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Abstract

In this thesis, the main objective is to investigate new nitrides materials, at first a theoretical part based on the full-potential
linearized augmented plane wave method (FP-LAPW) based density functional theory (DFT) which was implemented in
WIEN2K code employed throughout the work  to investigate the structural, electronic and optical properties of the compound
GaN, AIN, InN, ternary Al,_,,Ga, N, and quaternary Al,Ga,, In,_,_, N zinc-blende alloys matched on AIN substrate using 64-
atom supercell. As well as the study of the structural and optoelectronic properties of the Wurtzite In,Ga,_,N matched on
GaN substrate using 16-atom supercell.

The generalized gradient approximation of Wu and Cohen (WC-GGA), the standard local density approach (LDA) and the
modified Becke-Johnson exchange potential [F. Tran and P. Blaha] (TB-mBJ) were applied to improve the band structure and
optical properties for the compounds. Whenever conceivable, we compare the obtained results by experiments and
computations performed with diverse computational schemes.

The second part is the experiment which is the application of the wurtzite structure I11/V nitride ternary alloys In,Ga;_,N,

by a solar cell grown by metal-organic chemical vapor deposition (MOCVD) equipment SR2000KS with a horizontal reactor

manufactured by Taiyo Nippon Sanso. The InGaN/ GaN solar cells structures were growth on 2-inch Si substrate with (111)-

crystal orientation.

Cross-section scanning using field effect scanning electron microscopy (FESEM) technique was conducted to further confirm
the homogeneity of grown the AIN nucleation layer, multi-layer (ML) and multi quantum well (MQW) on Si (111) substrate.

Key words: TB-mBJ, Al,GayIn,_x_,N, In,Ga,_ N, MOCVD, solar cell, FP-LAPW.
Résumé

Dans cette these, I'objectif principal est d'étudier de nouveaux matériaux de nitrures, d'abord une partie théorique basée sur la
méthode des ondes planes augmentées linéarisées (FP-LAPW) dans le cadre de la théorie de la densité fonctionnelle (DFT), a
été implémentée dans le code WIEN2K dans tous les travaux accomplis de cette thése afin d’examiner les différentes propriétés
structurelles, électroniques et optiques des composants pour une structure zinc-blende des binaires (GaN, AIN, InN), ternaires
(Al;_yGayN) et quaternaires Al Ga,In,__,N croitre sur un substrat ALN, ainsi qu’une étude des propriétés structurales et
optoélectroniques de I’alliage ternaire In,Ga,_,N, pour une structure wurtzite de 16 atomes croitre sur un substrat GaN .
L'approximation du gradient généralisée développée par WU et Cohen (WC-GGA), I’approximation de la densité locale (LDA)
et le potentiel d'échange de Becke-Johnson modifié [F. Tran et P. Blaha] (TB-mBJ), ont été appliqués pour améliorer la structure
de bande et les propriétés optiques pour les composés, en comparant les résultats obtenus par d’autres expérimentaux et des
calculs effectués avec divers méthodes de calculs.

La deuxiéme partie est I’expérimentale qui est 1’application des nitrures III/V en structure wurtzite de 1’alliage ternaire
In,Ga,_,N par une cellule solaire épitaxié par I'équipement de I'épitaxie en phase vapeur aux organométalliques (MOCVD)
SR2000KS réacteur fabriqué par Taiyo Nippon Sanso. La croissance de la cellule solaire InGaN/ GaN sur un substrat en
Silicium (Si) de 2-pouces pour une orientation cristalline (111).

Analyse de section transversale en utilisant la technique de Microscopie électronique a balayage a émission de champ (FESEM)
a été menée pour confirmer de plus I'homogénéité des couches épitaxies, la couche de nucléation AIN, multicouches (ML)
et les puits multi-quantiques (MQW) sur le substrat Si (111).

Mots clés : TB-mBJ, Al,Ga,In,_,_,N, In,Ga;_,N, MOCVD, cellule solaire, FP-LAPW.
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Nomenclature
uv Ultra violet
GaN Gallium nitride
InN Indium nitride
AIN Aluminum nitride
Si Silicon
LED light emitting diode
LD laser diode
GaAs Gallium Arsenide
InP Indium Phosphide
NIR Near-infra-red
IR Infra-red
nm Nanometer
DVD Digital versatile disc
eV Electronvolt
DUV Deep ultra violet
InGaN Indium Gallium nitride
AlGaInN Aluminum Gallium Indium nitride
BD Blue-ray Disc
PV Photovoltaic devices
In Indium
m; Electron effective mass
Ue High electron mobility
Aly_yGa,N Aluminum Gallium nitride
DFT Density functional theory
WIENZ2K code Computer program written in Fortran
AlInN Aluminum Indium nitride
MQW Multiple quantum well
DOS Density of states
FP-LAPW Full-potential linearized augmented plane wave method
MOCVD Metal-organic chemical vapour deposition
InAIN Indium Aluminum Nitride
BN Boron Nitride
BP Boron Phosphide
BAs Boron Arsenide
AlP Aluminum Phosphide
AlAs Aluminum Arsenide
AlSh Aluminum Antimony


https://en.wikipedia.org/wiki/Computer_program
https://en.wikipedia.org/wiki/Fortran

Nomenclature

GaSbh
InAs
InSb
Si02
MgO
ZB
Wz
fcc
hcp
Ec

Ev
DBR
GGA
LDA
DOS
PDOS
LAPW
TB-mBJ
MT
RMT
Kmax

BZ
e(w)
&1 (w)
&(w)
a(w)
R(w)
n(w)
k(w)

Gallium Antimony

Indium Arsenide

Arsenide antimony

Silicon dioxide

Magnesium Oxide

Zinc blende structure

Wourtzite structure

Face-centered cubic

Hexagonal close-packed

Conduction band

Valence band

Distributed Bragg reflector
Generalized Gradient Approximation
Local-Density Approximation
Density of States

Partial Density of States

Linearized Augmented Plane Wave
The modified Becke-Johnson exchange potential
Muffin-Tin

The Radius of Muffin-Tin

largest K vector in the plane wave expansion
The energy band gap

Brillouin zone

The dielectric function

The real dielectric function

The imaginary dielectric function
The absorption coefficient

The reflectivity coefficient

The refractive index coefficient

The extinction coefficient
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INTRODUCTION

We are facing tremendous progress in materials development and design of advanced
materials, driven by technical needs in all fields of modern production. A real revolution in
materials science, however, could be observed during very recent years, a great leap from
understanding bulk materials to the study, development, and application of nanostructured

materials.

Materials today, aside from metals and alloys, include such different substances as
ceramics, liquid crystals, polymers, foams, nano-tubes, nano-composites . . . and it is justified
to ask: ‘“What is the importance of alloys in the field of modern materials today? What role do

alloys play in the fascinating advance toward nanostructurization?’’ [1].

Condensed matter physics and materials science are essentially related to the understanding
and exploiting the properties of systems of interacting electrons and atomic nuclei. In principle,
all the properties of materials can be addressed given suitable computational tools for solving
this quantum mechanics issue. In fact, through the knowledge of the electronic properties it is
possible to get information on structural, mechanical, electrical, vibrational, thermal and optical
properties. However, the electrons and nuclei that compose materials constitute a strongly
interacting many body systems and unfortunately this makes the direct solution of the

Schrédinger's equation [2] an impractical proposition.

Semiconductor materials constitute today basic building blocks of emitters and receivers in
cellular, satellite. Among them, the IlI- nitrides which are nowadays widely used by the
industry. With respect to ‘classical’ 1lI-V semiconductors, the group IllI- nitrides
semiconductors have attracted much attention in recent years to their great potential for

technological applications [3].

Nitrides are currently the most promising materials for blue, green, and UV optoelectronics.
GaN as a representative of its binary cousins, InN and AIN, and their ternary along with the
quaternary, is considered one of the most important semiconductors after Si. It is no wonder
that it finds ample applications in lighting and displays of all kinds biosensors, medical imaging,
optical data storage, lasers, detectors, and high-power amplifiers. These applications stem from
the excellent optical and electrical properties of nitride semiconductors. One of the important
methods of controlling properties of these materials relies on alloying instead of employing
pure ALN, GaN, or InN [4-5].
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In contrast, Ill-nitrides (I11-Ns) have begun to gain considerable attention for use in
photovoltaic (PV) devices [6]. InN is a suited semiconductor material because its low
temperature dependence, high carrier mobility and low electron effective mass, that can be
applied in photovoltaic devices, high frequency transmitters and high frequency detectors [7].
The band gap of InN was recently discovered to be 0.7 eV as opposed to the previously believed
1.3 eV. Since the band gap of In,Ga,_,N covering almost the entire spectral range, tunable
from 0.7 eV for pure InN to 3.4 eV for pure GaN. Thus, enabling design of multi-junction

solar cell structures with near ideal band gap for maximum efficiency [8].

The wurtzite structure is suitable for growing most I11-nitride semiconductors [9]. Growth
of InGaN with sufficiently high In content (in particular to achieve green emission) has proved
problematic however: The lattice mismatch between GaN and InN is =10% [10]. InN and In-
rich InGaN alloys have not been investigated thoroughly because of difficulties associated with
the growth of these compound [11]. With increasing the thickness of InGaN layer with high

indium (In) content for absorbing light, the material quality becomes even worse [12].
PROBLEM STATEMENT

Recently, the Al Ga,In;_,_, N quaternary alloy appeared as an attractive material for

device applications [13]. The AIN and GaN lattice parameters are approaching each other, and
significantly smaller than that of InN [14]. However, there is a problem of the lattice mismatch
both between the epitaxial layers and between epitaxial layers and substrate, the challenge of
the lattice mismatch can be solved by introduced a small amount of InN [15-16]. As a narrow
gap semiconductor InN is expected to have a low electron effective mass m; and thus a high
mobility u,. This is very promising for the design of fast electronic and optoelectronic devices
in the future [15].

Only recent sophisticated ab-initio band structure simulations have been able to provide a
complete picture in agreement with the available experimental values for the energy gap and
band parameters. The study is to investigate the structural, electronic and optical properties of
the binary (ALN,GaN and InN), the ternary Al;_, Ga,, N ,the quaternary Al, Ga,In,_,_, N zinc-
blende alloy and Wurtzite In,Ga,_,N using first-principles calculations. The plane-wave
pseudopotential-based density functional theory (DFT) was implemented in the WIEN2K code
[17] employed throughout the work.
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Indium gallium nitride (InGaN) based alloys are widely used in the field of optoelectronics,
such as light-emitting diodes (LEDs) and laser diodes (LDs). Recently, InGaN-based alloys
have also interested much research attention in solar cell application [12]. In addition, the
smaller direct bandgap of InN promotes the applications in solar energy conversion and

optoelectronic [15].

Some results of the band structure of the IlI-nitrides AIN, GaN and InN of the two phases
was calculated and reported by Rashid Ahmed et al [18] using GGA and obtained good results,
for the ternary AlGaN, InGaN and AlInN some studies in wurtzite phase by Bo-Ting Liou
et al [19] and the AlGaN in the cubic phase by Z Dridi et al [20].

In addition, the Al,Ga,In,_,_,N quaternary studies in the wurtzite phase by M.

Lopuszynski et al [21].

To date, the InGaN /GaN multiple quantum well (MQW) solar cells with vertical structure
using aluminum (Al) reflectors by Zhi-Wei Zheng et al [12], InGaN heterojunction solar cells
using a semi-bulk absorber (multi-layered InGaN /GaN structure) by M. Arif et al [22].
Textured surface has been performed on InGaN-based solar cells by J. Bai et al [23].

In,Ga,_,N/GaN double heterojunction solar cells by Carl J. Neufeld et al [8].
RESEARCH OBJECTIVES AND ORGANIZATION OF DISSERTATION

Accurate knowledge of the bandgap and optical properties of the 111-V compounds is very
important for the design and analysis of various optoelectronic and photonic devices. It is
important to understand fundamental optical properties over a wide range of wavelengths. In
reality, optical properties reflect density of states DOS of a compound and their analysis is one

of the most effective tools to understand the electronic structure of a material [4].

The main objective of this theoretical study based on the full-potential linearized augmented
plane wave method (FP-LAPW) based density functional theory (DFT) which was
implemented in WIEN2K code [16-24] employed throughout the work, is to investigate the
structural, electronic and optical properties of the compound GaN, AIN, InN, ternary
Aly,_,Gay,N, and quaternary Al,Ga,In,_,_,N zinc-blende alloys matched on ALN substrate
and FP-LAPW calculations is applied and study of the structural and optoelectronic properties

of the Wurtzite In,.Ga,_, N matched on GaN substrate using 16-atom supercell.
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The experiment part, is the application of the wurtzite structure 111/V nitride ternary alloys
In,Ga,_,N, solar cells grown by metal-organic chemical vapor deposition (MOCVD)

equipment. The InGaN/ GaN solar cells structures were on (111) silicon substrate.
The dissertation composed of five chapters and each of them is summarized as follows.

Chapter 1 gives brief introduction about the group Il1-nitrides semiconductors continuing
great interest due to their vast technical application, which demands for a more cost efficient

electronic and optoelectronic devices.

Chapter 2 is devoted to deal with the current advances in the theoretical modeling of DFT.
The basic principles of this method are more detailed. The exchange correlation part of this
functional is discussed, including both the local density approximation and generalized gradient

approximation.

Chapter 3 describes the structural, electrical, and optical properties of GaN and its binary

cousins as well as their related quaternary alloys in zinc-blende structure.

Chapter 4 illustrate the structural and optoelectronic properties of In, Ga,_, N ternary alloys

in wurtzite structure.

Chapter 5 will describe the details and the process parameters of the experimental work
which involved the process of cleaning the substrates, epitaxial growth and the characterizations

method used to obtain the result for this thesis.

Finally, a general conclusion of this research is presented.
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1.1 INTRODUCTION

Research advances in Ill-nitride semiconductor materials and their alloys have recently
emerged as a strategic materials system to an exponential increase inactivity directed towards
electronic and optoelectronic applications. There is also great scientific interest in this class of
materials because they appear to form the first semiconductor system in which extended defects

do not severely affect the optical properties of devices [1-2].

We attempt in this chapter to draw the motivation and aims of our study. This chapter
begins with the Definition of Group Il1I-Nitride semiconductors. In the next section, we will
present the Alloys definition and classification. The last section is devoted to the presentation
of the different technological applications of I11-Nitrides for optoelectronics.

1.2 DEFINITION OF GROUP Il1-NITRIDE SEMICONDUCTORS

The conjecture that the I11-VV compounds should be semiconductors is amply confirmed.
Following the group 11l and Group V columns of the periodic table from the top down, one
obtains the following compounds semiconductors: BN, BP, BAs, ALN, AlP, AlAs, AlSb, GaN,
GaP, GaAs, GaSh, InN, InP, InAs and InSb. Except for the nitrides all these compounds
crystallize into the zinc-blende structure. The nitrides are stable in the wurtzite structure; BN
and GaN also have metastable zinc-blende phases. Just, as in the case of the elemental
semiconductors of group 1V, the mixed crystals made of binary I11-V compounds also have
semiconducting properties. Examples are (Ga,Al)As, Ga(As,P), (In,Ga)As and
(In, Ga)(4s, P). The principal applications of the I11-V semiconductors and their alloys lie in
the field of optoelectronics. (Ga, Al)As and Ga( As, P) are used, for example, in light emitting
diodes (LEDs) and laser diodes for the near infrared to green spectral region. GaN, is a
promising material for blue LEDs and laser diodes. The quaternary alloy system (Ga, In),
(4s, P) is used in making lasers and photodiodes for optical fiber communications at 1.55pum
wavelengths, which provides maximum transmission for Si02-based fibers. GaAs and, also
(Ga, Al)As are employed for transistors with extremely short time delay. BN and GaN can be

used for electronic devices to be operated at high temperatures [3].
1.3 CRYSTAL STRUCTURE OF NITRIDES

Gallium nitride and its related compounds can crystallize both in the zinc-blende as well
as in the wurtzite structure and rocksalt structures. At ambient conditions, the

thermodynamically stable structure is wurtzite for bulk AIN, GaN, and InN [4-5]. The zinc-
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blende (ZB) structure for GaN and InN has been stabilized by epitaxial growth of thin films on
{0113} crystal planes of cubic substrates such as Si, Mg0, and GaAs. In these cases, the intrinsic
tendency to form the wurtzite (Wz) structure is overcome by topological compatibility [4-6].
The electronic properties of wurtzite and zinc-blende modifications of GaN, InN, and ALN are
related, but show significant differences, which add an additional dimension to this field of
research. Crystallographically, the zinc-blende structure and wurtzite structure are very closely
related [5].

The rocksalt, or NaCl, structure can be induced in AIN, GaN, and InN at very high

pressures.
1.3.1 THE ZINC-BLENDE STRUCTURE

The zinc-blende structure has a cubic unit cell, containing four group Il elements and four
nitrogen elements. The space group for the zinc-blende (ZB) structure is F43 mc (T?) The
position of the atoms within the unit cell is identical to the diamond crystal structure, has the
same sublattices, except that the anions (the non-metal elements) occupy one sublattice, while
the cations (the metal atoms) sit on the other. Both structures consist of two interpenetrating
face-centered cubic sublattices, have an fcc lattice with two atoms per unit cell. Figure.1.1(a)

shows the arrangement of the atoms inside a cube of the zinc-blende structure.

Figure.1.1 Atomic positions in zinc- blende(a) and wurtzite crystal(b) [7]

Each atom in the structure may be viewed as positioned at the center of a tetrahedron, with

its four nearest neighbors defining the four corners of the tetrahedron [7-8].
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1.3.2 THE WURTZITE STRUCTURE

The wurtzite polytype has a hexagonal unit cell Figure.1.1.(b) and thus two lattice
constants, ¢ and a. It should be noted that while the ideal hcp has a hexagon eight c to edge
length a (c/a) ratio of (8/3)/2 = 1.633, most wurtzite semiconductors have slightly different
c/a ratios. Unlike the zinc-blende structure, which only requires a single parameter (the lattice
constant a) to specify the crystal, the wurtzite structure requires three: the lattice constant a, the
c/a ratio, and the ratio y of the bond length along the ¢ direction to the other three (equal) bond

lengths. The space group for the wurtzite structure is P6;mc(CZ,) [7-8].

Woaurtzite is similar to the zinc-blende structure; both are fourfold coordinated, except that
the former has a hexagonal close-packed (hcp) Bravais lattice rather than an fcc. The difference
between wurtzite and zinc-blende can be described most easily by examining the stacking
sequence of planes of close-packed spheres of the same radius along the (111) direction. The
fcc lattice repeats a characteristic tacking sequence every three layers, while the hcp repeats the
stacking sequence every two layers. After the one sublattice is specified, say the anion,
sublattice, between every two anion planes a plane of cations can be inserted such that each
cation is surrounded by four anions in a tetrahedral arrangement, and vice versa. Thus, as far as
the local tetrahedral bonding is concerned, there is no difference between zinc-blende and
wurtzite structures. The difference comes when the second and farther neighboring atoms are
considered. The other difference is that there are four atoms per unit cell in a wurtzite

semiconductor, because each hcp unit cell contains two non-equivalent atomic sites [7].

In both cases, each group-I11 atom is coordinated by four nitrogen atoms. Conversely, each
nitrogen atom is coordinated by four group-I11 atoms. The main difference between these two
structures lies in the stacking sequence of closest packed diatomic planes [4]. For the wurtzite
structure, the stacking sequence of (0001) planes is ABABAB in the <0001> direction. For the
zinc-blende structure, the stacking sequence of (111) planes is ABCABC in the <111>

direction.
1.4 BRILLOUIN ZONE

A convenient method of defining the various planes in a crystal is to use Miller indices,
which are determined by first finding the intercepts of the plane with the three basis axes in
terms of the lattice constants, and then taking the reciprocals of these numbers and reducing
them to the smallest three integers having the same ratio. The result is enclosed in parentheses
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(hkl) as the Miller indices for a single plane or a set of parallel planes. Figure.1.2 shows the

Miller indices of important planes in a cubic crystal [9].

(100)

Figure.1.2 Miller indices of some important planes in a cubic crystal [9-10].

Some other conventions are given as follows:

(hklD): for a plane that intercepts the x axis on the negative side of the origin. When an intercept

along any axis is negative, a bar is placed over that index.

{hkl}: The set of symmetrically (structurally) equivalent planes such as {100} for (100),
(010), (001), (100), (010), and (001) in cubic symmetry.

(hkl): for a full set of equivalent directions.

[a;a,a;5 c]: . Inthe hexagonal structure, the planes are referred to three coplanar a-axes, at 120°

to each other, and a fourth c-axis normal to them; the indices in this case are (hkil),

Where i =- (h + k) and the index [ is related to the intercept on the c-axis. Here it is

customary to use four axes

For the two semiconductor elements, germanium and silicon, the easiest breakage, or
cleavage, planes are the {111} planes. In contrast, gallium arsenide, which has a similar lattice

structure but also has a slight ionic component in the bonds, cleaves on {110} planes.

The unit cell for a reciprocal lattice can be represented by a Wigner-Seitz cell. The Wigner-
Seitz cell is constructed by drawing perpendicular bisector planes in the reciprocal lattice from
the chosen center to the nearest equivalent reciprocal lattice sites. Figure.1.3 (a) shows a typical
example for a face centered cubic structure. If one first draws lines from the center point (T') to
the eight corners of the cube, then forms the bisector planes, the result is the truncated

octahedron within the cube-a Wigner-Seitz cell. It can be shown that a face centered cubic (fcc)
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direct lattice with lattice constant a has a body-centered cubic (bcc) reciprocal lattice with
spacing 4w /a. Thus, the Wigner-Seitz cell shown in Figure.1.3 (a) is the unit cell of the
reciprocal lattice of an fcc direct lattice. The Wigner-Seitz cell for a wurtzite structure can be

similarly constructed, Figure.1.3 (b) shows the result for the wurtzite structure [3-9-10].

pkz
X A
S
Wi
LY L, \ r H

Figure.1.3 (a) Brillouin zone for diamond and zinc-blende lattices, (b) Brillouin zone for wurtzite
[10].

The most important symmetry points and symmetry lines, are also indicated: I
21 /a(0,0,0), zone center; L:2m/a(1/2,1/2,1/2), zone edge along (111) axes (A);
X:2m/a(0,0,1), zone edge along (100) axes A; K: 2 /a(3/4,3/4,0), zone edge along (110)
axes () [9].

1.5 ENERGY-BAND STRUCTURE

The information on the electronic band structure can be illustrated by employing the first
Brillouin zone, or as often referred to as Brillouin zone, which is expressed for one period of
the reciprocal lattice centered about the origin of the k-space (see Figure.1.3). In this case, the
edges of the bands are described using the boundaries of a three-dimensional figure in k-space.
In other words, this representation provides a three-dimensional description of the band theory

by using Brillouin zones [10].

The band structure of a crystalline solid, that is, the energy-momentum (E —K)
relationship, is usually obtained by solving the Schrddinger equation of an approximate one-

electron problem. The Bloch theorem, one of the most important theorems basic to band
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structure, states that if a potential energy V (r) is periodic with the periodicity of the lattice, then

the solutions ¢ (1) of the Schrodinger equation (1.1) [9]

[~ 5= V2 + V()| (1) = Eup () (11),
are of the form ¢x (1) = e/*7U, (k, 1) Bloch function. (1.2).

Energy regions or energy bands are permitted above and below this energy gap. The
upper bands are called the conduction bands, the lower bands are the valence bands. There is a
forbidden energy region, which is referred to as the energy gap, which separates the conduction
band from the valence band. More specifically, the energy gap is defined as the energy
separation between the highest valence band maximum and the lowest conduction band
minimum, which is the most important parameter in semiconductor physics, we consider the

simplified-band picture shown in Figure.1.4.

E)

/\ Allowed band

-nla 0 Tla

Figure.1.4 The reduced-zone representation [10].

In this figure the bottom of the conduction band is designated Ec, and the top of the valence
band Ev [9-10].

1.6 THE ALLOYS
1.6.1 ALLOY DEFINITION

An alloy is a ‘mixture’ or a combination, either in solution or compound of two or more
chemical elements that are chemically combined in fixed proportions, one of which at least is
ametal. The alloying element can be distributed over the crystal lattice sites of the host element
and yield a solid solution, or it can form different phases showing up as particles in a ‘‘matrix.”’

Whereas the physical properties of a solid solution are essentially determined by the chemical
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composition of the constituents (the ratio of each element is usually expressed by chemical
formula), the properties of a multiphase alloy are determined largely by the spatial distribution
of the second-phase particles. This possibility of ‘‘designing’’ physical and technical properties
of a material by a careful selection of alloying elements and alloying concentrations put alloys
in the forefront of materials from early human history up to our time at the beginning of the
third millennium [8-11].

Simply, an alloy is formed from a physical mixture of two or more substances, while a
compound is formed from a chemical reaction. An alloy crystal is sometimes called a mixed
crystal or a solid solution. For example, GaAs is a compound consisting of Ga atoms bonded

to As atoms.
1.6.2 ALLOYS CLASSIFICATION

An alloy with two components is called a binary alloy; one with three is a ternary alloy and

one with four is a quaternary alloy.
1.6.2.1 BINARY ALLOYS

Reaction of a compound A with another B leads in general to the formation of ordered
stoichiometric compounds A,,B,,,, disordered solid solutions A, B,_, of composition x, and /or
phase separation [12]. Binary compounds consisting of atoms belonging to Groups Ill and V
of the periodic table (A"! BV semiconductors) such as crystallize with the zinc-blende structure
such as BN, AIN, GaN, and InN. The elemental cell of the zinc-blende structure is shown in
Figure.1.5 [13].

Figure.1.5 AB semiconductor compounds with the zinc-blende structure.
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This crystal is composed of these two elements A and B that occupy at random the regular
lattice sites of the structure, in propositions x and (7—x) for the compositions A, B;_, is the

binary alloy [14].
1.6.2.2 TERNARY ALLOYS

Two types of atoms in ternary alloys of two binary compounds may be Group |1, Group
I11, or Group IV atoms, and the third type of atoms should be Group V or Group VI atoms
in Al BIT_cVT, A B ¢V, and AY BJV.c"! alloys, and, vice versa, in Al BYIc/!, |

A BY Y . and AVBYICY!L alloys.

There are two types of the concentrations that can be used for ternary semiconductor alloys
of binary compounds. The concentrations of the first type are the concentrations of chemical
bonds between the nearest neighbors or concentrations of compounds or the chemical
composition of an alloy. Therefore, a ternary alloy of two binary compounds is written as
A,B,_,CorAB,C;_,. Theunitcellsof A,B;_,C or AB,C;_, atomically disordered alloys with
the zinc-blende structure are shown in Figure.1.6 (a) and (b), where x is the concentration of
atoms A in the cation-mixed sublattice of A, B,_,C alloys and the concentration of B atoms in

the anion-mixed sublattice of AB, C;_, alloys, respectively.

®-40-50-C
Figure.1.6 (a) A,B;_,C and (b) AB,.C,_, Alloys with the zinc-blende structure.

The ternary is a Pseudo-binary semiconductor alloys such as AMBI! ¢V [15], obeys
quadratic dependence on the molar fraction x, lattice parameters that are close to the

composition (x) weighted average

a(x) = xayc + (1 —x)age (1.3),
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of the AC and BCcompounds (Vegard's rule) [16] and band gaps that are smaller than the

composition weighted average (positive “optical bowing”)
Eq(x) = xEg ac + (1 — x)Egpc — bx(1 — x) (1.4),

where Ej,c and Egpc are the direct-energy gap of constituent AC and BC compounds

respectively, and b is the bowing parameter [17].

2.6.2.3 QUATERNARY ALLOYS

There has been some interest for the arrangement of I11-V quaternary alloy systems that
are shaped by selecting either three group Il elements and one group V element, or one group
I11 element and three group V elements. In quaternary alloys of three binary compounds, three
types of atoms are placed in the mixed sublattice and atoms of the fourth type form another
sublattice. These alloys are written as A,B,C;_y_,D or AB,C,D;_,_,, Where x is the
concentration of atoms A or atoms B in the mixed sublattice, correspondingly, y is the
concentration of atoms B or atoms C in the same sublattice, respectively [13]. A,B,, C;_x_,D

alloy with the zinc-blende structure is shown in Figure.1.7.

®-4, @-8B O-c, O-»

Figure.1.7 A, B, C;_,_, D alloys with the zinc-blende structure.

These are here-after referred toas 3:1 or 1:3 quaternary alloys. The following convention is
adopted: the composition variables associated with the three variable elements are in the order

x, y, and z. These are compellingby: x +y +2z = 1.

A 1:3 quaternary alloy will be described as AB,C, D, , where A is agroup Il element and

B, C and D are group V elements listed according to increasing atomic number. A 3:1
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quaternary alloy will be described as A,B,C,D , where A, B and C are group Ill elements

listed in increasing atomic number and D is a group V element.

In this work, we implemented the 3:1 quaternary alloy described as A,B,C;_x_,D is

thought to be constructed from three binaries: AD, BD and CD. The corresponding linear

interpolation is given by [18]:
a(x) =xayp + (1 —x)agp + (1 —x —y)acp (1.5).

The band gap location of the ternary and quaternary alloys can be linearly interpolated form the

binary data as below [19]:
Forthe A;_BxC1_,Dy,

Egpecp = (1 —=x)(1 = y)Esc + x(1 — y)Epc + (1 — x)¥Ep (1.6),
and for the AB,C,,D;__,,

Eqpcp = XEqp + YE4c + (1 —x = Y)Epp 1.7),
where, E,5 is the energy of the top of the valence band of AB binary alloy.

1.7 APPLICATIONS OF III-NITRIDES FOR OPTOELECTRONICS

Some I11-V compounds, such as GaN and ALN, are the wide energy-gap semiconductors
that are useful materials in optoelectronic devices operating in the visible and ultraviolet
spectral regions, as well as in high—temperature and high-power devices [10].

I11-Nitride semiconductors have been widely employed for energy-efficiency technologies;
one of the main forces behind the excellent enthusiasm for IlI-Nitride materials has been their
potential for optoelectronic devices applications including light-emitting diodes (LEDs) for
solid-state lighting, photovoltaics, and thermoelectric applications. Two sorts of devices are the
concentration of the exploration work in this area: ultraviolet (UV) photo-detectors and violet-
blue-green light emitters [20-21].

1.7.1 ULTRAVIOLET PHOTODETECTORS

A photodetector is a semiconductor device that can detect optical signals [22]. The sun
produces a great quantity of UV, which a great part is absorbed by the ozone and gas layer of
the atmosphere. Alone radiation whose wavelength is large than 280 nm get on earth. Detectors

of UV radiation produced on earth [23], these ultraviolet sensitive detectors do not respond to
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the visible solar spectrum, and are known as solar-blind [24], have to detect radiations between
265nm and 280nm, zone presenting the less parasitic radiation. Recently, there has currently
been considerable interest in ultraviolet (UV) photodetectors owing to their versatile
applications, such as missile warning and tracking, engine/flame monitoring,

chemical/biological agent detection, and space-to-space communication [22].

The nitrides of elements of column 111 present a strong interest for optical detection, the
I11-Nitride based UV photodetectors remain a very promising field for research and
development for the future [21], AlInGaN has also attracted much attention as a material for

optoelectronic devices operating in UV region [25].

Compared with ternary AlGaN, the quaternary AlinGaN provides an extra degree of
freedom by allowing independent control of the band gap and lattice constant [26] can vary
between 1,9eV (650nm) and 6,2eV (200nm).

The progression to a higher wavelength flexibility, faster response, higher rejection of
visible light, lower noise interference, and better response are all indicative of not only

improved designs, but also a continued increase in the quality of material [21].
1.7.2 VISIBLE LIGHT EMITTING DIODES

LED is a semiconductor p—n junction diode, which employs radiative recombination of
injected minority carriers with the majority carriers and subsequent emission of light from the
polarized junction. This effect is also referred as an injection electroluminescence, i.e., the
conversion of electrical energy into light [10], the frequency (color) of the photon is governed
by the band gap of the semiconductor as given by the Planck relation, hv = Eg, which, in

appropriate units, can be expressed as [27]:
Ey;(eV) = 1.24/2(um) (1.8).

The IlI-nitride semiconductor has received much attention in the past, since they have
important applications in light emitting diodes (LEDSs) [28], they have been successfully used
in commercial bright blue and green light emitting diodes (LEDSs). Nitride-based blue and green
light emitting diodes (LEDs) have already been extensively used in traffic light lamps and full

color displays [25].

GaN and related materials such as AlGalnN are Il1-V nitride semiconductors with the

wurtzite crystal structure and a direct energy band gap which is suitable for light emitting
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devices. The band gap energy of AlGaInN varies between 6.2 eV and 1.95 eV depending on its
composition at room temperature. Therefore, 11I-V nitride semiconductors are particularly

useful for light emitting devices in the short wavelength regions [5].

To date, Mathew C et al [29] violet LED (405 nm), M. Binder et al [30] and Yen-Kuang
Kuo et al [31] blue LED (425/450 nm), Shuichiro Yamamoto et al [32] green (520 nm), the
InGaN quantum-well green light-emitting diodes with large-bandgap AlGalnN thin barriers,
chosen as lattice-matched AlGaInN alloys by Guangyu Liu et al [20], the yellow and even
amber LEDs using IlI-Nitride materials have been demonstrated. Even white LEDs by
P. Waltereit et al [33] have recently been demonstrated by combining a bright blue LEDs based
on Il1-nitride semiconductors have already paved the way for full-color displays and for mixing

three primary colors to obtain white light for illumination [28].
1.7.3 LASER DIODES

The first current-injection I11-V nitride based LDs were fabricated by Nakamura et al. using
an InGaN multi-quantum-well (MQW) structure as the active layer, the LDs have found
applications in optical storage, projection displays, and other areas. Future applications may
include visible light communication and laser-based white lighting. For lighting applications,
LDs have advantages over LEDs, including higher power per chip area and the absence of

efficiency droop above threshold [5-34].

As compared to the LEDSs, the semiconductor diode lasers typically provide light output

with narrower wavelength range, higher powers, and more directionality [10].

The InGaN and AlGaN ternary nitride semiconductors have been studied extensively,
because the InGaN is the main material of blue-violet light LDs such as InGaN emitting at blue
(A =450 nm) [35] and InGaN/GaN multiple quantum well (MQW) emitting at 439 nm [34].

(UV) semiconductor laser diodes are of great interest for a wide range of applications
including medical diagnostics, gas sensing, biochemical agent detection and materials
processing [36]. The AlGaN is the material of ultraviolet (UV), and the AlGaN is often taken
as barrier layer, cladding layer, and distributed Bragg reflector (DBR) in semiconductor lasers
having quantum wells [28], AlGaN Laser heterostructures emitting in the UV-C spectral range
between 272 and 279 nm [36], AlGaN MQW LD emitting in 380 nm [37].
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1.7.4 SOLAR CELLS

Solar cells at present furnish the most important long duration power supply for satellites
and space vehicules. Solar cells have also been successfully employed in small scale terrestrial
applications. The sollar cell is considered a major condidate for obtaining energy from the sun.
the sollar cell is considered a major candidate for obtaining energy, this energy supply for a
solar cell is photons coming from the sun, since it can convert sunlight directly to electricity
with high conversion efficiency, can provide nearly permanent power at low operating cost and

it virtully free of pollution [9].

The low band gap values of two phases of InN have become a test to identify the general
chemical trends of semiconductor band gaps. Small band gap value of InN is particularly useful
as it will provide an extra dimension in the application of this compound. As a small band gap

material, InN and its Ill-nitride alloys could be suitable for low future-generation solar cells.

To date, the InGaN /GaN multiple quantum well (MQW) solar cells with vertical structure
using aluminum (Al) reflectors by Zhi-Wei Zheng et al [38], InGaN heterojunction solar cells
using a semibulk absorber (multi-layered InGaN/GaN structure) by M. Arif et al [39].
Textured surface has been performed on InGaN-based solar cells by J. Bai et al [40].

In,Ga,_,N/GaN double heterojunction solar cells by Carl J. Neufeld et al [41].
1.8 CONCLUSION

In this chapter, the physical and electronic properties of the Il1-Nitrides materials, the
several obvious differences between the nitrides and the better known I11-V compound
semiconductors have been presented as well as the theory of the alloys. The exceptional
physical properties of these materials and their use in numerous optoelectronics applications
such as ultraviolet photodetectors and violet-blue-green light emitting devices have been

reviewed.
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2.1 INTRODUCTION

There are many fields within the physical sciences and engineering where the key to
scientific and technological progress is to understand and control the properties of matter at the
level of individual atoms and molecules. Density functional theory is a phenomenally
successful approach to finding solutions to the fundamental equation that describes the quantum
behavior of atoms and molecules, the Schrédinger equation in settings of practical value [1].

Density Functional Theory (DFT) is a ground-state theory in which the emphasis is on the
charge density as the relevant physical quantity. DFT has proved to be highly successful in
describing structural and electronic properties in a vast class of materials, ranging from atoms
and molecules to simple crystals to complex extended systems (including glasses and liquids).

Furthermore, DFT has become a common tool in first-principles calculations aimed at
describing — or even predicting — properties of molecular and condensed matter systems, it is
so profoundly useful due to the generality of its precepts. It is a true ab-initio method which
requires no parameters other than the crystal lattice and basis for the solid under investigation
[2-3].

In this chapter, we will discuss the theory, methods and approximations used in the
calculations, we begin a review of some quantum mechanics in order to lay the foundations for
the theoretical discussion on density functional theory (DFT) key ideas from that underlie DFT.
Density functional theory (DFT) is one of the most widely used technique obtainable on
computational condensed matter physics, which was originally invented and developed by
Kohn, Hohenberg, and Sham (Hohenberg and Kohn, 1964 [4]; Kohn and Sham, 1965 [5]),
provides a modern tool to study the ground state properties of atoms, molecules, and solids.
Our goal here is not to present a complete derivation of the techniques used in DFT. Instead,
our goal is to give a clear, brief, introductory presentation of the most basic equations important
for DFT.

2.2 DEFINITION OF DFT

Density Functional Theory, or DFT as she is more commonly known, was born during
1927, in the immediate aftermath of the Second Quantum Revolution. By the time of her death,
two-thirds of a century later, she had inspired a revolution of her own and had launched the
careers and reputations of an entire generation of professors and conference organizers [6].

Density-functional-based methods have revolutionized the way in which we calculate
electronic structure theory, it has become an important tool in the treatment of many-body
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problems in atomic, molecular, solid state, and nuclear physics [7]. The density contains enough
information about the wave function, so that it can be used as the main variable to formulate
quantum mechanics, with the obvious advantage that it is easier to deal with a global physical
observable that depends only on 3 spatial coordinates and spin [8].

Based on the famous Hohenberg and Kohn theorems [4], DFT provided a sound basis for
the development of computational strategies for obtaining information about the energetic,
structure, and properties of (atoms and) molecules at much lower costs than traditional ab initio
wave function techniques [9], It is a true ab-initio method which requires no parameters other
than the crystal lattice and basis for the solid under investigation [3].

The greatest challenge in density-functional theory has been to successfully reformulate
quantum mechanics in terms of the density, the main complication being that a practical form

of the exact energy as a functional of the density is unknown [8].

2.3 EQUATION OF SCHRODINGER

The first density-functional method dates back to the discovery of the Schrodinger equation
[10]. The ultimate goal of most quantum chemical approaches is the — approximate — solution

of the time-independent, non-relativistic Schrédinger equation:
H = Exp (2.1),
Hlpi(fl,fz, ""J_C)N’ﬁl'l_éZJ ’}_éM) = Eill)i(.)-c)l,.)-éz, ""fN’ﬁl’ﬁZ""’ﬁM) (22),

where H is the Hamilton operator for a molecular system consisting of M nuclei and N electrons
in the absence of magnetic or electric fields. H is a differential operator representing the total

energy:

7_ _IyN p2_IymM 1 g2 v yM Za N vwr 1 N vM ZaZB
H—_Ezizlvi _EzAle_AVA_ i=1 A=1a+2i=1 j>1T_U+ZA=1ZB>Am (2-3)’

here, A and B run over the M nuclei while i and j denote the N electrons in the system. The first
two terms describe the kinetic energy of the electrons and nuclei respectively, where the

Laplacian operator V7 is defined as a sum of differential operators (in Cartesian coordinates)
Vi=smzts=t52 @4)

and M, is the mass of nucleus A in multiples of the mass of an electron (atomic units).
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The remaining three terms define the potential part of the Hamiltonian and represent the
attractive electrostatic interaction between the nuclei and the electrons and the repulsive
potential due to the electron-electron and nucleus-nucleus interactions, respectively.

Tyq (and similarly, R,,,) is the distance between the particles p and g, i. €.,
Tog =1 — 14| (2.5),

Wi(%y, %y, ., Xy, Ry, Ry, .., Ry ) stands for the wave function of the i’th state of the system,
which depends on the 3N spatial coordinates {#;} , and the N spin coordinates {s;} of the

electrons, which are collectively termed {x;} and the 3M spatial coordinates of the nuclei,
{Ri}.

The wave function ¥; contains all information that can possibly be known about the quantum
system at hand. Finally, E; is the numerical value of the energy of the state described by ¥; [1-
11].

2.4 ESSENTIAL ASPECTS OF DFT

Under the Born-Oppenheimer approximation [12], we are permitted to treat separately the
electron potential due to the nuclei and due to the electrons, themselves. Let the potential due
to the nuclei be V,,;; all electron-electron interactions (classical Coulomb potential, exchange-

correlation potential) we denote V. With these assumptions, the many-body Hamiltonian is:
H=T4+V+ V,, (2.6),

with T the electron Kinetic energy operator. The core of density functional theory is owed to
Hohenberg and Kohn [4-5], who showed that the external potential exhibits a one-to-one
correspondence with the ground state electron density, p. It is intuitive to students of quantum
mechanics that V,,; determines p; density functional theory exists because the converse is also
true. The consequences of that statement are far reaching, because given the external
potential V,,., the Hamiltonian H itself is uniquely determined. That is, the Hamiltonian, and
thus the ground state total energy, is a functional of the ground state electron density. The
ground state energy of the system may then be expressed (with the notation f[x] indicating

that f is a functional of x:

E v lpl = WIT + V) + (| Vexelth) (2.7),
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= FHK[p] + fp(?) Vext(?)d ? (2-8),

where Fy is the Hohenberg-Kohn functional. Of course, the form of Fyg is not known
explicitly. DFT is made a practical tool by the Kohn-Sham (KS) equations [4-5]. By further
decomposing the Hohenberg-Kohn functional, the KS equations allow the energy functional to

be written:

E Vext[p] =Tolpl + Vexelpl + Veowlp]l + Viclpl (2.9),

where T, is the kinetic energy functional for a non-interacting electron gas, V,,,; is the
classical Coulomb potential, and V,. is the (unknown) exchange-correlation functional.
Couched in this way, the ground state energy of the inhomogenous interacting electron gas can
be obtained by solving the wave equation for a single-particle Hamiltonian. That is, there exists
a set of single-particle wave functions such that

Hgsoi = €,¢; (2.10),

where Hy isthe KS Hamiltonian, and the exact ground state electron density of the N -electron

system is given by:
p(P) =2 ¢ (M) ¢:(P) (2.12),

the set of {¢;} does not represent actual electron wavefunctions here, nor are the {¢;} single-
electron energies; rather they are the eigenfunctions and eigenvalues, respectively, of the Kohn-

Sham Hamiltonian.
2.5 EXCHANGE-CORRELATION POTENTIALS

The Kohn-Sham equations [13] are not useful without explicit definition of an exchange
correlation functional V,.[p]. The accuracy and precision of DFT calculations are influenced
greatly by the functional that is chosen. A brief introduction to the varieties of approximation

follows.
2.5.1 THE LocAL DENSITY APPROXIMATION (LDA)

The most fundamental and simplest approximation is the local-density approximation
(LDA), in which the energy depends only on the density at the point where the functional is
evaluated (Kohn and Sham1965) [5]. LDA, which in essence assumes that the density

corresponds to that of a homogeneous electron gas, proved to be an improvement over HF.
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While LDA remains a major workhorse in solid state physics, its success in chemistry is at best

moderate due to its strong tendency for overbinding [14].

This functional operates under the assumption that the inhomogeneous electron gas can be
divided into differential elements of constant density, and that these elements contribute to the

exchange-correlation energy identically to a homogenous electron gas of that density. That is,

Vee"P4lp]l = [ p(Pexc(p()d (2.10),

where p(#) is a function which is known numerically for the homogeneous electron gas. It can
be extended to spin-polarized systems by separately accounting for spin-up and spin-down

densities, in which case it is referred to as the local spin density approximation (LSDA):

Ve "P2lp1, 011 = [ p(P)exc(pr(P), po(D)d 7 (2.11).

The LDA and LSDA functionals have been shown to be successful in systems with slowly
varying density. However, a notable failure of the LSDA functionals was exposed by results
which found the nonmagnetic and antiferromagnetic fcc phases of iron to be more stable than
the ferromagnetic bcc phase [15]. This inadequacy, along with others, prompted the
development of functionals which accounted for neighboring density elements, i.e., density

gradients.
2.5.2 THE GENERALIZED GRADIENT APPROXIMATION (GGA)

The first real breakthrough came with the creation of functional belonging to the so-called
generalized gradient approximation (GGA) that incorporates dependence not only on the
electron density but also on its gradient, thus being able to better describe the inhomogeneous
nature of molecular densities. GGA functional such as BP86 (Becke1988) or PBE (Perdew et
al.1996) [16] can be implemented efficiently and yield good results, particularly for structural

parameters, but are often less accurate for other properties [14].

Many forms of GGA functionals exist, since the incorporation of the density gradient term
is not explicitly stipulated (as opposed to the LDA, where €, is well-defined). The functional
in the GGA scheme takes the form

Vee“lpn, pi 1 = [ F(or (), po (), Vor (), Vo, (P))d 7 (2.12),

where £ is not uniquely defined. In comparison with LSDA, GGA functionals more accurately

determine total energies and structural energy differences, as well as softening and expanding
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bonds [16]. Care must also be taken in applying GGA, because there are cases where the LDA
solutions are overcorrected, leading to underbinding. Examples of this can be seen in noble gas
dimers and N2 molecular crystals, for which GGA predicts no binding [17].

2.6 SOLVING THE KOHN-SHAM EQUATIONS

What has been ignored above is that the electron density is an unknown in addition to the
eigenfunctions of the KS Hamiltonian. In fact, the density depends on the solutions ¢,,
according to equation (2.11). This is then a self-consistency problem, in which the solution
determines the equation to be solved. An initial guess of the density is made, and the KS
equations are solved, after which the density is recomputed with the {¢,,,} . This density is used
to repeat the cycle until the density arrived at converges on the input density. The process of
solving the self-consistent KS equations [5] is essentially reduced to finding the correct
coefficients to express the single-particle wave-functions in terms of the chosen basis:

Hyspm () = €mbm () (2.13),
bm = §=1 Cp (;bzt)) (2.14),

where the basis functions {qb};} may be any orthonormal set. Plane waves are employed in some
capacity in most popular codes applied to condensed matter, due to obvious connections with
Bloch’s theorem. In the interstitial regions between nuclei, valence electrons tend to behave
similarly to free electrons, making the plane wave basis an efficient choice. It is in the electronic
core, where the wave function may be both steep and oscillatory, that the choice of basis varies

most.
2.7 BAsIS FUNCTIONS FOR DFT

Basis sets, similarly to exchange-correlation functional, are an area of current development
in DFT. An exhaustive catalogue of basis sets, and the theory behind them is beyond the scope
of this thesis. Instead, what follows is an outline of the fundamental principles which are shared

among basis sets currently in use.
2.7.1 PSEUDOPOTENTIAL METHODS

For many applications of ab initio codes, core electron energies and excitations are
unimportant. This is true for many systems, in which chemical bonding is of primary interest,

or in simulations of lattice vibrations, to give two examples. The pseudopotential (PP) in
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question is the combined interaction potential of the nuclear attraction mediated by the

electronic screening of the core.

The key advantage of the PP method is the computing efficiency it offers. By truncating
the plane wave basis at a k value insufficient to accurately describe the potential near the
nucleus, few plane waves are needed. Its disadvantages, of course, are the lack of insight
provided into the behavior of the core electrons. For the subject of this thesis, in which core
spin polarization and high pressures (which may cause core relaxation) are vitally important,

pseudo-potential codes do not suffice [3].
2.7.2 FULL-POTENTIAL PLANE WAVE METHODS

The steep potential near the nucleus is no small impediment to the use of a pure plane-wave
basis in the absence of a psuedopotential. So-called full-potential methods cope with this
through the adoption of a combined basis set predicated on the subdivision of the unit cell into

multiple atomic spheres and an interstitial region.

Physical intuition suggests that even in solids, electrons close to the nucleus have wave-
functions which are atomic in nature; similarly, electrons far from the nucleus move in a much

weaker potential and are more or less free. This scheme is illustrated in Figure.2.1.

Figure.2.1 Schematic representation of the muffin-tin scheme for full-potential plane wave bases.

A and B represent atomic spheres for inequivalent atoms, and the shaded area I is the interstitial region.

In the region I in Figure.2.1, the plane waves take a familiar form:

PE(F) = e l(R)7 (2.15),
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where k is a wave vector in the Brillouin zone, K is a reciprocal lattice vector, and V is the
volume of the unit cell. Within the muffin-tin sphere, however, there are several choices that
can be made. The Wien2k code [18], which was used for the work presented in this thesis,

offers linearized augmented plane wave (LAPW).

As before, the LAPW has the form of equation (2.15) in the interstitial region. Within the

muffin tin, the expansion of is done about
u?’(r, E) = ula(ri EO) + (EO - E)u;x(r) EO) + (216)!

again, the notation w indicates the first energy derivative. The muffin-tin form of the LAPW is
then

PR = Tim(Af S wy (v, Ey) + Bl iy (r, Eg)) Yo (7) (2.17),

and similarly, to the APW+LO method, A{?,jl’? and B{Ej{ﬁ are found to enforce the necessary

continuity conditions at the boundary of the atomic sphere.

2.8 OUR USE OF DFT CALCULATIONS IN OUR OWN RESEARCH

The application of density functional theory (DFT) calculations is rapidly becoming a
“standard tool” for diverse materials modeling problems in physics, chemistry, materials
science, and multiple branches of engineering. Although a number of highly detailed books and
articles on the theoretical foundations of DFT are available, it remains difficult for a newcomer
to these methods to rapidly learn the tools that allow him or her to actually perform calculations
that are now routine in the fields listed above [1].

The Linearized Augmented Plane Wave (LAPW) method has proven to be one of the most
accurate methods for the computation of the electronic structure of solids within density
functional theory [19]. An important step toward the use of DFT in the study, Several codes
were developed based on density functional theory (DFT) which became the most used, precise,

and practical way to calculate the band structure of solids [9-20].

The overall implementation of the calculation of the band structure and optical properties
of semiconductors with the WIEN2K code based on DFT which revolutionized the way in
which we calculate electronic structure theory and gives better results and it’s theoretically well
founded [8].
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2.9 THE WIEN2K CODE APPROACH

A full-potential LAPW-code for crystalline solids has been developed over a period of
more than twenty years. A first copyrighted version was called WIEN and it was published by
P. Blaha, K. Schwarz, P. Sorantin, and S. B. Trickey, in Comput. Phys. Commun. 59, 399
(1990) [18-19].

WIEN consists of several independent programs described in more detail below. It is
convenient, however, to have in mind a typical example of their use. Thus, LSTART is a
modified (relativistic) atomic LSDA code used to generate starting potentials. There are two
major parts in the program, the initialization and the self-consistent field (SCF) cycle the self-

consistency cycle is pursued until certain convergence criteria are satisfied.

The calculations in this work are performed using the WIEN2k computer package (Blaha
et al., 2014) [19]. This program contains several sub-programs, which are described briefly

below. The flow chart of the code is given in Figure. 2.2.

« Initialization (Setting up the unit cell and generating the initial density): In this sub-program,
atomic densities are generated and superimposed to obtain an initial crystal density for the SCF
calculation. Additionally, the atomic potentials and, optionally, atomic valence densities are
created. Information about [, m values of the lattice harmonics representation and number of

Fourier coefficients of the interstitial charge density are inserted as input file in this part.
* LAPWO (Construction of the effective potential): — generates potential from density;

The Poisson equation is solved and the total potential is computed as the sum of the Coulomb
and the exchange-correlation potential in the LAPWO program. The electron (spin) density is
used as input and the spherical (I = 0) and the non-spherical parts of the potential are generated.
The exchange-correlation potential is computed numerically on a grid. Additionally, the

Hellmann-Feynman force contribution to the force is also determined.

« LAPW1 (Solving the Kohn-Sham equations of valence electrons): computes bands

(eigenvalues and eigenvectors);

The Hamiltonian and the overlap matrix are set up in LAPW1. Their diagonalization provides
the eigenvalues and eigenvectors. Both the LAPW and the APW+lo methods are supported.

For maximum efficiency a mix of both is recommended, i.e. the APW+lo basis functions are
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used for physically meaningful [ values, while LAPW basis functions are employed to describe

higher [-values functions.

LSTART DSTART
Atomic calculation Superposition of
Hipyy = Enpihy Atomic density

\_;a_l

\ 4

»
Ll ]

\ 4

LAPWO
V2V, = —8mp Poisson
Vxc(p) LDA
V=V, + Ve
[
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1% Vur
LAPW1 LCORE
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k k
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v

v v Pota

MIXER
Prew = Pota @ (Pvar + Peore)

e

A

AARNIEAA

Figure.2.2 Flow chart of WIEN2k code.

« LAPW2 (Construction of the new electron density) computes valence density from

eigenvectors;

The Fermi-energy is computed. The electronic charge densities are expanded according to the
representation of EQ.(I11.17) for each occupied state and each k-vector. Afterwards the

corresponding (partial) charges inside the atomic spheres are obtained by integration.

* LCORE (The treatment of the core electrons): compute core states and densities;
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The potential and the charge density of the core electrons are computed.
* LMIXER (Generating the input density for the next iteration): mix input and output densities;

The electron densities of core, semi-core, and valence states are combined to yield the total new
density. Taking only the new densities would, however, lead to instabilities in the iterative SCF
process. To have a stable SCF cycle new and old densities need to be mixed, to obtain a new

density.
2.10 CONCLUSIONS

In the present thesis many properties using WIEN2k have been investigated for a large
variety of structures of the I11-Nitrides binary, ternary and quaternary alloys, such as structural
stability, density of states (DOS), partial density of states (PDOS) of constituent atoms,

electronic band structure and optical properties.

LAPW calculations have helped to understand the structural, electronic and optical
behavior of the solids. Super cells are also generated to enlarge the unit cells in all the three

dimensions.

The results are reported in succeeding chapters.
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3.1 INTRODUCTION

The main objective of this chapter is to investigate the structural, electronic and optical
properties of quaternary Al,Ga, In;_,_, N zinc-blende alloy using first-principles calculations.
The plane-wave pseudopotential-based density functional theory (DFT) was implemented in
the WIEN2K code employed throughout the work.

This chapter is arranged in three sections. The first part shows the computational method
used in the work. The second section shows the results and discussions. Finally, the conclusion

of this work is summarized in the final section.
3.2 COMPUTATIONAL DETAIL

Kohn, Hohenberg, and Sham’s advanced density functional theory (DFT) provides a decent
theoretical tool to probe the structural, electronic and optical properties of materials [1]. The
present calculations are based on the density functional theory (DFT) which is implemented in
WIENZ2K code [2-3]. The generalized gradient approximation by Wu—Cohen GGA scheme [4-
5] is used to treat electron exchange and correlation. The modified Becke-Johnson exchange
potential [F. Tran and P. Blaha] (TB-mBJ) [6-7] is implemented to acquire a greater band gap
value that is frequently underestimated by LDA and GGA [8], in which the states of Al( 3s?3p?),

Ga( 3d*4s4pY), In(4d1%5s%5pt) and N (2s?2p®) are considered as valence electrons.

In this aim, we were using a supercell (2 x 2 x 2) with 64 atoms. The model of crystal
structures of Aly343Gag 625N 031N quaternary alloys is shown in Figure.3.2. The GaN, AIN
and InN compounds crystallize in both zinc blende (space group F43m) and wurtzite (space
group P63mc) structure under ambient conditions. This study is using zinc-blende structure for

all the concerned materials.

Figure.3.1 lllustration of a 1x1x1 conventional zinc-blende cell: (a) AIN, (b) GaN and (c) InN.
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Figure.3.2 lllustration of a 2x2x2 zinc-blende Al 343Gag g251Mn0.031 N supercell.

In FP-LAPW calculations, the unit cells are divided to nonoverlapping muffin-tin (MT)
spheres [9]. To reach energy eigenvalues convergence, the wave function within the interstitial
region was developed in terms of plane waves with a cut-off parameter of
RMT * Kmax = 7.0 [3], where the RMT signifies the radius of muffin-tin (MT) sphere [10]
equal to 1.79, 1.88, 1.98 and 1.58 (a.u) for Al, Ga, In and N, respectively, and Kmax expresses
largest K vector in the plane wave expansion [3]. The valence wave functions within the spheres
are extended up to Imax = 10 [11], when the charge density was Fourier extended up to
Gmax = 12(a.u) — 1 [12].

3.3 RESULTS AND DISCUSSION

3.3.1 STRUCTURAL PROPERTIES

The lattice matching condition for Al,Ga,In;_,_,N quaternary alloy matched to AIN
isy = 1,25(1 — x). The Vegard’s law [13] for the quaternary alloys allows us to write:

Aat,Gay ng_x_yN = X0an +Yagan + (1 =X = y) (3.2),

which the lattice constant of AIN, GaN and InN are denoted as a,y, Aggy and a,y »

respectively.

J. Ohta et al. [15], reported that the growth of high-quality InN films is complicated, owing
to diverse difficulties. The main issue resides in the low dissociation temperature of InN and

the second is the affects of crystal growth of InN due to non-suitable substrates. The lattice
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mismatch between InN and c-plane sapphire the common usually substrate, is about 29%. The

lattice mismatch is given by,

(aAleay Iny—x—yN — QAN ) X 100% /asy (3.2),

implementing the equation (3.2) of our quaternary  Aly343Gage25Ingo31 N,
Al 465Gagsing g31N and Al s93Gag2sIng 031N, the lattice mismatch is 2.05%, 1.82% and
1.36%, respectively for 3.12% of In amount, when incorporation is increased to 6.25%, the
lattice mismatch will be 3.19%, 2.96% and 2.51%, respectively. Therefore, in this work we

limit the indium incorporation to 3.12%.

The optimization procedure of the compounds binary (AIN, GaN, InN), ternary
(Alo375GagezsN, AlgsGagsN, Alyez5GagsssN) and quaternary (Al za3zGagezsino.osiN,
Al 465GagsIng g31N and Alys93Gag,sIng 931 N) alloys in this study utilizes the proposed
energy function to obtain the structural parameters of the material [15]. In the volume
optimization, we start the structure from an experimental data for the constituent pure binaries
(AIN,GaN, InN).

Figure.3.2, shows the total energy versus volume curve for of the compounds binary

(AILN,GaN, InN), Figure.3.3 the volume curves of the ternary (Aly375GagezsN,
AlysGagsN, AlyersGags75N) and Figure.3.4 shows the quaternary volume curves
(Aly343Gag6251M0,031N, AlgaegGagsingestN and Algse3Gagasing gz N) alloys in cubic

structure. The static equilibrium properties are obtained from these curves.
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The WIEN2K code [16] permits the calculation of the equilibrium structural properties of
the system, the equilibrium energy E,, the Bulk modulus By, its first derivative B,’, and the

balance volume at zero pressure V,, by fitting using the EOS (equation of state) by Murnaghan
[171,

BoVo
(Brg—-1)

E(V) = E, +2¥ [ ! (@)B"’ + 1] -

Brg |Blg—1 \V

(3.3),
the calculated equilibrium lattice constant for the compounds are listed in Table 1 along with

their respective bulk modulus, pressure derivatives in comparison with available earlier reports.

Table.3.1.

The lattice constant a, bulk modulus B and its first derivative B’ of AIN, GaN, InN, Al,_,,Ga,,N
and Al,Ga,In,_,_,N compared to other experimental or theoretical data. VL indicated

Vegard’s law results in the table.
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Material a(A) B(GPA) B’

Our Other VL Exp Our Other our  Other
AIN 438 4343437 - 4.3794.35° 202.19 201° 3.96 3.66°
GaN 450 4.4634.49° - 4.5° 4501 190.86 200° 453 4.75¢
InN 498 4.9524.99" - 4.95P4.98¢ 136.49  136.60 4.68 4.75f
Aly375Gag g25N 4.45 4.41° 4.45 -- 196.06 -- 4.30 --
AlysGaysN 4.44 4.40¢ 4.44 - 196.80 - 4.26 -
Alyg25Gag 375N 4.42 4.38° 4.42 -- 198.35 -- 4.23 --
Aly343Gaggo5Ing oz N 4.47 -- 4.47 -- 192.47 -- 4.32 --
Alg 468Gag sIng 931N 4.46 - 4.46 - 194.74 - 426 -
Alys93Gag 25Ing 31N 4.44 -- 4.44 -- 195.81 -- 4.18 -

2Ref[18]. P Ref.[1]. °Ref.[9]. 9 Ref.[19]. ¢ Ref.[20]. ' Ref.[21].

Comparing our work with other reported data suggest a small difference due to different
approximations. It is seen from the Table.3.1 that the calculated results of the lattice constants

and bulk modulus for AIN, GaN and InN agrees well with the reported values in the literature.

The WC-GGA by Wu and Cohen is very suitable for the structural properties of solids [21],
because of its closer experimental results especially with the binaries. In the Al,Ga,In,_,_,N
and Al;_,Ga,N, we note that the diminution of the lattice constant is accompanied by an

augmentation of the incorporation of the aluminum; therefore, the bulk modulus and its first
pressure derivative increase linearly. We note that there are no available experimental data for

the quaternary Al,Ga,In;_,_,N
3.3.2 ELECTRONIC PROPERTIES
3.3.2.1 BAND STRUCTURE

At the equilibrium lattice, we calculated the electronic band structures for the zinc-blende
binaries (AIN, GaN, InN), ternaries (Al,_, Ga, N) and quaternary (Al,Ga, In,_,_,N); the WC-
GGA and the mBJ-GGA approximations were implemented in the calculations of this
properties. F.Tran et al. [7] shows that the modified Beck Johnson (TB-mBJ) estimates is very
suitable for all types of solids and the agreement of results are accurate enough to help

interpreting experimental data of the electronic band structures.
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The energy band gap for the ternary and quaternary can be expressed as a function and

obtained by the following equations:
I. For ternary: [22]
E;(x) = (1 —x)E4(GaN) + xE4(AIN) — bx(1 — x) (3.4),

where b is the bowing parameter, E,(GaN) the band gap of GaN and E,(AIN) the band gap
of AIN. For the bowing b we use the value of reference [23], and for band gap, we use the
experiment values Eg(AIN) = 6.28, Eg(GaN) = 3.20, Eg(InN) = 0.70 (eV) [7- 24]

ii. For the quaternary: [25]

xYEy (AlInN)+yzEJ (InGaN)+xzEg’ (AlGaN)

E,(Al, Gay_y_y In ,N) = por——— (3.5),
EZ(AlInN) = uE;(InN) + (1 — w)E;(AIN) — u(1 — u)B(AlInN) (3.6),
EJS(InGaN) = vE4(GaN) + (1 — v)E;(InN) — v(1 — v)B(InGaN) (3.7),
EJ’(AlGaN) = wEy(GaN) + (1 —w)E4(AIN) — w(1 —w)B(AlGaN) (3.8),

=ﬂ;vzl_ﬂ;W=1_x+z;Z=1—x—y (3.9).

2 2 2

The band gap bowing parameters of AlinN, InGaN, and AlGaN are B(AlInN), B(InGaN),

and B(AlGaN), their values are selected from reference [23].

Therefore, the calculated results obtained of energy at the point 7" of high-symmetry on the
Brillouin zone for the binary, ternary and quaternary compounds using the WC-GGA, TB-mBJ
and the two equations cited for ternary and quaternary using the bowing parameter are shown
in Table.3.2, as well as the theoretical and experimental results issued by other researchers

where appropriate.
Table.3.2.

The energy band gap E,; of AIN, GaN, InN, Al,_,Ga, N and Al,Ga,In,_,_, N calculated with

WC-GGA, TB-mBJ and Vegard’s law compared to other experimental or theoretical data.
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Material Eg (eV)
WC- TB-mBJ  Calculations Exp Others calculation
GGA Eqg. (3) and (4)
AIN 321 4.90 -- 6.28°, 5.942 3.289,5.09¢9, 4.10¢, 3.31¢
GaN 1.66 2.98 -= 3.20°, 3.302 1.649, 2.889, 2.947,1.64°, 1.749
InN 0.00 0.66 -= 0.709, 0.902 0.009, 0.819, 0.66, 0.089
Alg 375Gag s2sN 2.50 4.15 4.19 -- 2.91¢
AlosGaosN 2.95 4,53 4.56 -- 3.16°
Algs25Gaos7sN 3.40 4.85 4.96 - 3.20¢
Al 313Gag e251Ng.031N 2.68 3.70 3.89 -- --
Al 46sGaosIn .031N 2.96 4.00 4.06 -- --
Al 593Gag 251Ng 031N 3.17 4.19 4.24 -- -

a Ref.[18]. P Ref.[7]. °Ref.[9]. 9Ref.[19]. °Ref.[20]. 'Ref.[21]. °Ref.[24].

The calculation results of the approximations used in this framework analyzed starting with
the binary compounds; a wide underestimation is obtained between the WC-GGA and
experimental data of 48.75%, 48.09% and 100% for AIN, GaN, and InN, respectively. Using
TB-mBJ approximations the divergence decreases to 21.84%, 6.87%, 4.71%, respectively, for

the same binary.

For the ternary and quaternary, the respective WC-GGA underestimation is 41.25%,
34.87%, 29.97%, 27.56%, 26.11% and 24.43% for the Aly3,5GagezsN, AlysGagsN,
Aly625Gag 375N, Alg343Ga0 625N 031N, Alg4esGagsing gz N and Alys93Gag.sing o3 N. Hence,
the TB-mBJ occur an excellent accord to the results of the two equations. (3.4) and (3.5) data,
with divergence of 1.65%, 0.76%, 2.05%, 4.88%, 1.33% and 1.06%, demonstrating the accurate

results of TB-mBJ for semiconductor compounds.

While the calculated band gap for semiconductor using the LDA and GGA are
undervalued, A.Shaukat et. al [26], reported that the self-interaction error and the lack of
derivative discontinuity in the exchange-correlation potential produce an important

underestimation (up to 50%) of the band gap.

It is obviously possible to see the nature of the band gap of the quaternary. It is interesting
to note that we have a direct band gap [26], where the valence band peak and the lowest
conduction band are in the same point of symmetry I" as shown in Figure.3.6 and , with the band

structures plotted for the ternary Al 575Gag 25N, Alg sGagsN and Al ¢25Gag 375N using TB-mBJ
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and the plotted band structures for the quaternary Aly;43Gag g251M0.031N, AlyaesGagsing oz N
and Al s93Gag ,5Ing 031N Using TB-mBJ in Figure.3.7.

a)

Energy(eV)
Energy(eV)

Energy(eV)

-101 =
-12-

14;é—§ ?ﬁ
1oy r X M P

Figure.3.6 Band structures within TB-mBJ at the lattice constant for (a) Al 375Gag 625N, (b)
Aly5GagsN and (€) Algg25Gag375N.
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Energy(eV)
Energy(eV)

Energy(eV)

Figure.3.7 Band structures within TB-mBJ at the lattice constant for (a) Al 343Gag.625I10.031N, (D)

Alg 468Gag sIng o31N and (€) Aly593Gag 2510031 N-
The following equation could calculate the wavelength from E,,

E,(eV) = 1240/A(nm) (3.10)
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The wavelengths calculated from Equation (3.10) are 298.79 nm, 273.73 nm and 255.67
nm for the respective ternary Aly375Gay 625N, AlysGaysN and Alygo5Gag 375N, and 335.135
nm, 309.53 nm, and 29558 nm for Aly343Gage25/M0031 N, AlyaesGagsingossN and
Alys93Gag25Ing 31N quaternary, respectively. These wavelengths are in the UV spectrum
range, which confirms that our compounds can be incredibly engaging to fabricate ultraviolet

components such as emitters and detectors [22].
3.3.2.2 DENSITIES OF STATES DOS

In order to obtain deeper knowledge of the electronic structure for our ternary and
quaternary alloys, the electronic density of states (DOS) depicts the number of states through

an interval of energy at every energy level which is possible to be occupied.

a. For the ternary

Calculated density of states (DOS) of Aly375Gag 625N, AlysGagsN and Alyg,5Gagz7sN,
using the TB-mBJ scheme are shown in Figure.3.8, with the plot of the total and the partial
densities of states (TDOS and PDOS). The vertical red dashed line is the Fermi level which is
set to be zero. In Figure.3.8, it is clear to observe in the valence band that the electronic density
contains two essential sub-bands, the narrowband between -12 to -11.26 eV and the wideband
between -6 eV to fermi level. The PDOS is split into: s, p, and d orbitals. We can analyze that
the narrowband had a high peak due to the atomic s orbital of the N atoms with the addition of
Ga-p and Al-p. The wideband contain two peaks, the first from -6 to -3.68 eV have a
combination from several N-p, Ga-s, and Al-s/p, while the second peak between -3.68 to 0.00

eV comprises of the N-p, the Ga-p/d orbital of and Al-s/p orbital.

The confined part subsequent to the Fermi level and the conduction band indicates that of
the bandgap energy of the ternary Al 375Gag 625N, AlysGaysN and Al ¢,5Gag 375N are 4.15,
453 and 4.85 eV. Those dominant states of the conduction band, the orbital Al/Ga —
s,and the states Al/Ga/N — p.
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Figure.3.8 Total and partial densities of states for (a) Al 375Gag.625N, (b) AlysGaysN and

(c) Aly 25Gagy 375N compounds.
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b. For the quaternary

Calculated density of states (DOS) of Aly343Gage25IM0.031 N, AlgaegGagsing gz N and
Alys93Gag ,5Ing 31N, using the TB-mBJ scheme are shown in Figure.3.9, with the plot of the
total and the partial densities of states (TDOS and PDOS). The vertical red dashed line is the
Fermi level which is set to be zero. In Figure.3.9, it is clear to observe in the valence band that
the electronic density contains three essential sub-bands, the narrowband between -15.51 to -
14.02 eV, the second between -13.23 to -11,11eV and the wideband between -6.92 eV to Fermi
level. The PDOS is split into: s, p, and d orbitals. We can analyze that the narrowband had a
high peak due to the atomic d orbital of the Ga and In atoms with the addition of N-s and Al-
p. The middle band ward contributed by the d orbital of Ga and In (Ga/In-d) with a small
mixture of N-s. The wideband contain two peaks, the first from -6.92 to -4.19 eV have a
combination from several N-p, In-s, Ga-s, and Al-s, while the second peak between -4.19 to
0.00 eV comprises of the N-p, the In-p/d orbital of and Ga/Al-p orbital. The confined part
subsequent to the Fermi level and the conduction band indicates that of the bandgap energy of
the quaternary Algz43Gao.6251M0.031N, Alo46sGa0.5IM0031N and Algs93Gag 25ng 31N are
3.70, 4.00, and 4.19 eV, respectively.
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Figure.3.9 Total and partial densities of states for (a) Al 343Gagg25/M¢.031 N,

Those dominant states of the conduction band, the orbital In/Al-s, and the states In/Al-p,

reveals that the incorporation of indium (In) resulted to diminish the bandgap energy.
3.3.3 OPTICAL PROPERTIES

This section provides a number of optical properties of the ternary Alys;;5GaggzsN,
AlgsGagsN  and  AlygrsGagsz;sN - and  the  quaternary Al 343Gage25Ing 031N,
Al 465GagsIng g31N and Alyc93Gag,sIng 31N using the TB-mBJ exchange potential to
calculate the optical properties because of the improved bandgap energy, a dense mesh of
uniformly distributed k-points must be used to obtain the excellent optical spectra of the
dielectric function e(w). Therefore, the Brillouin zone (BZ) integration was achieved with 126
k-points into the irreducible part of the (BZ). The calculation results have been investigated in
the energy range up to 34 eV. However, to the best of our knowledge, there are no experimental

and theoretical study of optical properties of the quaternaries.

The optical functions are developed from the complex dielectric function &(w), which can

depict the optical properties of the medium at all photon £ = hw ,
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e(w) = g (w) + igy(w) (3.11),

wherever &; (w) and &, (w) are the real (dispersive) and the imaginary (absorptive) parts of
e(w) [27-28], respectively. The imaginary part of the dielectric function, &,(w) is obtained
from the momentum matrix elements [29], and the electronic structure calculation (densities of
states). The real part & (w) can be derived from the &,(w), using the Kramer-Kronig
transformations [30]. From &, (w) and &, (w), we gather the other optical parameters such as
the absorption coefficient a(w), reflectivity R(w), refractive index n(w) and the extinction
coefficient k(w): [27-31]

/
(@) = J(sl(w)2+ez(a;)2)1 24z, () (3.12),

k(w) = \/ () s ex P s @) (3.13)

the complex refractive index n*(w), presented as the following equation:

n*(w) = n(w) + ik(w) = Je(w) = & (@) + ig; () (3.14).
For the absorption coefficient a(w) and normal-incidence reflectivity R(w),
a(w) = “fk(w) (3.15),

_ (n(w)-1)2+k(w)?
T (n(w)+1)2+k(w)?

R(w) (3.16),

where 4 is the wavelength of light in the vacuum.

The real and imaginary part of the dielectric function for the ternary Aly 375Gag g25N, AlysGagsN
and Alyg5GagsssN  are displayed in Figure.3.10 while Figure.3.11 for the quaternary
Al 343Ga0625IM0.031N, Alo.468Ga0.5IM0.031N and Alg593Gag 25M0,031N. The imaginary part
of the dielectric function indicates that the threshold energy (the first critical point A) appear at
4.15, 4.53, 4.85, 3.70, 4.00 and 4.19 eV for the respective Aly375GagessN, AlgsGagsN,
Alg625Gags7sN Alg343Ga0.625/M0.031N, Alo4esGaosIng oz N and Alyse3Gagzsing ez N. As
shown in band structure (Figure.3.6 and Figure.3.7) the point A represents the direct optical
transitions between the top of the valence band and the bottom of the conduction band at I'; 5, —
I';. symmetry point, which is identified as the fundamental absorption edge. Beyond these

points, the curves increase rapidly with different main peaks (B, C, and D), appearing the
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resonance behavior. This resonance behavior for the ternary compounds is related to the shift
from occupied N-p, the Ga-p/d orbital of and Al-s/p orbital localized in highest valence band to
unoccupied orbital Al/Ga-s and the states Al/Ga/N-p localized in lowest conduction band. For
the quaternary the resonance behavior related to the shift from occupied Al-p, Ga-p/d, In-p/d,
and N-p states localized in highest valence band to unoccupied Al-p, Ga-s, In-s, and N-s/p
states localized in lowest conduction band along R, I and X symmetry direction in the Brillouin

Zone.
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Figure.3.10 Real part ¢; (w) (a) and imaginary part &, (w) (b) for Aly375Gagg25N, AlysGaysN and

Al 625Gag 375N compounds.
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Figure.3.11 Real part &; (w) (a) and imaginary part &, (w) (b) for Al 343Gag.625IM0.031 N,

Al 468Gagsing g31N and Alg 593Gag 251ng 931N compounds.

Table.3.3
Collected the peak positions of ¢, (w), static dielectric constant &; (0) , refractive index n(0) and Static

Al 463Gag sIng g31N and Al s93Gag 251ng 931N compounds.
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Materials Critical points Static dielectric Static refractive Static
constant index reflectivity
A B C D £(0) n(0) R(0)
Aly375Gag go5N 415 7.71 1097 1297 4.45 2.020 0.1139
AlysGaysN 453 806 1153 13.38 3.86 1.975 0.1071
Alyg25Gag 375N 485 839 1240 13.85 3.72 1.917 0.1006
Alg343Gagg25IMg 03N 3.70 7.93 10.75 13.00 421 2.052 0.1187
Alg4eGagsIngos;:N 4.00 7.66 10.71 13.10 4.08 2.021 0.1143
Alyso3Gagsing gz N 419 7.82 178 13.22 4.02 2.006 0.1120

The static dielectric function &, (0) is an important parameter from which we can calculate

band gap value from the relation:
e~ 1+ (hw,/E,)* (3.18),

we note that a smaller energy gap yields a larger &,(0) value. This could be clarified on the
basis of the Penn model [28-32-33]. It can be seen that our results collected in Table.3.3 are in

good agreement with the relation (3.18).

The refractive index n(w) and reflectivity R(w) are shown in Figure.3.12 for the ternary
Alg375Gag gzsN, AlgsGagsN and Aly ¢,5Gag 375N and for the quaternary Al 343Gag g251Mg 931N,
Al 465GagsIng g3 N and Alys93Gag,sIng o3 N in Figure.3.13. The interaction of light with
electrons of the constituent atoms, define the refractive index n(w) [34]. The first deep insight
to the refractive index spectrum of Figure.3.12 and Figure.3.13, the n(w) increase with the
increase of photon energy at inferior energies. Therefore, three main peaks in the curves
correspond to inter-band transitions, the highest peak occurs at 2.89, 2.79 and 2.65 a.u for the
ternary. Increasing the Al amount, the first peaks move to 2.16, 2.02 and 1.89 a.u and the
lowest peaks were found at 1.89, 1.79 and 1.93 a.u for all the three-considered ternary in
Figure.3.12.

The highest peak occurs at 2.77 a.u for Al 343Gag ¢25In4 031 N. Increasing the Al amount, the
first peaks move to 2.72 and 2.71 a.u, for Al 465GagsIng g31N and Alyc93Gag25Ingo31 N,
respectively. The second peaks occur at 2.11, 2.06 and 2.00 a.u, and the lowest peaks were
found at 1.74, 1.72 and 1.75 a.u, for all the three-considered quaternary in Figure.3.13. The

highest refractive index is reached for photon energy around 7.16 and 7.09 eV for the respective
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Alg375GaggzsN and Al 343Gag ¢251ng 931N are related mainly to A transition of 4.15 and 3.70
eVv.
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Figure.3.12 refractive index n(w) (a) and reflectivity R(w) (b) for Al 375Gag ¢25N, AlysGagsN and

Al g25Gag 375N compounds.

Furthernmore, as shown in Figure.3.12 and Figure.3.13, the first peak of reflectivity is at
4.19, 4.68, 5.20, 3.83, 4.20, and 4.44 eV ( near A transition) and the maximum reflectivity
explained by the resonance plasmon arising in the ultraviolet range, occurs in the energy
regions of (7.16, 21.64) eV, (7.36, 21.91) eV, (7.51, 22.30) eV, (7.09, 19.74) eV, (7.26, 20.17)
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respectively.
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Aly375Gag 625N,
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AlysGagsN, Alyezs5GagszsN,

and  Alyso3Gag,sing 31N compounds,
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Figure.3.13 refractive index n(w) (a) and reflectivity R(w) (b) for Aly 343Gag.625IMg 031N,

Al 468Gagsing g31N and Al 593Gag 251ng031 N compounds.

Figure.3.14 displays the results of absorption coefficient a(w) for Aly3,5GageasN,

Figure.3.15 show the a(w) for

Aly343Ga0625IM0 031N, AlgaegGagsing oz N and Algse3Gagasing g3 N compounds. We
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observe from the curves of Figure.3.14 and Figure.3.15 that the absorption edge begins from

the energy values 0f4.15, 4.53, 4.85, 3.70, 4.00 and 4.19 eV, corresponding to the energy gaps

of 'v — I'c, those materials with direct band gap upper to 3.1 eV used for UV application

purposes.
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3.4 CONCLUSION

Theoretical study of structural, electronic and optical properties of I11-Nitrides alloys based
on ‘“‘FP-LAPW*’ calculation method, implementing, GGA and mBJ approximations. These
compounds, binary (AIN, GaN, InN), ternary (Alp375GagesN, AlysGaysN,
Alyg25GagszsN)  and  quaternary  (Aly3a3GagezsIngosiN,  AlgaesGagsing ez N,

Alys93Gag 251Ny 31 N) alloys have zinc-blende structure.

The bandgaps nature of these materials is direct 'v — I'c, except the AIN have indirect
gap. It is inferred that mBJ is an adequate theoretical method for the computation of the band
structures of 111/V materials. The findings require that mBJ will be a favorable potential for the
bandgaps engineering of 11I/V compounds. In those alloys, the critical points in the optical
spectra reveal the passage of electrons from valance band to the unoccupied states in the

conduction band.

The zero-frequency edge of &; (o) and n(o) show a reversed link with the bandgaps. From
the interpretation of optical graphs, it is provided that those materials are suitable for the

fabrications of the ultraviolet optoelectronic devices.
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4.1 INTRODUCTION

Toward deeper knowledge, slightly extensive experimental and first-principles calculations
studies for the ternary alloys In,Ga,_,N with x varying 0 < x < 1 have accomplished in
the research to perform a significant matching, Luiz Claudio de Carvalho et al [1], Seyyed Ali
Hashemizadeh et al [2], Bo-Ting Liou et al [3] and Wen-Wei Lin et al [4]. Therefore, our study

could provide as a source of perspective for future searches.

The most prominent interest of DFT lies in its ability to execute computations without
empirical parameters as inputs, whose relieves up application exceedingly from constraints set
by experiments [5], the first-principles calculations based on DFT was performed in the
WIEN2K code [6].

This chapter has been arranged in three sections. In Section 2, we concisely illustrate the
computational method applied in this study. The important results accomplished for the
structural, electronic and optical properties of In,Ga,_,N ternary alloys are exhibited and

discussed in Section 3. Subsequently, the conclusions in Section 4.

4.2 COMPUTATIONAL DETAIL

The precise and important theoretical solution of the structural, electronic, optical, and

magnetic properties of metals and semiconductors is the Kohn-Sham formation [7-8-9].

|
)

Figure.4.1 lllustration of a 1x1x1 conventional hexagonal cell- wurtzite: (a) InN and (b) GaN.

(@ g

The nitrides compounds crystalize in zinc-blende (space group F43m) and wurtzite structure
(space group P63mc). The current calculations in this study of the physical properties of the
wurtzite ternary alloy A,B,_,N (In,Ga,_,N), so that x signifies In composition, were
performed by the FP-LAPW method based on the DFT executed in the WIEN2k package [10].

To model A, B;_, N wurtzite alloy, we used a 16-atom A, Bg_,Ng supercell, (2 x 2 x 2) that is
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twice the size of a primitive wurtzite unit cell in base plane direction [3]. The model of crystal

structures of ternary In,Ga,_, N alloys is shown in Figure.4. 2.

Figure.4.2 lllustration of a 2x2x2 wurtzite Ing 375Gag 625 N supercell.

The exchange and correlation effects were handled applying three different approximations:
the Wu and Cohen generalized gradient approximation (GGA-WC) functional [11-12], the
standard local density approach (LDA), and the modified Becke-Johnson exchange potential
[F. Tran and P. Blaha] (TB-mBJ) [11-13-14] is performed to procure a larger band gap value
that is generally underestimated by LDA and GGA [11]. For the total and partial densities of
states (DOS) we considered the orbitals of In (4d*°5s?5p?), Ga (3d*%4s?4pt) and N (2s22p°) as

valence electrons.

An entirely relativistic calculation moreover scalar relativistic approximation for core and
valence state, respectively, without spin-orbit interaction, were employed. In the interstitial
region, the plane wave cut-off value of RMT * Kmax = 7 was used [15], where RMT is the
minimum radius of the muffin-tin spheres are set to 2.04, 1.84, 1.70 atomic units (a.u) for In,
Ga and N respectively, and Kmax provides the magnitude of the largest K vector in the plane
wave basis [16]. The maximum [ quantum number of the wave function expansion inside the
atomic sphere was defined to Imax = 10 [10], for the Fourier expansion the charge density
was extended to Gmax = 12(a.u)~1. The Brillion Zone (BZ) integration has been formed

applying Monkhorst-Pack Special K-points approach [17].
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4.3.1 STRUCTURAL PROPERTIES
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First, we performed the structural properties of the binary compounds InN and GaN in the

both structures wurtzite (wz) and zinc-blende (zb). The InN and GaN are reported by (1x1x1)

conventional hexagonal cell (wurtzite) and face centred cubic (zinc-blende).

The computed total energies within GGA as a function of the volume were employed for

the perception of theoretical lattice constant and bulk modulus. The equilibrium energy Eo, the

Bulk modulus By, its first derivative Bo', and the balance volume at zero pressure Vo, by fitting

the calculated total energy to the Murnaghan’s equation of state (EOS) [18], which is allowed
with WIEN2k package.
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Figure.4.3 Total energies as a function of volume for the InN and GaN for zb and wz phases.

From Figure.4.3 we noticed that the wz phase was found to be more stable than the zinc-blende

phase for the InN and GaN compounds. The calculated lattice constants and bulk modulus are

arranged in Table.4.1.

Table 4.1

The lattice constant a and ¢, bulk modulus B and its first derivative B’ of InN and GaN, compared to

other experimental or theoretical data, the lattice mismatch A(a,) and 4(c,) are indicated in the table.

Material ~ a(A) c(A) Alay)  A(cy) B(GPA) B’
our  Other exp our  other exp Our Other our  Other

InN 3.57 3,59 353 580 5.78% 5.69° 004 011 123.41 4.18

3549 351° 5.70¢9  5.66° 0.06 0.14

3.54F  3.55¢ 5.71F  5.74¢ 0.02  0.06
GaN 321 323 319 524 5.26% 5.18 0.02  0.06 176.80 4.20

3.18°  3.15° 5.18° 5.14¢ 0.06  0.10

3.19¢  3.18¢ 5.18¢ 5.18° 0.03  0.06

3.18f 5.18f
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2Ref[19], "Ref[20], °Ref[21], “Ref[22], *Ref[23], Ref[24]

The obtained lattice constant parameters a and c¢ for the wurtzite InN and GaN were
somewhat bigger than the experimental lattice constant parameters, the shift in lattice parameter
setas A(a,) and A(c,). For further details, no experimental data were possible for the Bulk

modulus By and its first derivative Bg'.

The element configuration of ternary alloy In,Ga,_, N acts a notable part in both physical
properties and the epitaxial growth process. To study the fundamental structural properties of
the ternary alloys In,Ga,_,N matched on GaN substrate for composition of
0 < x < 1, we have considered all studied of the ternary alloys in wz phase which is the
stable compared with zinc-blende whereas the ternary alloys In,Ga,;_,N with 16 atoms with

25% intervals of x.

Reviewing the Vegard’s law validity for the wurtzite ternary alloy In,Ga,_, N, the lattice
constant is commonly denoted as a linear function depend on x concentration of the compounds.

The Vegard’s law [25] is applicable for the both a and c lattice parameters as below:
ArngGa;xN = XAy + (1 —X)agan (4.1),
CingGa;_x N = XCn + (1 — X)Cgan (4.2).
The obtained lattice constants of In,Ga,_, N are summarized in Table.4.2.

Table.4.2

The lattice constant a and ¢ calculated by The Vegard’s law of In,Ga,_,N, compared to other

experimental work results.

material a(A) c(A)
our exp our exp
Ing125Gaggzs N 3.24 3.20a 5.31 5.218
Ing375Gag s N 3.33 3.30a 5.45 5.352
Ing 625Gt 375 N 3.43 3.38a 5.59 5.49°
Ingg75Gag 125 N 3.52 3.47a 5.73 5.648
aRef [3]

From the Table.4.2, its clearly observed that the lattice constant a and care in inversely

proportional relation with the Indium incorporation.
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4.3.2 ELECTRONIC PROPERTIES

The energy band gap of a semiconductor is an essential key which is extremely useful for
their efficient employment in optoelectronic and different photonic devices. Its small variation
can completely modify the utilization in the optoelectronic devices. Therefore, the knowledge
of the character of the band gaps of the current materials and their precise values whether by
experiments or calculations are not only significant for their technological applications as well
as their band gap tailoring [26].

It is entirely comprehended that the most accurate GGA and LDA undervalue the band gap
of semiconductors, the reason is the regardless of the quasiparticle excitations in DFT. To defeat
this obstacle, the mBJ approach was employed to produce a band gap approaching the

experiment value.
The bandgap energy formula of the In,Ga,_, N is depicted as below:
Eg(x) = x - Eg(InN)+ (1 —x) - Eg(GaN)— b - x - (1 —x) (4.3),

where E;(x) , E;(InN), E;(GaN) are the bandgap energy for the respective In,Ga,_,N , InN
and GaN, and b is the bandgap bowing parameter [27], the Vegard’s law is convenient for the
lattice constants of relaxed InGaN. Recent studies propose that the bowing parameter values
depend to the indium incorporation, so that for 0 < x < 0.5 the bowing is 1.4 eV, and for
0 < x < 1thebowing be 1.15eV or 2.5eV [3].

Accordingly, the calculated results completed of energy at the point I of high-symmetry on the
Brillouin zone for the studied binary and ternary compounds using the WC-GGA, LDA, TB-

mBJ are summarized in Table.4.3, together with previous experimental results.
Table.4.3

The energy band gap Eg of GaN, InN and In,Ga,_,N calculated with WC-GGA, LDA, TB-mBJ and

Vegard’s law compared to other experimental or theoretical data.

Material Eg (eV)
WC-GGA  LDA TB-mBJ Vegard’s law Calculations Exp
bowing 1.11 bowing 2.5
InN 0.00 0.00 0.77 -- -- 0.702-0.77°
Ino,1256a0,375N 1.24 1.31 2.58 2.61 2.46 288b -
3.10¢
Ing375Gae25 N 0.49 0.55 1.68 1.91 1.58 1.95°-
2.62°¢

Ing 625Gagz7s N 0.03 0.08 1.17 1.35 1.02 1.38°
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Ingg75Gag,125 N 0.00 0.00 0.82 0.93 0.77 0.85°
GaN 1.67 1.75 3.01 - -- 3.502 -3.42"-
3.42°

2Ref [1]. °Ref [3]. °Ref [4].

It is obviously noticed that the calculated band gap values (Table.4.3) with TB-mBJ display a

clear improvement over the previously calculated values using Vegard’s law.

Figure.4.4 present the band structure of the considered ternary alloy In,Ga,_,N, the high-

symmetry lines through the first irreducible Brillouin zone estimated within mBJ approach.

The valance band maximum (VBM) and the conduction band minimum (CBM) appear at
the I" point showing that the studying materials have a direct band gap. Those results correspond

properly through the precedent experimental and theoretical searches.

Energy(eV)
Energy(eV)
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Energy(eV)
Energy(eV)

Flgure44 Band structures within TB-mBJ for (a)ln0'1256a0,875 N y (b) In0’3756a0,625 N ,(C)
Ing625Gag375 N and (d) Ing g75Gag 125 N -

The data of energy band gap using the WC-GGA, LDA and TB-mBJ approximations
depicted in Table.4.3 are plotted in Figure.4.5.

3,15 4
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Figure.4.5 Band gap energy as a function of Indium concentration.
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Figure.4.5 displays that at small Indium composition, a notable bowing can be achieved
however at huge indium composition, the bowing could be negligible. Therefore, the Band gap
energy can be characterized as a function of the Indium composition, the Eg is fitted and

expressed by the following equations:

EgWC=66A(x) = 1.68 — 4.13x + 2.46x? (4.4),
Eg'P4(x) = 1.76 — 4.15x + 2.39x? (4.5),
EgTB~mB (x) = 3.03 — 4.25x + 1.98x2 (4.6),

these equations are related to the formula (4.3), where the bowing b = 2.46, 2.39 and 1.98
corresponding the respective approximations WC-GGA, LDA and Th-mBJ.

The information of the electron density of states (DOS) is wanted to comprehend and
simplify, the calculated band structure to know the contributing atomic states, the total and the
partial DOS of the studied ternary Ingi,5Gaggss N, Ing375Ga0625 N, Mg 625G 375 N
and Ing g75Gag 125 N respectively are plotted in Figure.4.6, which are estimated using the TB-
mBJ scheme. We have considered the inner-shell electrons in the valence electrons of In
(4d195s%5ph), Ga (3d°4s24pt), and N (2s?2p3) shells [28].

()
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Figure.4.6 Total and partial densities of states for (a) Ing 1,5Gagg75 N, (b) Ing375Gage25 N, (C)
1n0,625 Ga0,375 N and (d) 1n0'8756a0'125 N Compounds.

It is obviously shown from Figure.4.6, the state’s lesser E the valence band be divided by
two region the narrow range between (-13.08 -11.06) eV, mainly originates from the
hybridization of In s/p, Ga s/p and N/s states. The wider region from -6.08 eV to fermi level
contain two peaks, the first between (-6.08, -4.10) eV is mainly occupied by N/p, G/s and In/s
states while the second from -4.10 eV approaching to fermi level is densely dominated by N/p,
Ga P/d, In p/d states.

The studied ternary compounds note a definite energy gap among the valance and the
conduction energy bands of 2.58, 1.68, 1.17 and 0.82 eV for the Ingi;5Gaggss N,
Ing375Gag 625 N, Inger5Gagszs N and Ing g75Gag 1,5 N respectively, the alloys system
preserving its semiconductor character. Hence, the dominant conduction electron states possess

a composition from several N/p, Ga s/p/d and In s/p.
4.3.3 OPTICAL PROPERTIES

The optical properties are straightly correlated to the electronic band gap of a
semiconductor, characterizing the interaction of electromagnetic radiations with a material. The

dielectric function e(w) acts an essential part in exploring the optical properties of a compound.
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To provide an excellent optical properties of the wz semiconductors, a 480 k points was
achieved into the irreducible part of Brillouin zone (BZ) integration using the TB-mBJ
exchange potential for the Ing125Gaggrs N, Ing375Gage5 N, Ingg25Gag375 N

Table.4.4

Collected the peak positions of &, (w), static dielectric constant &; (0) , refractive index n(0) and Static

I’eﬂeCtIVIty R(O) 1n0'125 Ga0'875 N, In0'375 Ga0,625 N, 1n076256a0‘375 N and 1n0'8756a0‘125 N .

Materials Critical points Static dielectric Static Static
constant refractive reflectivity
index
A B C D E £,(0) n(0) R(0)
Ing1,5Gagg;s N 258 7.55 893 1022 12.05 4.49 2.11 0.128
Ing375Gages N 1.68 7.07 864 9.60 11.65 4,93 2.22 0.144
Inger5Gagz,s N 117 6.06 824 919 1111 5.33 2.30 0.156
Inggs5Gag1,s N 0.82 556 7.89 871 10.75 5.88 2.42 0.172

The dielectric function can be written as e(w) = & (w) + ie,(w), illustrates the material
response to the photon spectrum, where the imaginary part of the dielectric function
&, (w) signifies the optical absorption in the crystal, those able to acquire from the momentum
matrix elements through the occupied and unoccupied eigenstates. It signifies the diversity of
inter-band transitions in a semiconductor and the real part &, (w) of the dielectric function is

related to the imaginary part €, (w) by employing the Kramers Kronig (KK) relations [29]:
2 o (0 Dex(D)
81((,()) =1+ ;PJ‘O mdw (47)

Different optical properties can be determined from the dielectric function, selected the
refractive index n(w), the extinction coefficient k(w), the reflectivity R(w), and the absorption

coefficient a(w), within the following relations: [30]

n(w) = /'*’3(“’)'%(“’) (4.8),
K(w) — /|5(w)|;51(w) (49),
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_ (n(w)-1)2+k(w)?
T ((w)+1)2+k(w)?

R(w) (4.10),

a(w) = T k(w) (4.11),
where, 4 is the wavelength of light in the vacuum.

From Figure.4.7 (b), the calculated €,(w) spectra reveal that the first crucial point A,
further set as optical’s absorption edge occurs at 2.58, 1.68, 1.17 and 0.82 (eV) which represent
the direct optical transitions for the respective compounds Ing 125Gagg75 N, Ing375Gag 625 N,
Ing625Gag 375 N and Ing g75Gag 125 N . The electronic optical transitions (represented by peaks
B, C, D and E given in Table.4.4 among the valence band and conduction band at I';s,, — T’y

symmetry point, originate the absorption region.

Figure.4.7 (a) show the real part of dielectric function &; (w), afford the static dielectric constant
£1(0) presented in Table.4.3. The inversely proportional relation between the £, (0) and E,; can

be defined by the Penn model [31],
e~ 1+ (hw,/Ey)* (4.12),

& (w) rises within a small energy margin, then decreases for values less than one, the lower
values of & (w) occurs at 13.02, 12.53, 11.93 and 11.36 eV for the Ingq,5Gaggss N,
Ing375Gageas N, IngersGagsss N and Ing gzsGag 105 N, respectively.  These  values
correspond to the higher values of the reflectivity shown in Figure.4.7 (a). Furthermore, when
£, (w) attains a stability when getting energy more than (>22, 18, 17and 16) eV for the
respective ternary Ing 1,5Gagg75 N, Ing375Ga0625 N, INg 625Ga0,375 N and Ing g75Gag 125 N,

designating that the incident photons cross the material without any notable interaction.

As provides in Figure.4.8(a), the reflectivity reached the maximum in the photon energy
range (12.53, 16.55), (11.84, 15.40), (11.51, 15.06) and (10.88, 14.56) eV for the compounds
Ing125Gagg7s N, Ing375Gag 625 N, INg 625Gag 375 N and Ing g75Gag 125 N, respectively. These
Prominent reflectance is explained to the resonance plasmon rising in the Ultraviolet range.
Furthermore, the In integration decrease proportionally the maximum value of the reflectivity
as below 0.48, 0.46, 0.45 and 0.44 (a.u) for the respective In concentration (x = 0.125, 0.375,
0.625 and 0.875).
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The refractive index follows the pattern of &; (w), It is seen from the Figure.4.8(b) that
n(w) spectra increase and reach a peak value of ( 2.67 at 6.48 eV, 2.60 at 5.72 eV, 2.52 at
523 eV and 2.57at 0.93 eV for the respective Ingi,5Gaggss N, Ingz75Gageszs N,
Ing 625Gag 375 N and Ing g75Gag 1,5 N compounds. Beyond the maximum, the spectra decrease
inferior to 1. As the bandgap is decreased when we increase the In amount, while n(0) alter
vice versa with the band gap of the compounds as mentioned in the Table.4.3. The Refractive
index inferior than unity (vg = c/n) exhibits that the group velocity of the incident radiation
is bigger than the lightspeed ¢ [32-33]. It signifies that the group velocity shift to negative
domain and the material turn into superluminal for high energy photons.
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Flgure49 AbSOI’ptIOﬂ COGﬁICIem Oc(a))fOF In0,125 Ga0’875 N, 1110,375 Ga0’625 N, In0'6256a0,375 N
and In0’875Ga0'125 N.

It is clearly from the absorption a(w) spectra plotted in Figure.4.9, that the absorption edge
occurs at the energy values 2.58, 1.68, 1.17 and 0.82 eV for the compounds Ing 1,5Gagg7s N,
Ing375Gag 625 N, Ing 625Gag 375 N and Ing g75Gag 125 N, respectively. These previous values
are identical to the energy gaps of I'v — I'c. The absorption coefficient is the most important
characterizing the solar cells, the maximum a(w) is 248.41, 231.96, 219.30 and 211.55 for
In concentration of (x = 0.125, 0.375, 0.625 and 0.875), therefore confirm Laref et al. [34]
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study that for In poor region (x less or equal 25%) the In, Ga,_, N may allow the possibility of

appropriate bandgap engineering for solar cell utilization.
4.4 CONCLUSION

Theoretical study of structural, electronic and optical properties of I11-Nitrides alloys based
on ‘“‘FP-LAPW’’ calculation method, implementing LDA, GGA and mBJ approximations.
These ternary compounds Ingi,5Gaggrs N, Ing375Gagers N, IngezsGagzss N

and Ing g75Gag 125 N have wurtzite structure.

The bandgaps nature of these materials is direct 'v — T'c. It is inferred that mBJ is an
adequate theoretical method for the computation of the band structures of 111/ materials. The
findings require that mBJ will be a favorable potential for the bandgaps engineering of HI/V
compounds. In those alloys, the critical points in the optical spectra reveal the passage of

electrons from valance band to the unoccupied states in the conduction band.

The zero-frequency edge of €; (o) and n(o) show a reversed link with the bandgaps. From
the interpretation of optical graphs, it is provided that those materials are implemented for

optoelectronics components in ultraviolet energy ranges and for solar cells application.
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5.1 INTRODUCTION

Many different techniques are employed to grow IlI-nitride based heterostructures, the
more developed being molecular beam epitaxy (MBE) and metal-organic vapor phase epitaxy
(MOVPE).

This chapter describes the overview of the process for the nitridation surface treatment
(NST) process, deposition of aluminium nitride (AIN) nucleation layer and AIN/GaN
multilayer (ML), and multi quantum well (MQW) using the reactor described in this section.
The detailed steps and the flow of the experiment is described concisely.

5.1 METAL ORGANIC CHEMICAL VAPOUR DEPOSITION (MOCVD)

The first MOCVD growth in the world was done back by H.M. Manasevit [1], a chemist
working at Rockwell corporation who coined the term “metal-organic” (MO) emphasizing the
metal component and further published literatures describing the MOCVD of I1lI-V

semiconductors including GaN and AIN, demonstrating the flexibility of this process

Since then, MOCVD have been one of the dominant industrial processes for the fabrication
of semiconductor and optoelectronic devices as it offers the advantage of conformal step
coverage and deposition over a large scale [2]. The basic working mechanism of MOCVD is to
carry precursor materials into a reaction chamber where they are uniformly distributed over the
surface of the substrate and decompose via pyrolysis to produce a uniform epitaxial layer of
material. The most commonly used source of nitrogen for the I11-nitrides is anhydrous ammonia
NH, , a liquid which has a sufficiently high equilibrium vapour pressure at room temperature

which then been delivered directly to the reaction chamber as a gas [3].

The most commonly used MO sources are trimethylaluminium (TMA), trimethylgallium
(TMG) and trimetyhilindium (TMI). At room temperature, TMA and TMG are liquids while

TMI is solid, in order to preventing them from being delivered directly into the chamber.

The three MO come in sealed metal containers, known as bubblers, because of their
pyrophoric nature. In order to transport the MO materials to the reactor, a carrier gas is flowed
into the bubblers where it enters through a dip tube submerged in the MO. After “bubbling”
through the liquid MO, the carrier gas becomes saturated with the vapour phase MO that is
present above the liquid level and carries it into the reactor. The important factor that should be
taken into account is the amount of MO that is being delivered into the reactor. The amount of

MO delivered into the reactor depends on the equilibrium vapour pressure and typically



CHAPTERS  EXPERIMENTAL techniques and device fabrication process Page |85
calculated in micromoles. The flow rate of MO material in moles/minute out of the bubbler can
be calculated as:

Fo(sccm) Py
22,400( cm3 /mol) Pr—Py (5-1)|

Moy (mol/min) =

where F is the flow rate of the carrier gas, Pris the total pressure above the MO, and Py, is the
vapour pressure of the MO. The vapour pressure of the MO can be modelled for a particular

material at absolute temperature T using the parameters a and b by the equation

log(Py) =a—b/T (5.2).

Referring to the above equation, the exponential temperature dependence of P, requires the
bubblers to be kept in chilled water baths to avoid fluctuation in temperature which can disturb
the constant uniform delivery of MO. The ammonia can be treated as an ideal gas with the

molar flow rate calculated using the equation:

FnH5(scem)
22,400( cm3 /mol)

Myy,(mol/min) = (5.3).

The ratio My, / Fyy,calculated from equations 5.3 and 5.1 is referred as the /111 ratio [4]
and is a very useful parameter to describe the growth processes to determine the properties of
the deposited material. Hydrogen and nitrogen is the carrier gas that were used in SR-2000
system [5]. It is noted that hydrogen gas is more suitable for thicker layer of deposition while
nitrogen is efficiently useful for growing thin layer of material. Nitrogen is also preferred to be
used for processes involving indium since hydrogen has a highly negative impact on indium
corporation.

5.3 MOCVD SYSTEMS FOR PRODUCTION

Metal organic chemical vapour deposition (MOCVD) that were used throughout this
experiment was from Taiyo Nippon Sanso Corporation (TNSC) SR-2000 model which have
the capability of growing up to 4-inch wafer inside the reactor [5]. For the purpose of
preliminary serial of experiment and the suitability of budget, the 2-inch silicon (111) wafer

were chosen as the substrate throughout this research.

There are basically two common types of MOCVD that depends on the way the gas will
flows into the MOCVD chamber, the vertical and horizontal MOCVD. In the vertical
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configuration, the gases are introduced from the top inlet, and flow downward perpendicularly
onto the substrate placed on the susceptor. While in the horizontal reactor, the gases are flowed
horizontally from the three-layered gas injection nozzle inlet and stream tangentially to the
growth site [6]. The top nozzle carries hydrogen and nitrogen gas known as gas carry to counter
balance the pressure from the other two lower inlets. The middle inlet transports the MO sources
to the growth sides by means of carrier gases such as hydrogen and nitrogen gas. Whereas, the
bottom inlet carries ammonia to be used as nitride element during the deposition. Figure.5.1
illustrates the incoming gas process entering the horizontal flow reactor through the three-
layered gas injection nozzle inlet. The main advantage of using horizontal MOCVD as
compared to vertical MOCVD is due to the capability of producing a very uniform and
homogenous growth layer on the substrate and thus increasing the yield of deposition per unit
area per wafer. These features are extremely important for device property especially in
industrial level, where quality and the output were the main key importance indicator (KPI) for
the respective company.

Quartz Flow Channel

Susceptor Wafer

Gas Inlet \

H + N; 1
MO +H, + N, .
NH; + N,

Exhaust
/

Heater

Figure.5.1 Process gases enter the horizontal flow reactor through the three-layered gas injection
nozzle inlet [5]

The fundamental necessity for the effective control of MOCVD deposition process lies in
the ability of the MOCVD to retain the laminar flow during growth. It is a well-known that, the
turbulence gas effect that usually occurred inside the chamber can be avoided under laminar
flow condition. This property leads towards a uniform layer of thin film to be deposited. The
other factor that contributes to the uniformity of the grown thin film layer is the rotating disk
that is connected to the stage inside the reactor where the susceptor is placed upon. It consists
of a disk as the susceptor which holds the wafer and rotate at a desirable speed (normally set to
10 rpm) against a steady stream of gases flowing toward it at a normal angle. All the way during
growth process, the disk will rotate at a fixed rotation which providing a stable, homogenous
and uniform layer of thin film throughout the entire substrate surface. Figure.5.2 shows the

schematic illustration of MOCVD process that ensues on the substrate during growth.
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Figure.5.2 schematic illustration of MOCVD process.

5.4 THIN FILMS DEPOSITION
5.4.1 SUBSTRATE CLEANING

The silicon (111) wafer undergoes the substrate cleaning process before being deposited in
metal organic chemical vapour deposition (MOCVD) reactor. There are mainly three
subsequent steps in the cleaning process for silicon (111) wafer that is the organic cleaning, the
Radio Corporation of America standard cleaning (RCASC) method and lastly the hydrofluoric
acid (HF) dip cleaning [7].

5.4.1.1 ORGANIC CLEANING METHOD

The silicon (111) wafer were immersed in a contained beaker filled with acetone inside the
water bath at temperature of °C for 10 minutes. Consequently, the substrates were rinsed in
deionized (DI) water for 5 times. The acetone dip steps were repeated thoroughly for one more
time. After the second acetone dip was carried out, the silicon wafer was submerged in propanol
to remove the acetone residue on the surface of the substrates. The contained beaker of propanol
with the wafer were put in the water bath for 10 minutes before being rinsed with DI water for
another 5 times. After that, the wafer was dried using nitrogen blowing on the surface of the

silicon wafer.
5.4.1.2 RADIO CORPORATION OF AMERICA STANDARD CLEANING (RCASC) METHOD

This cleaning method was developed by Werner Kern [8] and functioned to remove organic
residues and particles on the surface of the silicon wafer. The treatment introduced a thin layer

of silicon dioxide (Si0,) layer on the surface of the silicon with a certain degree of metallic
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contamination that shall be removed in the subsequent cleaning steps. The RCASC involved
the heating of 65 ml of ammonia solution (NH,OH) to 70 +/- 5 °C using hot plate. The next
step involved the mixing of 65 ml of hydrogen peroxide (H, 0, into the solution. The magnetic

stirrer was used to stir the solution well.

The indicator for a good mixture of RCASC is the vigorously bubbling effect that can be
observed one minute after the stirring process takes place. The silicon (111) wafer were then
immersed in the RCASC solution for 10 minutes before being rinsed with distilled water for 5
times. The silicon wafer was then dried using nitrogen blowing. The RCASC solution can be

reused within 24 hours at room temperature and 30 minutes at 70 °C.

Step 1: Organic Cleaning

Rinse with DI water

" o i Rinse with DI water - . )
Acetone (50°C) (5 times) Acetone (50°C) (Stimes; Propanol (50°C) |  Rinse with DI water
» 10 minutes » 10 minutes *| 10 minutes (5 times) Nitrogen (N;)
» Si(111) wafer » Si(111) wafer » Si(111) wafer blow
Step 2 : RCASC Cleaning
65 ml NH,OH solution
+
" 65 :n\ NH,OH solution + 65 ml H,0, solutio stir together 65 ml H,0, solutic Rinse wn.h DI water
(70°C) » (70°) {5 times) Nitrogen (N,)
- » Si(111) wafer blow
-1+ Hot plate <ininies » Hot plate

Dip 10 minutes

Step 3 : HF Cleaning

Rinse with DI water
i )l water
Stir together 450 mlE\ o (5 times) Nitrogen (N,
» 480 ml DI water ! > (27[)0:rél)HFac:d ﬁ »| 20 mlHF acid q blow
1 minute » Si(111) wafer

Dip 5 minutes

Figure.5.3 Schematic flow of silicon (111) cleaning process.

5.4.1.3 HYDROFLUORIC ACID (HF) DIPPING METHOD

Hydrofluoric acid (HF) is mainly used to remove the native silicon dioxide layer which is
formerly produced during the RCASC cleaning method. Due to the reactive nature of HF which
easily corrodes glass container, only polypropylene container and syringe were used during the

overall process. 480 ml of DI water and 20 ml of HF were stirred slowly for 1 minute to produce
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the solution of HF before the silicon (111) wafer were dipped for 5 minutes. The silicon (111)
wafer will then undergoes simple wetting test as an indicator for checking the effectiveness of
HF dip process. Little deionized (DI) water were poured on the surface of the wafer to check
the hydrophobicity of silicon wafer. If the water beads up and rolls off, the surface is
hydrophobic and water will not wet it. Since oxide is hydrophilic in nature and pure silicon is
hydrophobic, a non-wetting surface suggests an oxide-clean surface. The silicon wafer was then
dried with nitrogen blowing before being put into the metal organic chemical vapour deposition
(MOCVD) reactor for deposition process. The HF solution may be saved for repeated cleaning
process since it does not lose its effectiveness with time. The overall cleaning process takes
around 1 hour and 30 minutes and Figure.5.3 shows the schematic flow of silicon (111) cleaning

process.

5.4.2 HYDROGEN CLEANING (BAKING)

The process was initiated immediately after the cleaning process by treating the silicon
surface using in-situ hydrogen cleaning method inside the MOCVD reactor. The transferring
process from the nitrogen blowing site to the metal organic chemical vapour deposition
(MOCVD) reactor usually produce a thin layer of native oxide layer due to the high reactivity
of oxygen with silicon surface. Thus, to remove the native oxide layer on the surface, hydrogen
cleaning was carried out on the surface of the wafer by heating the substrate to a deposition
temperature of 1125 °C while flowing hydrogen into the chamber for 10 minutes.

5.4.3 CONTROLLED PRELIMINARY GROWTH OF GAN ON Si (111) SUBSTRATES

The first preliminary growth parameter of GaN on Si (111) substrates was determined
based on several initial commissioning recipes during the installation period of metal organic
chemical vapour deposition (MOCVD) equipment at University of Malaya back on February

2014. The growth parameter of each layer is summarized in Table.5.1.
Table.5.1

Growth parameter of each layer of the samples.

o Growth pressure Growth temperature ) Growth Time
Epitaxial Layers V/II ratio )
(kPa) (°C)
GaN (topmost layer) 13.3 1125 4800 670
AIN/GaN SLS (20 pairs) 13.3 1125 2800 43 (per pair)
AIN nucleation layer
13.3 1000 2800 69

(NL) (bottom)
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From the above growth parameter, the nitridation and the aluminium nitride (ALN) nucleation
layer (NL) were grown at a homogeneous condition of 13.3 kPa and 1000 °C growth
temperature. These two layers were considered the first buffer and plays a vital role in
producing a good quality of GaN layer. The surrounding pressure was remaining the same
throughout the whole growth to inhibit turbulence effect which will deteriorates the uniformity
of epitaxial layer during nucleation and growth process. The V/III ratio of each layer is
calculated using the equation:

Fny; (umol/min) 1

Myp,/Fyu, = V/1 ratio (FTMA+FTMG+FTMI+FSIH4)(wmol/min) ~ 22.4x106

(5.4)

Since nitridation surface treatment only involve the flow of ammonia (NH;) without any

flow of group Il precursor, the /111 ratio is not considered for that layer. The /Il ratio is one
of the main parameter which determines the growth direction and preferred surface orientation
of each layer. Furthermore, the crystal quality is closely related with the change in V/III ratio
of each layer E. C. Piquette et.al [4] highlighted the influence of V/III ratio in the low
temperature aluminium nitride (LT-AIN) interlayer towards the crystal quality of the topmost
GaN layer. The author concluded that V/III  ratios of the LT-
ALN interlayer could strongly affect the crystal quality of GaN, instead of the strain status. Such
dependence could be explained in terms of the different LT-AIN surface
morphologies originating from the difference of the V/III ratios and the consequential different
GaN growth rates in vertical and lateral direction. The LT-AILN grown with optimizing V/III
ratio can efficiently prevent the propagation of the thread dislocations in the structure of GaN

epitaxial.

A. Dadgar [9] found that both the growth temperature and the thickness of LT-
AIN layer could strongly influence the strain relief status and the quality of the GaN layer

grown on LT-AIN interlayer respectively.
5.5 THE BULK InGaN SOLAR CELL
5.5.1 GROWTH CONDITION

2-inch Si substrate with (111)-crystal orientation has been employed. The substrate was
first degreased using the conventional Si substrate cleaning method. The cleaning process was
sequentially comprised of an organic cleaning using acetone and propanol before undergone

the RCA-1 cleaning and ended up with the hydrofluoric dip for 30 min. The substrate was then
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rinsed in the de-ionized water and purged with a nitrogen gun. At the early stage of each growth,
the substrate was baked inside the reactor under H2 ambiance at 1125 -C for 10 min to remove

the native oxide on the substrate surface

In order to prepare the Si substrate for the growth process, the nitridation surface treatment
(NST) was accomplished by supplying an ammonia (NH;) flow of 5 slm at 1000 °C for 400
seconds. After the NST process, a 20-nm aluminium nitride (ALN) nucleation layer was grown
at the same temperature followed by growing a 60 pairs of aluminium nitride/gallium nitride
(ALN /GaN) multi-layer at 1125 °C for more than 2 hours with thickness of 5nm and 20 nm,
respectively, a 500-nm thick of gallium nitride (GaN) epilayer doping N was grown at 1125°C.
The bulk layer InGaN was grown at 721°C for supposed thickness 800-nm, with indium

incorporation 8%. Finally, a 300-nm thick of P-GaN epilayer was grown atop.

Bulk InGaN

Mualti-l aver (ML)

- auN/uouly —ovu pdairs

Figure.5.4 shows the growth structure of the bulk InGaN solar cell sample.

5.5.2 SAMPLE CHARACTERIZATION

Cross-section scanning using field effect scanning electron microscopy (FESEM) technique
was conducted to further confirm the homogeneity of grown (AIN/GaN) multilayer and the
bulk InGaN on Si (111) substrate.
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Figure.5.5 shows the cross-section images of the sample for the ML (AIN/GaN).

HTI LAB 5.0kV 3.6mm x25.0k LA100(U) : HTI LAB 5.0kV 3.6mm x25.0k LA100(U)

Figure.5.6 shows the cross-section images of the sample for the ML (AIN/GaN) and the bulk InGaN
We describe the thickness of each layer from the FESEM images as below:

S5pairs = 112nm = 1pair = 22.4nm.

60pairs = 1370nm = 1pair = 22.8nm .

The P- GaN + InGaN = 1006 nm = bulk InGaN = 800nm
The N-GaN = 500nm and the P- GaN = 200nm

The InGaN critical layer thickness (CLT) is estimated to be 15 nm for a high quality fully
strained epitaxial layer with 10% of In concentration. Above this thickness the crystalline
quality and optical performance are degraded. The literature data reports that for InGaN layer
thickness exceeding 100 nm with an In concentration above 10%, distinct sublayers of InGaN

are observed with distinct In compositions and strain states [10-11].
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Figure.5.7 shows the FESEM images of the cracks generated on the topmost GaN layer.

The morphological structure of the preliminary sample was not determined by simple
observation using naked eyes. The sample appears smooth without crack propagating
throughout the sample
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The sample was further analysed by surface scanning using field effect scanning electron
microscopy (FESEM). Figure.5.7 shows the FESEM image of the cracks generated on the

topmost GaN layer for the sample.

According to the cross-sectional images Figure.5.7, the micro-cracks were generated across
the sample with most of them propagating near/from the white spot region as can be seen in the
images. The white spot is concentrated mainly at the edge of the wafer and contributes toward
the generation of cracks. Such condition has often been observed in many publications referring
to the phenomenon known as the melt-back etching of silicon. M.Khoury et.al observed the
same phenomenon at a higher degree of melt-back etching. According to their experimental
results, once the melt-back etching happens, the surface morphology of GaN films will be
degraded with the growth going on. Fortunately, insertion of a semi-bulk buffer layer as can
eliminate the melt-back etching of GaN /Si [12].

5.6 THE SEMIBULK InGaN SOLAR CELL
5.6.1 GROWTH CONDITION

The same growth condition as the previous sample the bulk solar cells. The difference

between the two-studied structure is the absorber layer, we change the bulk with the semi-bulk

The semi-bulk absorber layer: 50 periods of Iny gGay 9, N/GaN , both grown at 800 °C,

________ _Multi-Quantum Well
____________InGaN/GaiN —>U pairs______

- Multi-l aver(MMIY |
_— e ———

e, e

AUV /oAl —ov pairs 0000
—

Figure.5.8 shows the schematic growth structure of the semi-bulk InGaN /GaN solar cell sample.
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5.6.2 SAMPLE CHARACTERIZATION

The thick InGaN absorber layer with a semi-bulk absorber may overcome the challenge of

growing high crystalline quality, single phase absorber layers.

The properties of the deposited sample were examined using the characterization method
the field effect scanning electron microscopy (FESEM) of grown the ALN nucleation layer,
multi-layer (ML) and multi quantum well (MQW) on Si (111) substrate.

HTI LAB 5.0kV 3.3mm x25.0k LA100(U) ' '2.00um ' [l HTI LAB 5.0kV 3.3mm x25.0k LA100(U)

Figure.5.9 shows the cross-section images of the sample for the ML (AIN/GaN) and the semi-bulk
InGaN (MQW) with P-GaN growth.

We describe the thickness of each layer from the FESEM images as below:

S5pairs = 115nm = 1 pair = 23 nm.

60pairs = 1430nm = 1pair = 23.8 nm .

The N-GaN = 500nm and the P- GaN = 200nm

The semi-bulk InGaN MQW: 50 pairs = 350nm = 1pair = 7nm.



CHAPTERS  EXPERIMENTAL techniques and device fabrication process Page |96

HTI LAB 5.0kV 2.9mm x10.0k SE(U)

HTI LAB 5.0kV 2.9mm x20.0k SE(U) HTI LAB 5.0kV 2.9mm x20.0k SE(U) 2.00pm

HTI LAB 5.0kV 2.9mm x50.1k SE(U) "1.00um " [ HTI LAB 5.0kV 2.9mm x50.0k SE(U) YU Y 00um!

) O AT RO R Bl o |

HTI LAB 5.0kV 2.9mm x100k SE(U) 500nm HTI LAB 5.0kV 2.9mm x100k SE(U) 500nm

Figure.5.10 shows the FESEM images which shows crack free.
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These results have concluded that a high quality of GaN epilayer and MQW absorber layer
(InGaN /GaN) with a smooth and fine surface grown on Si (111) substrate is successfully

achieved, no cracks and pits have been observed shows an abrupt with a smooth layer structure.
5.7 CONCLUSION

The power conversion efficiency (PCE) of InGaN PIN heterojunction solar cells is
strongly dependent on the crystalline quality of the InGaN absorber layer, which must be larger
than100 nm thick in order to absorb 90% of incident above-bandgap light, we noticed that
replacing the thick InGaN absorber layer with a semi-bulk absorber may overcome the

challenge of growing high crystalline quality, single phase absorber layers
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GENERAL CONCLUSION

At present, 111-V compound semiconductors provide the materials basis for a number of
well-established commercial technologies, as well as new cutting-edge classes of electronic and

optoelectronic devices.

The calculations of structural properties, the electronic (band structure and densities of
states DOS), and optical functions for the zinc-blende Al Ga,In,_,_,N compounds (x =
0.343,0.468,0.593 and y = 0.375,0.5,0.625) grown on ALN substrate with mismatch less
than 2.05%, and the ternary wurtzite alloys In,Ga;_,N with  (x =
0.125,0.375,0.625 and 0.875) grown on GaN substrate are implemented based on the DFT
with WC-GGA, LDA and TB-mBJ approximations. The proper structural results, the electronic
structures and optical functions of these IlI-nitrides compounds are performed. The essential

results are summarized as follows:

i The parameters of structural properties of the binary ( AIN, GaN, and InN) using
WC-GGA in the both structure (zinc-blende and the wurtzite), are in good
agreement with the experimental, and the theoretical work values.

ii. The lattice matching condition expression for the Al Ga,In;_,_,N on an
ALN substrate was verified, for 3.12% of indium amount. The equilibrium structural
properties  for the ternaries In,Ga,_.N, Al;_,Ga,N and quaternary
AlyGayIn,_,_, N are reasonable comparing with Vegard’s law values.

iii. The calculation affords a good explanation of the band structures of the I1I-nitrides
semiconductor alloys (Al;_,Ga,N, Al,Ga,In,_,_,N and In,Ga;_,N), with good
improvement of TB-mBJ results comparing with the Vegard’s law calculation. The
E, is in the range of 0.82 to 4.85 eV, identical to the wavelength range 1512.19-
255.67 nm. Therefore, the Al,_,,Ga, N and Al,Ga,In,_,_, N system is an assuring
material for the manufacturing of ultraviolet components (emitters and detectors),
while the In,Ga,_,N alloys are implemented in ultraviolet optoelectronics devices
and for solar cells application. The densities of states (DOS) of Al,_,Ga,N,
AlyGayIngy__, N and In,Ga,_,N alloy is explained and the variances between
these compounds have been observed.

(\2 The dielectric function e(w), absorption coefficient a(x), reflectivity spectrum R(w),

and refractive index n(w), are calculated for radiation up to 34 eV. We find that the
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variations of £1(0) is related to the energy gap, increases when E, decrease which
proved the Penn model.

V. The present optical functions assure that the Ill-nitrides quaternary zinc-blende
alloys (Aly.343Ga0.625M0.031N, Alg465Ga0.51M0.031 N and Alg 503Gag 251M0 031 N) and the
wurtzite Ing 1,5Gag,g75 N, IMg375Ga0625 N, Mg 625G A0 375 N and Ing g75Gag, 125 N
, are suitable for the fabrications of the ultraviolet optoelectronic devices and solar

cells.

Silicon has one big disadvantage for today’s device layer growth by MOCVD, which
requires temperatures above 1000 °C, its low thermal expansion coefficient. The contraction
of the group-111-N layer is larger than that of Si leading to cracks in the group-111-N layer
when cooling to room temperature already for layer thicknesses around 1 mm, too low for
high-quality device fabrication. The inability to grow smooth surface of thick low
temperature AIN (LT-AILN) between silicon and gallium nitride layer have limits the

extension of research towards developing.

One type of characterization was done on the two-sample of the Solar cells involving
the morphological and the structural properties of the topmost GaN layer grown under
different growth parameter. In order to confirm the morphological structure of the sample,
surface scanning was carried out using field effect scanning electron microscopy (FESEM)

measurement.

After analyzing the characterization result of the structures involving both the nitridation
layer and the aluminum nitride (ALN) nucleation layer, a new series of experiment will be
conducted in the future to describe the solar cells efficiency and the effect of varying the
number of period of Indium Gallium nitride/Gallium nitride (InGaN/GaN) MQW pairs on
the quality of the topmost GaN layer.



