conduction bands.

Unlike insulators, which work qualitatively through classical ionic models, the
semiconductors display predominantly covalent structures that have challenged the
understanding both chemists and physicists. A covalent bond is a chemical bond that
involves sharing of electron pairs between atoms. In conductors, the valence and
conduction bands may overlap, so they may not have an energy gap. However,
semiconductors’ substance can act as an electrical conductor or insulator depending on
chemical alterations or external conditions. In addition, the conductivity of a

semiconductor increases as temperature increases (Adachi, 2009).

It is important to note that all solids have a characteristic of their energy band
structure. Variation in band structure is responsible for the wide range of electrical
characteristics observed in various materials (John et al., 2010). The invention of the
transistor in 1948 had stimulated great interest in the energy bands of semiconductors

and by the middle fifties, this topic had become quite fashionable (Phillips, 1971).

Semiconductors and insulators have electrons that refer to the number of energy
gap denoted by E,. The maximum of the valence band for most semiconductors is at I
point where I" is a center of the Brillouin zone (BZ) with (0,0,0) coordination (Wang &

Ye, 2002). However, the electron can jump and transit from a valence band to a


http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Valence_band

conduction band relying on a specific minimum amount of energy. Electrons can get
enough energy to jump to the conduction band by absorbing either a temperature or a

light rays. The energy gap typically decreases with increasing temperature.

1.2.2 Ionicity factor
The ionicity factor of a bond can be defined as the fraction of ionic denoted by

J¢ or heteropolar character. Heteropolar is an energy gap for two or more elements.

For instance Zinc-Blende, Wurtzite, and Rock-Salt in the bond are compared with the

fraction of covalent f¢ or homopolar character. Homopolar is an energy gap for

Diamond structures such as Si and Ge. By definition, these fractions satisfy the relation
(Adachi, 2009).

JE+h5=1 (1.1)
where « is referring to electronic polarizability. The ionic materials are bound solely by
the balance of electrostatic forces and can be described as an array of spherical ions in a
simple structure such as Rock-Salt (Rez & Muller, 2008). However, the heteropolar or
ionic bond is the consequence of the electrostatic attraction between the ions
(Grundmann, 2010). The focus in this thesis is on heteropolar character of Wurtzite and
Rock-Salt hexagonal binary structures.

Crystals, such as sodium chloride (NaCI) which is combination of Na* and CI",
have ionicity factor constituting from positively and negatively charged ions. In NaCl
ionic bonding, electrons are moving from low electronegative atom, which becomes a
positive ion to high electronegative atom, which is then transformed into a negative ion

(refer to Figure 1.3 and Figure 1.4).



Figure 1.3. Hexagonal structure of NaCl (Reichardt & Welton, 2011).
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Figure 1.4. Electrons distribution of NaCl (Reichardt & Welton, 2011).

In general, ionicity factor is useful for describing the qualitative chemical
behavior of elements, but very difficult to define the quantitative elements (Phillips,
1970). It measures the ability of an atom or molecule to attract electrons in the context
of a chemical bond. In NaCl, the ionization energy denoted by E; is an energy required

to move an electron from a neutral isolated atom to an ion with a positive charge; Na +



E; —»Na' + e, where Na has 5.14 eV (electron volt). On the other hand, E, is the
energy required to move an electron to an ion with a negative charge; C/ + e — Cl +

E, where Cl has 3.56 eV (Reichardt & Welton, 2011).

1.2.3 Lattice constant

Lattice constant is a parameter referring to constant distance between unit cells
in a crystal lattice. Full set of lattice parameters consists of the three lattice constants
and the three angles between them. The three dimensions lattices have three lattice
constants, which refer to a, b, and ¢ (see Figure 1.1). However, for hexagonal crystal
structures, the lattice can be defined by only two length parameters, a and ¢, as a = b.
Since in cubic structures the lattice a = b = ¢, the cubic structures have only one length
parameter, a. In addition, there is significant structural difference between bond distance
in Rock-Salt and Wurtzite structures. The Rock-Salt structure has only one type of
second-neighbor cation—anion bond distance (six bonds in cubic structure only)
(Ambacher et al., 2002; Adachi, 2009):

d(4-B)==

2 (1.2)
where d is a distance between 4 anion and B cation and a is the length of the lattice
constant. The numbers of bonds depend on the chemical reaction and the type of
neighbor cation—anion.

Furthermore, Wurtzite structure has two types of first-neighbor cation—anion
bond distances; along a-axis (one bond in cubic structure) (Ambacher, 2002; Adachi,
2009):

d(A—B)=ua, (1.3)



and in the basal plane (three bonds in hexagonal structure) (Ambacher, 2002; Adachi,

2009):

I 1 c
d(A-B)=,|~+(=—u)’(=)a,
(4-B) J3 (G-0’C%) (14
Here, u represents cell internal structural parameter. The interatomic distance for the
basic unit is described by internal parameter u. The ideal Wurtzite parameters are given

by ¢/a = (8/3)"*~1.633 and u = 3/8.

Note that lattice constants can be affected by temperature and pressure. The
temperature dependence on lattice constants is explained by thermal expansion

coefficient (Adachi, 2009).

1.2.4 Bulk modulus

Bulk modulus, refers to B, is the hardness parameter linked with structural
parameter that has a cell volume. Hardness parameter shows a systematic reduction with
the increase in cell volume. It is essential to mention that the bulk modulus and cohesive
energy are important ground state properties of a material. Both experimental and
theoretical results suggested that the bulk modulus reflects the hardness of the materials
(Singh et al., 2009).

Recently, bulk modulus of semiconductors has become physical interest and
practical importance interpretation of high-pressure experimental data (Milman et al.,
2000). Bulk modulus defines its resistance to volume change when material is
compressed. Thus, bulk modulus of semiconductors measures the resistance of the
semiconductors to uniform pressure. In this case, the bulk modulus is being defined as
the ratio of pressure increase to the resulting relative decrease of the volume. Generally,

the bulk modulus always greater than zero and can be defined by Cohen (1985):
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—VdpP
o= Ty (1.5)

The negative sign on the right part of the Equation (1.5) is referring to an attractive force
between electron and nucleus, P and V are the pressure and volume and dP/dV is the
derivative of pressure with respect to volume. The bulk modulus at zero temperature is
given by

_ pdr
dp

B

o >

(1.6)
where p refers to density in kg/m’ and dP/dp is derivative of pressure with respect to
density. For solids such as alkali-halide crystals, the reasonable estimates of the bulk

modulus can be written as

_ 2
0

where E is energy. The experimental measurements of bulk modulus are utilized to fix
the parameters of specific models (Cohen, 1985).
Figure 1.5 shows uniform compression for a material, where volume decreases with the

increase in pressure.
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Figure 1.5. Illustration of uniform compression (Blakemore, 1985).

1.2.5 Energy gap

Energy gap or band gap denoted by E, is an energy range of solid material where
no electron states can exist. Generally in a solid state physics, the energy gap of
electronic band structure denotes the energy difference between bonding and anti-
bonding levels. The energy difference is denoted by AE,, between E,, the top of the
valence band, and E,., the bottom of the conduction band. E., determines the electrical
properties of the semiconductor, and energy gap that most influences structural

properties, energy gap can be written as

E =E -E, (1.8)

where E_, E, are average of the conduction and valence band energies respectively.

Figure 1.6 displays the ranges of energy for electrons in a crystal, where E,>E,
E. <Ec and AE,, < E,. The term p(E) is a nonzero density of electronic band states, and
N(E) is the number of electronic states per unit volume. It also shows the valence and

12



conduction bands and the energy gap between them (AE,,) as well as the average gap

(Philips, 1973).

P(E) =dN/dE
-——

EMPTY
CONDUCTION

OCCUPIED
VALENCE

ALLOWED E FORBIDDEN E ALLOWED E

Figure 1.6. Allowed and forbidden ranges of energy for electrons in a crystal (Philips,
1973).

The conductivity of semiconductors is strongly dependent on the energy gap.
The only available carriers for conduction are through electrons which have enough
thermal energy to excite across the energy gap. Thus, the energy gap is considered a
major factor in determining the electrical conductivity of semiconductors. It is also
important to note that the energy gap of semiconductors tends to decrease as the

temperature is increased.

1.3 Problem Statements

Since there have been few studies done particularly in investigating and solving
the physical problems of ionicity factor and bulk modulus based on energy gap and
lattice constants, the rationale of this research is to solve these physical problems by

considering electronic and structural properties of the hexagonal binary structures of
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semiconductors. Although there are different types of semiconductors like ternary and

quaternary structures suitable for different applications, the current study focuses on

binary structures as they are considered the basis for different materials and widely used

by physicists. The study depends on the mathematical modeling to express ionicity

factor and bulk modulus.

1.4 Objectives

The main objectives of this study are:

R/
L X4

To find a proper mathematical model that helps in determining the ionicity
factor and bulk modulus for hexagonal binary semiconductors, focusing on
Waurtzite and Rock-Salt structures

To choose mathematical equations which lead to construction of new
mathematical models.

To determine energy gap and lattice constants through WIEN2K package to be
used as input data that helps in the process of constructing the proposed models.
To determine the ionicity factor and bulk modulus in terms of energy gap and
lattice constants for Wurtzite and Rock-Salt structures conducted through the
proposed model.

To compare the results obtained from the proposed model of ionicity factor and
bulk modulus with previous literatures.

To verify the constructed mathematical model by addressing the errors and to

minimize such errors.

14



1.5 Research Methodology

In the light of research methodology, it is important to distinguish two methods used

in the construction of the proposed mathematical models. The first method includes

certain guidelines and typical steps as following:

1-

Problem formulation: Formulating the problem by explaining the main
objectives of the proposed mathematical model and by choosing the variables
and parameters that constitute the mathematical equation of the proposed model
(Bender, 1978). This step also involves the determination of energy gap and
lattice constants using WIEN2k package before constructing the mathematical
models of ionicity factor and bulk modulus.

Mathematical model building: This step involves connecting the relationships
among the variables and interpreting them mathematically to obtain a model for
the phenomenon. Thus, the mathematical models are constructed by finding the
equation to solve the physical problems represented through determining the
ionicity factor and bulk modulus, in terms of the energy gap and lattice
constants. This step also includes mathematical interpretation, i.e., applying
appropriate mathematical analysis to the proposed model and at the same time
differentiating the chosen equation.

Mathematical model verification: This step is regarded as an important part of
the process of constructing the mathematical model as the verification tests are
designed to address the errors discovered while applying the proposed model.
This way helps minimize such errors and enhance the model. In addition, the

verification test involves a comparison between the result obtained by the
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proposed model and the experimental and theoretical values of other researchers.
The verification of the proposed model against experimental data obtained
should be done under different conditions such as temperature and pressure.
When testing the validation of the constructed models, it is ensured that they can
solve real physical problem, and the results obtained by the models were in
reasonable agreement with the experimental and theoretical data.

4- Mathematical model evaluation: This step is concerned with evaluating the
constructed model in the study. When evaluating the constructed models, it is

found out that these models have minimum errors.

The last two steps are called experimental process that necessitates the acquisition
of experimental data and exposing the proposed models to certain conditions like
pressure and temperature. The experimental data allows establishing the accuracy and
adequacy of the proposed model through the comparison between the experimental data
and the results obtained from the constructed mathematical models. Once the model is

built, it should work according to its rules of operation.

The second method includes main techniques that are used in conducting the
determinations of the energy gap, and lattice constants as an input data for the modeling
of ionicity factor and bulk modulus; The techniques are Density Functional Theory
(DFT) (will be explained in Section 1.5.1), Full Potential of Linearized Augmented
Plane Wave (FP-LAPW) with the WIEN2k package (will be explained in Section 1.5.2
and 1.5.3, respectively). The research methodology of this thesis is given in Flowchart

1.1.
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1.5.1 Density functional theory

Density Functional Theory (DFT) was introduced by Kohn and Sham (1965) and
becomes the most successful method to compute the electronic structure of a material.
DFT has become the undisputed number-one ab initio (ab initio is different methods
grouped into first-principle approaches that have been developed to compute the
electronic structure of solids) theory for the computation of the electronic structures that
are widely used in solid state physics and quantum chemistry as well as in bio-
chemistry. The focus of the majority of solid state DFT calculations is often
semiconductors, simple metals and transition metals, applying the Local Density
Approximation (LDA) or Generalized-Gradient Approximation (GGA). For these
materials, properties that are well described and determined by DFT include energy gap

and lattice constants (Niesert, 2011).

By using DFT, many computed properties are in very good agreement with
corresponding experiments, unveiling predictive power for properties that still have to
be measured or even materials that have yet to be synthesized (Niesert, 2011). DFT is
derived from the electron density and many-electron system properties which can be
determined by using functional. Functional is a function of another function, which
refers to the spatially dependent electron density. Many-electron wave function is
denoted by ¥ (r;0;,...,ryoy) where r is radius of the atom, N is the number of electrons
containing information needed and ¢ is conductivity. It is also a function of many

variables, which is difficult to determine, store or apply (Bodnar, 2004).

In general, behaviors of electrons comprising of bond strength of the system will

determine the properties of a material. In DFT, the ground state of an interaction of
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electron gas is mapped onto the ground state of a non-interacting electron gas, which
experiences an effective potential. This mapping is principle in research done by Ao and

Jiang (2009) given exact ground-state properties (Ao & Jiang, 2009).

1.5.2 Full Potential of Linearized Augmented Plane Wave

Full Potential of Linearized Augmented Plane Wave (FP-LAPW) is a method
build using WIEN2k programing code (Blaha er al., 2013). Linearized Augmented
Plane Wave (LAPW) has proven to be an effective basis for the solution of the Kohn-
Sham equations, which is the main calculation task for approximation of local spin
density for DFT (Blaha et al., 1990). A self-consistent scheme is solved via DFT using
the Kohn-Sham equation (Kohn & Sham, 1965; Hohenberg, 1964). The determinations
are based on the total-energy determinations using the FP-LAPW method. The exchange
and correlation potential is treated by the Generalized Gradient Approximation (GGA)
for total-energy calculations. Furthermore, the exchange correlation potential uses Engel
Vosko-Generalized Gradient Approximation (EV-GGA) (Engel & Vosko, 1993) as

valence electrons of total energy for electronic properties.

1.5.3 WIEN2k package

WIEN2k is a programing code designed to utilize systematic file for controlling
the program flow and passage of results. WIEN is introduced in 1990 (Blaha et al.,
1990), and is written in FORTRAN 90 which requires a UNIX (LINUX) operating
system. It has been implemented successfully on the following computer systems:
Pentium systems running under Linux, IBM RS6000, HP, SGI, Compac DEC Alpha,

and SUN. It is expected to run on any modern UNIX system (Blaha et al., 2013).
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The input data needed for WIEN2k package are lattice constants (¢ = b and b #
¢), angles (a, f, ), space group, and atomic positions (x, y, z). In hexagonal structures,
the space group is 216 which includes 24 symmetry operations and excludes inversion
symmetry. The Muffin-Tin (MT) radii were assumed to be 2.0 atomic units (a.u.) for
each element. The dependence of the total energy on the number of & points in the
irreducible wedge of the first (BZ) (Phillips, 1973) has been explored within the
linearized tetrahedron scheme (Blaha et al., 2013) by performing the determination for
10 k& points. A satisfactory degree of convergence was achieved by considering a
number of FP-LAPW basis functions up to Ryt Kuax = 8 (Ryr is the average radius of
the MT spheres and K.« is the maximum value of the wave vector). The values of Ryt
and K.x for a whole range of lattice spacing are retained. Flowchart 1.1 explains the

research methodology used in this work.
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1.6 Thesis Organization

This thesis is organized as follows:

Chapter 1 describes the background of hexagonal binary semiconductor
structures and entails the problem statement, objectives, research methodology. The
basic definitions of concepts and terms that will be called upon in the next chapters are
introduced in this chapter.

Chapter 2 presents a literature review on ionicity factor and bulk modulus. It also
introduces review of the most important studies of the WIEN2k package that is used to
determine the input data utilized in constructing the proposed models in this study.

Chapter 3 discusses the typical steps that are used in the modeling of the
mathematical model whose target is to determine the ionicity factor for hexagonal
binary semiconductor structures. This chapter focuses on the determination of the
energy gap by using WIEN2k code (Blaha et al., 2013). The correlation between the
ionicity factor and the electronic properties, energy gap of hexagonal binary
semiconductor structures, is discussed. One of the main steps that are used in building
the mathematical model is the verification process.

Chapter 4 investigates the process of the mathematical modeling that is followed
in the construction of the proposed mathematical model, which will be constructed to
determine the ionicity factor for the hexagonal binary semiconductor structures. This
chapter investigates the determination lattice constants by using WIEN2k code (Blaha
et al., 2013). In this chapter, the correlation between the ionicity factor and the

structural properties, lattice constants of hexagonal binary semiconductor structures, is
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also presented. To ensure the accuracy and correctness of the ionicity factor model, it
is verified under different conditions like pressure.

Chapter 5 addresses the typical steps and the guidelines that are used in the
modeling of the mathematical model which aims to determine the bulk modulus for
hexagonal binary semiconductor structures based on lattice constants. The lattice
constant is determined by using WIEN2k code (Blaha et al., 2013) to be prepared as an
input data in constructing the proposed mathematical model. This chapter also
describes the verification of the proposed model under certain condition such as
pressure. The results of the verification are presented in this chapter.

Chapter 6 provides the process of the modeling of the mathematical model and
choosing the differential equation, which leads to the construction of the model. The
proposed mathematical model is built to determine the bulk modulus for hexagonal
binary semiconductor structures based on energy gap. To prepare the input data that is
used in constructing the model, the energy gap, is determined by using WIEN2k code
(Blaha et al., 2013). This chapter describes the verification of the proposed model
under certain condition such as pressure. The result of the verification shows that there
is an agreement between the resulted values obtained from the proposed mathematical
model and experimental and theoretical data.

Chapter 7 summarizes the findings of the study and suggested areas for future

research.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter gives a literature review related to ionicity factor and bulk
modulus. Survey of significant studies conducted on ionicity factor is presented in
Section 2.2. The important studies on bulk modulus are briefly discussed in Section
2.3. Section 2.4 introduces a review of the important studies using the WIEN2k
package, which is used in this study to find the input data. Finally, a short summary is

introduced in Section 2.5.
2.2 Ionicity factor

Pauling (1960), Coulson et al. (1962), Phillips (1970, 1973), Christensen et al.
(1987) and Garcia and Cohen (1993) have not determined ionicity factor of Rock-Salt
and Wurtzite but they only focused on one physical property, i.e. the ionicity factor, of
Waurtzite and Zinc-Blende.

The famous empirical ionicity factors are made by Pauling and Philips (Pauling,
1960). Pauling (1932) developed electronegativity X scale of the elements according to

the relation given by
E(4B)= %[E(AA) + E(BB)+C(X,-X,)], (2.1)

where E is referring to energy of 44, BB, and AB bonds; X4, Xp are electronegativity of

A and B atoms, respectively, and C is a constant for dimension of energy. Pauling

(1932) had maintained that f,(4AB) must be an even function of X,—Xj since it
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measures the ionicity character and the value should be between zero and one. The
conditions

f,(AB)=f,(BA), and 0< f,(AB) <1, (2.2)
are satisfied by all ionicity factor definitions, including Pauling’s definition.

Pauling (1932) had developed ionicity factor of 4B is given by

1 2
£ (AB):I—exp[—Z(XA — X)) (2.3)

Later, Phillips (1970) had then stated that Pauling’s definition in Equation (2.3) tends to
make rough estimates of fraction for ionicity function, f{(4B8) on an AB bond. Based on
Pauling’s definition in Equation (2.3), f(4B) is a function of X, and X3, and independent
with quantities of bond length. Pauling (1939) had developed the Equation (2.3) to

include the ionicity factor of crystal as follows:
1
fi=1—(N/M)eXp[—Z(XA—XB)z]' (2.4)

In Equation (2.4), N is the number of the valence electrons, and M denotes the
coordination of an AVB*" crystal (N =1, 2, 3, 4 and M = 4 or 6). The N/M factor reflects
the increased ionic character of resonant bonds and takes into account the sharing of the
N valence electrons by the M bonds (Pauling, 1960; Phillips, 1970).

Pauling (1960) had introduced an ionicity factor based on the electron negativity
difference. According to ionicity factor definition by Pauling’s (1960), there is a rough
correlation between ionicity factor and dipole moments of diatomic molecules.
The bond dipole moment uses the idea of electric dipole moment to measure the

polarity of a chemical bond within a molecule. It occurs whenever there is a separation
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