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ABSTRACT 

 

This thesis investigates the optical and structural properties of GaAs1-xBix thin 

epitaxial layers and self-assembled InGa(Bi)As quantum dots (QDs) grown on  

conventional (100) GaAs substrates by Molecular Beam Epitaxy (MBE). The 

GaAs1-xBix epilayers were grown at different substrate temperatures. The 

InGa(Bi)As QDs were formed via the  Stranski-Krastanov (S-K) growth mode 

using bismuth as a surfactant. 

Photoluminescence (PL) measurements showed that the GaAs1-xBix PL spectra 

exhibit two different behaviours depending on the growth temperature, namely, red 

and blue shift were observed as the growth temperature increases from 300 0C to 

325 0C, and from 325 0C to 365 0C, respectively. Moreover, the Bi composition in 

the studied samples were determined and calculated from the PL data. The results 

showed that Bi incorporation into the GaAs host lattice is very sensitive to the 

growth temperature and varied from 2.3% to 4.7%, and from 4.7 % to 2.8% for a 

growth temperature in the range 300 0C - 3250C and 325 0C - 365 0C, respectively. 

These findings were supported by Scanning Electron Microscopy (SEM) results 

which showed that the samples with the highest surface concentrations of droplets 

are those with the lowest concentrations of Bi (samples grown at TG= 300 0C, 310 

0C and 365 0C). This means that for these growth temperatures a lower 

concentration of Bi was incorporated into the GaAs structure. However, the sample 

with the highest concentration of bismuth (4.7%) which was grown at 325 0C, 

showed a lower number of both surface droplets and self-aligned trailing 

nanotracks. These results are also consistent with Raman measurement which 

demonstrated that as the content of Bi increases, first there is a slight redshift and 
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then a blueshift of the longitudinal optical (LO) phonon peak, which can be 

explained by the Bi-induced tensile and/or compressive stress. The optimum 

growth temperature for maximum Bi incorporation was found to be 325 0C (4.7%). 

The integrated PL intensity as a function of inverse temperature confirmed two 

types of defects. The first type is related to lattice disorder and the other related to 

Bi clusters.  

The effect of gamma radiation dose on the structural and optical properties of dilute 

GaAs1-xBix thin epitaxial layers grown at different substrate temperatures by MBE 

on conventional (100) GaAs was also investigated. This study investigates the 

interaction of gamma radiation with GaAs1-xBix III-V semiconductor alloys, which 

have enormous potential use in ionizing radiation detectors that can be monitored 

through both optical and electrical measurements. From Raman measurements, it 

was found that the concentration of holes increased when the samples were 

irradiated. This result is in good agreement with the PL results, which showed that 

the intensity of the main peak increases after irradiation, indicating that the optical 

properties have improved for all samples. Furthermore, the X-ray diffraction 

(XRD) data demonstrated that for irradiated GaAs1-xBix samples, their 

crystallographic quality was slightly worse after irradiation. This is due to the fact 

that radiation induces several types of defects, including structural defects. This 

result is consistent with PL results, which demonstrated that GaAs1-xBix samples 

have the largest PL full width at half maximum (FWHM) for all irradiated samples. 

This finding demonstrates that irradiated samples have worse quality compared to 

non-irradiated samples. 
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The effects of gamma radiation dose (30 kGy and 50 kGy) on self-assembled 

InGaAs/GaAs QDs formed at various growth temperatures (TG = 510 0C, 482 0C, 

450 0C) with and without exposure to bismuth flux have been investigated. The PL 

results showed that for irradiation dose of 30 kGy, the QDs PL emission energy 

exhibit a blue shift of around 10 meV for sample grown without Bi, however, no 

blue shifts are detected in the PL of QDs for all samples grown with Bi surfactant 

at different growth temperatures. Interestingly, the PL emissions of QDs and 

wetting layers disappeared after the irradiation dose was increased to 50kGy for a 

sample grown without Bi. In contrast, for samples grown with a Bi surfactant the 

PL QDs emissions were still observed, however, their intensities were reduced by 

factors between1.5 to 2. In general, gamma radiation treatment has better effect on 

the QDs samples grown under a Bi flux than the samples grown without Bi. The 

particular radiation dose of 30 kGy resulted in an improvement of the optical 

properties of all samples grown with Bi as a surfactant, as evidenced by a large 

increase in the QDs PL intensity after radiation. Furthermore, a growth temperature 

of 510 0C for InGaAs QDs was found to be optimal for both as-grown and gamma 

irradiated samples in terms of optical efficiency. 
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CHAPTER 1: INTRODUCTION 

This chapter will provide a brief introduction to the semiconductor materials 

investigated in this work, and the motivation and the outline of the thesis.  

 INTRODUCTION 

Numerous materials, including III-V compound semiconductors (such as GaAs or 

InP), elemental semiconductors (such as Si ), dominate the modern photonics and 

microelectronics markets, respectively [1, 2]. Recent studies have shown that the 

majority of semiconductor devices are fabricated on silicon (Si) [3]. However, Si 

has some fundamental limitations, including an indirect bandgap that affects photon 

emission efficiency and lower carrier mobility. However, GaAs is considered as 

one of the most central semiconductor material amongst the III-V compounds for 

research investigations due to its superior semiconducting properties. For example, 

GaAs has a direct bandgap of 1.42 eV at room temperature and higher carrier 

mobility. These properties provide a wide range of applications in the fields of 

optoelectronic devices for both light detection and light emitting, and high-speed 

transistors [4]. One of the most important properties of GaAs is the ability to tailor 

its bandgap through the formation of ternary compounds (e.g., GaAs1-xBix, AlxGa1-

xAs, InxGa1-xAs). Indeed, the III-V compound semiconductors and their ternary or 

quaternary (e.g., GaxIn1-xA1-yNy) alloys provide a wide range of bandgap energies, 

which are especially important when a specific bandgap energy is required. These 

properties enable III-V semiconductors to be used in photonic devices such as laser 

diodes, optical detectors, and solar cells. In addition, the interest in the III-V 

compound semiconductors has been increasing since their first commercial advent 

in the early 1980’s, particularly in the non-equilibrium growth techniques such as 
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molecular beam epitaxy (MBE) which offers enormous tailoring capabilities for 

device fabrication by forming compound materials from these semiconductors [5]. 

These compounds are usually grown in heterojunction systems as epitaxial layers 

on substrates such as GaAs or InP e.g., GaAs1-xBix on GaAs, or Ga xIn1-x AsyN1-y 

on InP. The mismatch between the lattice constants of the epitaxial layer and the 

substrate is one of the most important parameters that must be considered during 

the epitaxial growth of heterostructures. A large lattice mismatch causes 

dislocations in the epitaxial layer.  

GaAs is also used as a substrate material for the epitaxial growth of many III-V 

semiconductors such as GaAsBi and InGaAs. The properties of GaAs have a 

significant impact on the following properties and epitaxial layer growth. Another 

property of GaAs is that its bandgap energy can be tuned by introducing a small 

amount of bismuth. As a result, dilute bismide GaAsBi is formed. As it is well-

known, bismuth is the heaviest element in the Group V of the periodic table, and it 

is not commonly used in device fabrication. Furthermore, using Bi as a surfactant 

during the growth of GaAs at low temperatures has proven to enhance surface 

migration, to reduce the density of defects and to suppress the formation of traps in 

GaAs. Additionally, the growth  of epitaxial layers on the conventional plane (100) 

GaAs substrates using different growth temperatures has generated a wealth of 

information on the growth mechanisms of epitaxial layers. In fact, the use of  

different growth temperatures for the growth of epitaxial semiconductor alloys has 

a major effect on their properties. In particular, the structural and optical properties 

of III-V compound semiconductor strutures are found to change and/or improve by 

growing at different  temperatures. Photoluminescence and Raman methods are 

used to investigate the optical properties of semiconductor alloys.   The study 
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presented in this thesis relates to the characterization of semiconductor alloys based 

on III-V semiconductors, namely GaAsBi epilayers and In0.52Ga0.48As quantum 

dots grown on (100) GaAs substrate, using optical and structural methods. 

 

 MOTIVATION 

GaAs1-xBix alloys are a new class of emerging III-V semiconductors which have 

attracted an increasing interest [6, 7] because  their bandgaps can be engineered for 

numerous potential applications in electronics, photonics and spintronic. A few 

percent of Bi incorporated into GaAs, i.e. GaAs1−xBix with x being the Bi 

composition, leads to a giant bowing in the bandgap energy (~ 88 meV/% Bi) [8], 

as well as an increase of the spin–orbit band splitting [9, 10]. These remarkable 

properties such as reduction of the bandgap make GaAsBi a suitable material for 

several device applications such as multi-junction solar cells [11], photonic devices 

[8] and long-wavelength optoelectronic devices [12]. It is well known that the 

growth temperature of III-V alloys can significantly influence their crystalline 

quality. In fact, substitutional incorporation of Bi into the host lattice of III-V 

compounds requires low growth temperatures. However, the growth of GaAs1-xBix 

is more complicated than the growth of conventional III–V alloys. This is mainly 

due to the high tendency of Bi to surface segregate during growth, which requires 

the growth temperature to be lowered to < 400 ℃ [13]. Epitaxial growth of III-V 

compounds at low growth temperatures causes an increased density of defects as 

well as it leads to degradation of the optical quality of the alloys [13]. The purpose 

of this study is to investigate the effect of the growth temperature (ranging from 

300 0C to 365 0C) on the optical and structural properties of GaAs1−xBix thin 
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epitaxial films grown on semi-insulating (100) GaAs substrates by MBE by using 

different techniques such as scanning electron microscopy (SEM), X-ray 

diffraction (XRD), Photoluminescence (PL), Raman spectroscopy and hole 

concentration measurements (Chapter 5).  

 

The second motivation of this work involves an investigation of the effect of 

gamma radiation (γ) dose on the structural and optical properties of the above 

GaAs1-xBix samples using the same experimental techniques (Chapter 6).  

Furthermore, self-assembled InGaAs quantum dots (QDs) grown on (100) GaAs 

have allowed for significant advances in optoelectronic devices [14-17]. However, 

further advancements in QD-based devices are needed to control QD size, 

uniformity, and density, all of which affect QD electronic states. QD density and 

size are influenced by a variety of growth conditions such as substrate temperature, 

growth interruptions, and growth rate [18-21]. Increasing the substrate temperature 

during QD growth, for example, usually results in larger QDs due to an increase in 

the In adatom diffusion length. Another method for controlling QD size and density 

during growth is to use a surfactant [22]. Bi is a good surfactant because the larger 

Bi atoms do not incorporate into the InAs QDs or the surrounding GaAs matrix. Bi 

atoms, acting as a surfactant, can smoothen the GaAs surface and interfaces of 

heterostructures during growth. Additionally, they reduce point defects and 

impurities in the matrix, which reduces non-radiative recombination centres and 

improves the optical properties of matrix materials [23]. In addition, when a 

semiconductor is exposed to high-energy radiation, vacancies, clusters of defects, 

and dislocations are produced as lattice defects, which could modify the material 

parameters and hence the properties of devices such as p–i–n detectors and solar 
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cells. For example, detector devices are commonly subjected to high radiation 

doses, and the material radiation tolerance is an important factor to consider when 

selecting detector materials. Therefore, in this work, the effects of gamma radiation 

doses (30 KiloGray (kGy) and 50 kGy (1Gy= J/Kg)) and Bi surfactant on the optical 

properties of self-assembled InxGaAs1-xQDs grown at different growth 

temperatures on (100) GaAs substrates have also been studied (Chapter 7). 

 SCHEME OF THE THESIS 

The thesis is structured as follows: 

Chapter 1 covers the research motivations and structure of the thesis. 

Chapter 2 presents a description of the fundamental concepts of semiconductors, 

including their crystal structures and the optical processes, the concept of the 

bandgap, the nature of the energy gap and some general properties of GaAs, 

GaAsBi and InGa(Bi)As. Additionally, the properties of heterostructures are also 

discussed. 

Chapter 3 offers information on the fundamental concepts of low-dimensional 

semiconductor structures, such as their fabrication by molecular beam epitaxial and 

characteristics. 

Chapter 4 describes the experimental methods and techniques that were used in 

this study including X-ray diffraction (XRD), scanning electron microscopy 

(SEM), Raman and photoluminescence (PL) spectroscopy techniques.  

Chapter 5 presents PL, XRD, Raman and SEM results, obtained on a set of GaAs1-

xBix/GaAs epilayers grown at different growth temperatures on (100) GaAs 

substrates. 
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Chapter 6 reports the effect of gamma radiation dose on the optical and structural 

properties of GaAs1-x Bix epilayer grown at different growth temperatures on (100) 

GaAs substrates using XRD, hole concentration measurements, Raman 

spectroscopy and PL techniques.  

Chapter 7 presents the effects of Bi as surfactant and gamma radiation doses on 

the optical properties of InxGaAs1-xQDs grown at different growth temperatures on 

(100) GaAs substrate using PL spectroscopy.   

Chapter 8 includes a summary of the work presented in this thesis as well as 

suggestions for future research. 
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CHAPTER 2: FUNDAMENTAL CONCEPTS AND 

PRINCIPLES OF SEMICONDUCTORS 

This chapter covers the fundamentals concepts of semiconductors, such as crystal 

structure and optical processes. It describes the principles of the bandgap, the nature 

of the energy gap (i.e. direct or indirect bandgap), temperature dependent energy 

gap and some general features of GaAs, GaAsBi and InGaBiAs. This chapter 

further emphasises the importance of heterostructures in understanding the optical 

properties of quantum dots studied in this work. 

 INTRODUCTION  

Semiconductors have become a popular subject for fundamental study in recent 

decades, leading to their usage in a wide range of electrical and optical devices. 

Personal computers (CPUs, memory), laser diodes for data transmission, and DVD 

and CD players are all examples of these technologies. Semiconductor applications 

can be found on the roads, in our homes, in our schools, and even in our wallets. 

Semiconductor research continues to stimulate interest at all levels of science due 

to its wide range of applications. 

Solid state materials can be classified in general based on the value of the energy 

gap between their valence and conduction bands. Most materials have energy gaps 

in the range from zero to a few electron volts (eV).  According to this classification, 

materials having an energy gap of ~0 eV are referred to as metals. In contrast, 

materials with energy gap more than 3 eV are known to be insulators, whereas the 

semiconducting materials have energy gap ranging from ~0.1 eV to ~3eV. 
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It is worth to mention that an intrinsic semiconducting material behaves as an 

insulator at absolute zero temperature (T=0K), however, their electrical 

conductivity increases significantly as the temperature increases. Furthermore, 

electrical conductivity can be controlled by using light of specific wavelengths or 

by introducing small amounts of specific impurities known as dopants. These 

properties are very different from those of metals, which have high densities of free 

electrons. The electrical conductivity of metals, which is many orders of magnitude 

greater than semiconductor conductivity, has a weak temperature dependence and 

is unaffected by low levels of illumination or impurities. Semiconductor materials 

are divided into two types based on their chemical composition: elemental 

semiconductors and compound semiconductors. Elemental semiconductors are 

those composed of single species of atoms, such as silicon (Si), germanium (Ge), 

and diamond (C) (possesses some semiconductor properties), and belong to the 

group IV of the periodic table of elements (see Figure 2.1). Some of the properties 

of elemental semiconductors are shown in Table 2.1. 

Figure 2.1: Group II through VI of the periodic Table of the elements. 
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Table 2.1: Chemical Formula, energy gap (Eg) at 300K, lattice constant (a), 

structure of lattice and energy gap type.  

 

 

There are, however, numerous compound semiconductor materials, which are 

composed of two or more elements. For instance, elements of group III and V are 

used to provide important compound semiconductors such as GaAs which is a 

combination of gallium (Ga) from column III and arsenide (As) from column V.  

Compound semiconductors formed with two elements are known as “binary 

compounds” such as GaAs, AlAs and InAs. In addition, for those semiconductors 

which have more than two elements, they are known as “ternary compounds” such 

as GaAsBi and AlGaAs, and semiconductors with four elements are called 

quaternary, for example GaInAsP. Another important class of semiconductors is 

known as II-VI compound materials, which include zinc oxide (ZnO) and mercury 

zinc telluride (HgZnTe). Table 2.2 lists the most common III-V compounds as well 

as their properties. 

Materials 

 

Chemical 

Formula 

Eg (eV) a (nm) Structure Type 

Silicon Si 1.12 0.543 Cubic Indirect 

Germanium Ge 0.664 0.566 Cubic Indirect 

Diamond C 5.48 0.357 Cubic Indirect 
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Table 2.2: Chemical Formula, energy gap, lattice constant, structure of crystal and 

bandgap type at T= 300K of most important III-V compound semiconductors [1]. 

Material Chemical 

Formula 

Eg (eV) a (nm) Structure Type 

Gallium 

arsenide 

GaAs 1.424 0.565 Cubic Direct 

Indium 

arsenide 

InAs 0.354 0.606 Cubic Direct 

Aluminium 

arsenide 

AlAs 2.15 0.566 Cubic Indirect 

Gallium 

nitride 

GaN 3.44 a=0.318, 

c=0.517 

Hexagonal Direct 

Indium 

Nitride 

InN 1.89 a=0.354, 

c=0.870 

Hexagonal Direct 

 

Many of the compound semiconductors have some specific electrical and optical 

properties which can be controlled by (i) changing the temperature (i.e. thermal 

excitation), (ii) optical excitation (i.e. excitation with photons having energies 

higher than the energy gap (Eg)), and (iii) introducing impurities into their crystal 

lattice (i.e. doping). The following section introduces an additional category of 

semiconductor classification based on doping type. 
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 INTRINSIC AND EXTRINSIC SEMICONDUCTORS  

An intrinsic semiconductor, also known as an undoped semiconductor, is a 

semiconductor that is completely free of dopant species. In intrinsic 

semiconductors the number of excited electrons in the conduction band (n) is equal 

to the number of holes in the valence band (p).  

𝑛 = 𝑝 = 𝑛𝑖 2.1 

where 𝑛𝑖  is the intrinsic carrier concentration. 

 

At zero Kelvin temperature (0K), intrinsic semiconductors behave as insulators 

because the valence band is completely filled, and the conduction band is 

completely empty, hence there is no charge carrier flow to contribute to 

conductivity unless photo-excitation or a thermal excitation is used. However, at 

specific temperature, electrons from the valence band (VB) may have enough 

thermal energy to be excited to the conduction band (CB). At room temperature 

(RT), few electrons have enough thermal energy to jump from VB to CB. For 

example, intrinsic Si and GaAs have 𝑛𝑖 values equal to 1.5x1010 cm-3 and 1.8 x106 

cm-3, respectively at RT.  

Extrinsic semiconductors, also known as doped semiconductors, are made by 

introducing various atoms (dopant atoms) into the host crystal. As shown in Figure 

2.2 for a silicon semiconductor with four electrons in its outermost shell, there are 

two types of extrinsic materials that can be created. 



 

16 

 

  

Figure 2.2: P-type and N-type extrinsic silicon. 

 

(1) P-type material: the dopant atoms incorporated into the semiconductor 

crystal are referred to as acceptor atoms. As acceptor atoms for silicon, 

Boron (B), Gallium (Ga), or Aluminium (Al) can be used. These atoms are 

from column III of the periodic table and have three electrons in the 

outermost shell. When these atoms are added to the silicon crystal, one 

electron in the silicon valence band can simply jump to one of the acceptor 

atoms' valence shells, leaving a negatively charged acceptor atom behind. 

This negatively charged acceptor atom is fixed and does not contribute to 

electrical conduction. Majority carrier holes are generated in p-type 

materials, contributing to the hole concentration (p). The activation energy 

is low at RT, therefore all of the combined acceptor atoms will accept one 

electron from the valence band. As a result, excess free hole density (p0) in 

the valence band for a p-type material at RT is provided by: 
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  𝑝0 ≈ 𝑁𝐴(𝑐𝑚−3) 2.2 

 

where  𝑁𝐴 is the acceptor concentration. 

 

(2) n-type material: donor atoms are the dopant atoms that are added to the 

semiconductor crystal. Phosphorus (P), Antimony (Sb), and Arsenide (As) 

are utilised as donors in silicon. The outermost shell of these donor atoms 

has five electrons, and they are found in column V of the periodic table. 

One electron of the donor atom can simply jump to the conduction band of 

silicon leaving the donor atom positively charged. The positively charged 

donor atom is fixed and has no effect on the electrical conduction. This 

procedure is sometimes referred to as "ionisation" or "activation" of the 

donor atoms because the energy is so low in comparison to the silicon 

bandgap that it can simply be ionised at room temperature. Electrons are the 

majority carriers in n-type materials and contribute to the electron 

concentration (n). In addition, at T≠ 0K for an n-type material, the extra free 

electrons from dopant atoms can be thermally excited from their states 

within the forbidden bandgap that are placed slightly below the bottom of 

the conduction band, resulting in an increase in the free electrons density 

(𝑛0). 

𝑛0 ≈ 𝑁𝐷(𝑐𝑚−3) 2.3 

 where  𝑁𝐷 is the donor concentration. 
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 ENERGY BANDGAP  

The bandgap, also known as an energy gap in solid state physics, is an energy range 

(a forbidden energy region) in a solid where no electron state can exist. The energy-

wave vector (E-k) relationship is commonly used to represent this region. In 

general, the bandgap (Eg) in insulators and semiconductors refers to the energy 

difference between the top of the valence band (Ev) and the bottom of the 

conduction band (Ec). The shape of the conduction band and valence band at edge 

near k=0 is approximately parabolic (the conduction band is empty and the valence 

band is filled). The energy of the conduction (Ec) and valence (Ev) bands can be 

calculated as follows: 

    𝐸𝐶 = 𝐸𝑔 +
ℎ2𝑘2

8𝜋2𝑚𝑒
∗
 

2.4 

  

 𝐸𝑉 = 𝐸𝑔 −
ℎ

2
𝑘

2

8𝜋2𝑚ℎ
∗  

2.5 

 

where h is the Plank’s constant, 𝑚𝑒
∗ and 𝑚ℎ

∗
 are the effective mass of electron and 

hole, respectively.  

Energy (E) - momentum (P) relationship is described as: 

𝐸 =
𝑃2

2𝑚∗
 

2.6 

 

The effective mass can be found from the second derivative of 𝐸 with respect to 𝑃 
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𝑚𝑒
∗ = (

𝑑2𝐸

𝑑𝑝2
)

−1

 
2.7 

 A similar expression can be found for holes (with subscript h instead of e). 

Electrons and holes are treated as free particles by assigning them a modified mass, 

the effective mass, which combines their potential and kinetic energies into a single 

kinetic-like energy. In GaAs, as an example, the effective mass of electrons and 

holes is given by  𝑚𝑒  
∗ = 0.067𝑚0 and  𝑚ℎ  

∗ = 0.035𝑚0 , where 𝑚0 is the mass of 

the free electron. At zero Kelvin, the valence band is full, and the conduction band 

is completely empty, then electrons cannot move in solid due to a large bandgap 

between both bands, and the material behaves as an insulator. Above zero Kelvin, 

some electrons have enough energy to transfer from the valence band to the 

conduction band and contribute to the electrical conduction process. The Fermi 

level is the probability of occupying energy levels in the valence and conduction 

bands. The intrinsic semiconductor acts as a perfect insulator at absolute zero 

temperature. However, as the temperature rises, free electrons and holes are 

created. The number of holes in the valence band in an undoped or pure 

semiconductor is equal to the number of electrons in the conduction band. As a 

result, the probability of occupying energy levels in the conduction and valence 

bands is equal. As a result, as shown in Figure 2.3, the Fermi level for an undoped 

semiconductor is in the middle of the forbidden band. Figure 2.3 depicts a 

simplified energy–band structure and Fermi level for undoped semiconductors. The 

energy of an electron is defined as positive when measured upwards, and the energy 

of a hole is defined as positive when measured downwards. 

 



 

20 

 

 

Figure 2.3: simplified energy–band structures and Fermi level of undoped 

semiconductors. 

 

The electron-carrier concentration in an intrinsic semiconductor is equal to the 

hole-carrier concentration. This  can be written as p = n = ni, 

where p is the concentration of hole carriers, n is the concentration of electron 

carriers, and ni is the concentration of intrinsic carriers.  The Fermi level for 

intrinsic semiconductor is given as, 

𝐸𝐹 =
𝐸𝐶 + 𝐸𝑉

2
 

2.8 

where EF is the Fermi level energy. 

 CRYSTAL STRUCTURE OF SEMICONDUCTORS  

A crystal is a material with an orderly and periodic arrangement of atoms in three-

dimensional space. The arrangement of atoms in a crystal is known as its crystal 

structure. To describe the crystal structure, two basic concepts are introduced. 
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1. A lattice is a set of points in space that form a periodic structure. 

2. The basis or building block of atoms as an atom or group of atoms, as shown in 

Figure 2.4, that is attached to each lattice point to produce the physical crystal 

structure. 

The crystalline structure is formed by connecting the basis to each of these lattice 

points. 

Lattice + basis = crystal structure.  

 

 

 

 

 

 

Figure 2.4: Creation of the crystal structure from the combination of lattice and 

basis. The basis may have one atom (A) or a group of atoms (B). 

 

The lattice is defined by three primitive vectors, 𝒂𝟏, 𝒂𝟐 and 𝒂𝟑 which allow any 

point of the lattice 𝐶 to be acquired by a translation from any point of the lattice 𝑅. 

𝐶 = 𝑅 + 𝑐1𝒂𝟏 + 𝑐2𝒂𝟐 + 𝑐3𝒂𝟑 

 

2.9 

 where 𝑐1, 𝑐2,𝑐3 are integers.  

A 

B 

+ 

+ = 

= 

Bravais lattice Basis Crystal 
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The unit cell is a basic building block of the crystal structure with a small repeating 

entity. If the cell volume formed by the translation vectors 𝒂𝟏, 𝒂𝟐 and 𝒂𝟑  is the 

smallest possible, the translation vectors are referred to as primitive. The primitive 

unit cell is the volume of a cell surrounded by primitive vectors. There is no special 

method for selecting primitive vectors, however, it is possible to identify more than 

a group of primitive vectors of a given lattice, and the choice is usually dictated by 

convenience. 

2.4.1 Types of Basic Lattice  

A primitive cell is the smallest unit cell that can be repeated in order to form a 

lattice. A crystal lattice can be thought of as a series of repetitive translations of a 

primitive cell. The lattice classes are defined by the relationships between the 

primitive vectors 𝒂𝟏, 𝒂𝟐 and 𝒂𝟑  ,and the angles α, β, and γ between them.  

 A cubic and hexagonal lattice are the two most important primitive cell types, and 

they serve as the foundation for all semiconductor structures. The lattice constant, 

a, is the side dimension of the cube. There are three types of cubic lattice: simple 

cubic (sc), body-centred cubic (bcc), and face-centred cubic (fcc). 

In a simple cubic primitive cell, there is one host atom (point of lattice) at each 

corner of a cubic unit cell (host atom). Figure 2.5 illustrates a simple cubic lattice 

formed by ax, ay, and az, where x, y, and z are unit vectors.  
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Figure 2.5: A simple cubic lattice (sc) with the primitive vectors.  

 

The body centred cubic (bcc) structure, shown in Figure 2.6, can be created from 

the simple cubic structure. It has one lattice point at each corner and one atom in 

the centre of the unit cell body (each atom is bonded with eight other lattice points 

along the cube body diagonal). A set of primitive vectors for the bcc lattice is given 

by 

𝒂𝟏 = 𝑎𝒙,  𝒂𝟐 = 𝑎𝒚, 𝒂𝟑 =
𝒂

𝟐
(𝒙 + 𝒚 + 𝒛) 2.10 

where x, y and z are three orthogonal unit vectors. 

Figure 2.6: The lattice of body centred cubic (bcc) along with a select of primitive  

vectors. 

X 

Z 

Y 

a 

𝒂𝟏 

𝒂𝟑 

𝒂𝟐 
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Face-centred cubic (fcc) structures have one lattice point at each corner, one in the 

centre of each face, and the lattice points are bonded with those along the face 

diagonal, as presented in Figure 2.7. The following are a symmetric group of 

primitive vectors for fcc structure 

𝒂𝟏 =
𝑎

2
 (𝑦 + 𝑧), 𝒂𝟐 =

𝑎

2
 (𝑧 + 𝑥), 𝒂𝟑 =

𝑎

2
 (𝑥 + 𝑦) 

2.11 

 

 

 

 

 

 

 

Figure 2.7: The lattice of face centred cubic along with its primitive basis vectors. 

 

Most important semiconductor materials, such as Si and Ge have a diamond-like 

structure made up of the same atom types as indicated in Figure 2.8. Each atom in 

the diamond structure forms bonds with four adjacent atoms of the same group. The 

bonds between atoms in the silicon crystal stretch between fcc sublattices. In the 

case of III-V and II-VI semiconductor materials with fcc lattices, one fcc lattice is 

formed from one type of element (for instance, an atom from group III), but the 

other fcc lattice is formed from the other type of element (for instance, an atom of 

V group). The elements in the two fcc lattices come from dissimilar groups of the 

𝒂𝟏 

𝒂𝟑 

𝒂𝟐 
𝒂 

X 

Y 

Z 
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periodic table. The overall crystal structure is known as the zinc blende lattice. 

Elements of the same atomic group are positioned on the same fcc lattice in ternary 

and quaternary semiconductors, whereas all bonds between atoms occur between 

atoms in dissimilar fcc lattices. 

 

 

 

 

 

 

 

 

Figure 2.8: Examples of crystal structures (a) diamond for Si. Both types of atomic 

sites are occupied by Si. (b) Zincblende structure for GaAs. The sites are occupied 

by Ga and As atoms [2]. 

 

For example, in the GaAs crystal shown in Figure 2.8 (b), all Ga atoms are 

positioned on one of the fcc lattice and bonded to As atoms which are located on 

the second fcc lattice. As a result, the interatomic distances between neighbouring 

atoms are less than the lattice constant. The zinc blende structure is found in most 

common III-V compound materials, such as GaP and GaAs. 

a 

Silicon Atom 

a 

Gallium Atom 

Arsenide Atom 
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2.4.2 Miller Indices for Crystal Planes 

In a crystal semiconductor, it is critical to understand the plane or group of planes. 

The plane on which the devices are manufactured is important because it affects 

their electrical and optical properties. Before describing a specific surface structure, 

the crystalline planes must be determined. Miller indices are used in the (hkl) 

notation to indicate the orientation of crystal planes based on their intercepts with 

crystallographic reference axes. As for directions, negative indices are often 

indicated by a bar or minus sign written above the corresponding index, such as 

(0 0 1̅). Each crystal is associated with two lattices: a reciprocal lattice and a crystal 

lattice. As is well known, a diffraction pattern for crystallisation is a map of the 

crystal's reciprocal lattice. Three primitive basis vectors, a, b, and c, can be used to 

describe a crystalline solid. These vectors are defined along the axis (x, y, z) so that 

the crystal structure remains invariant when vector R is translated.  The translation 

vector R is defined as the sum of the integral multiples of the three primitive basis 

vectors (a, b, and c),  

𝑹 = 𝑚𝒂 + 𝑛𝒃 + 𝑝𝒄 2.12 

 

where m, n, and p are integers and a, b ,and c are the primitive vectors  

This expression is then used to define the reciprocal lattice basis vectors a*, b*, 

and c* in terms of direct lattice basis vectors:   

𝒂 ∗ =  (𝒃 𝑥 𝒄)/ 𝒂. (𝒃 𝑥 𝒄) 2.13 

𝒃 ∗ =  (𝒄 𝑥 𝒂)/ 𝒂. (𝒃 𝑥 𝒄) 2.14 

𝒄 ∗ =  (𝒂 𝑥 𝒃)/ 𝒂. (𝒃 𝑥 𝒄) 2.15 
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The position vector (g) in the reciprocal space (d) with components (h,k,l) is 

perpendicular to the plane with Miller indices (hkl), so it is commonly denoted as 

ghkl and can be defined by 

𝒈ℎ𝑘𝑙 =  ℎ𝒂 ∗ +𝑘𝒃 ∗ +𝑙𝒄 ∗ 2.16 

 |𝒈ℎ𝑘𝑙|  =  1/𝑑ℎ𝑘𝑙  2.17 

 

where, h, k, l are integers and dhkl is the spacing between lattice planes. Figure 2.9 

shows an example of various planes in a cubic crystal and their Miller indices. The 

Miller indices' method is described below. 

 

 

 

 

 

Figure 2.9: Miller indices for some crucial planes in a cubic crystals are presented. 

 

Assuming there is a three-dimensional crystal plane with three basis vectors, x, y, 

and z, the Miller's indices of this plane can be calculated as follows: 

(i)  Determine the intercepts of the planes along three basis vectors. 

(ii) Find the reciprocals of the intercepts along each axis. 

(iii) Reduce the reciprocals of these intercepts to their smallest values in such a way 

that the smallest three integers have the same ratio.  
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The results of the three preceding steps are included in parenthesis (hkl) and are 

referred to as Miller indices for single plane with intercepts at 1/h, 1/k, and 1/l on 

the x, y, and z axes, respectively. However, {hkl} represents the Miller indices of 

a complete set of planes of equal symmetry in a cubic crystal, such as planes (110), 

(1̅10), (01̅1), and so on. The equivalent planes are referred to collectively as{110}. 

The planes of a cubic crystal system (100), (110), and (111) are known as low index 

planes because they are only denoted by 0 and 1. Whereas planes with higher 

values, such as (n11), where n is greater than one, are referred to as high-index 

planes. 

2.4.3 Conventional and Non-Conventional Planes 

Over the last decade, there has been a significant increase in interest in the growth 

of GaAs on high-index planes. The tremendous improvement in the structural, 

optical, and electrical properties of III-V-based structures grown on high index 

(n11) planes prompted this interest. The mechanism of epitaxial growth as well as 

the physics of dopant incorporation can be better understood by studying Molecular 

Beam Epitaxy (MBE) growth technique development on different-oriented 

substrates. The use of high Miller index substrate orientations enables the 

engineering of nanostructured semiconductor properties such as size distribution, 

shape, emission polarisation, and transition energy, opening up a wide range of 

design possibilities. The growth of epitaxial layers on high-index planes is a step 

forward in semiconductor material engineering because it allows for the 

development of devices with improved properties over devices grown on 

conventional (100) planes. The fascination with non-conventional semiconductor 

structures relates to growth, impurity incorporation, lasing performance, electronic 
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properties, and piezoelectric effects. Non-conventional substrates, for instance, 

have enabled the fabrication of high-performance InAs/GaAs quantum dot (QD) 

lasers, ultrahigh mobility two-dimensional hole gases, GaAs/AlGaAs 

heterostructures, InGaAs QDs with improved piezoelectric effects, and GaMnAs 

epilayers with altered Mn incorporation and magnetic anisotropies [3, 4]. The 

possibility of changing and improving the properties of important materials, surface 

kinetics, growth mechanisms, and impurity incorporation by growing in crystalline 

orientations other than (100) has incited a lot of interest in these topics. Some 

exciting properties have emerged in terms of dopant incorporation, piezoelectric 

effect, microstructure self-organization, overlayer strain, and ternary alloy ordering 

[5].  

Several high index polarised surfaces, such as (311)A [6] and (311)B GaAs [7, 8], 

have recently received increased attention due to the structures grown on these 

surfaces having unique properties that improve device performance [8, 9]. When 

compared to similar samples grown on (100) surfaces, heterostructures grown on 

(311)A and (311)B GaAs orientation substrates have significantly better optical 

properties, implying that the starting (311)A and (311)B GaAs surfaces are more 

stable and smoother [10-12]. It is worth noting that in the case of the GaAs high 

index planes, A and B refer to the Ga and As surfaces, respectively. The differences 

between (311)B and (311)A planes can be explained by considering the polarity of 

the surface [13].  
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 DIRECT AND INDIRECT ENERGY BANDGAP 

In semiconductor physics, based on band structure, materials have either direct 

bandgap or indirect bandgap. Direct gap semiconductors have different optical 

properties than indirect gap semiconductors. The material has a direct bandgap if 

the momentum of the lowest energy state in the conduction band and the highest 

energy state in the valence band are the same. If they do not match, the material has 

an indirect bandgap. In materials with a direct bandgap, valence electrons can be 

excited directly into the conduction band by a photon with an energy greater than 

the bandgap. However, in materials with an indirect bandgap the electron must pass 

through an intermediate state and transfer momentum to the crystal lattice. Figures 

2.10 (a) and (b) show the most common indirect (Si) and direct (GaAs) bandgap 

semiconductors. 

Direct semiconductors (such as GaAs) have the lowest transition energy for moving 

an electron from the valence band to the conduction band without changing its 

momentum. In the case of indirect semiconductors, excitation at the bandgap 

energy should occur with a change in the electron's momentum which is provided 

by a phonon. In indirect semiconductors, the only way for interband optical 

transitions is for the phonon to make a vertical virtual transition at k = 0 with the 

subsequent electron-phonon dispersion. For instance, optical transitions are only 

allowed if the phonons are emitted or absorbed to maintain crystal momentum [14]. 

The phonon is absorbed or released to conserve the crystal momentum during 

optical absorption. 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 ± 𝐸𝑝ℎ𝑜𝑛𝑜𝑛 2.18 
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𝑘𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = ±𝑘𝑝ℎ𝑜𝑛𝑜𝑛 2.19 

 

A similar process occurs in optical emission. 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 ± 𝐸𝑝ℎ𝑜𝑛𝑜𝑛 2.20 

 

 

Figure 2.10: Energy-band structures of indirect (Si) and direct (GaAs) bandgap 

semiconductors with electrons and holes represented by full and open circles, 

respectively [15]. 

 

In bulk silicon for optical transitions, phonons consisting of  transverse optical (TO) 

(~ 56 meV) and transverse acoustic (TA) (~ 18.7 meV) modes [14] play an 

important role. Nonetheless, it has been demonstrated that zero-phonon optical 

transitions are partially allowed in silicon nanostructures, such as silicon 

nanoparticles and porous silicon, and that the oscillator's strength of zero-phonon 

(a) (b) 
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transitions is greatly improved. This increases the rate of radiative recombination 

via direct band-to-band recombination [15-17]. 

 

 EFFECT OF TEMPERATURE ON ENERGY BANDGAP 

The bandgap energy in semiconductor materials has an inverse relationship with 

temperature. It tends to decrease as the temperature increases (see Figure 2.11 for 

Ge, Si and GaAs). The cause of this behaviour is thermal energy, which causes 

atomic vibrations. When the temperature increases, the amplitude of atomic 

vibration rises, resulting in greater interatomic spacing. The interaction between 

phonons (lattice vibrations) and free electrons and holes will also have a minor 

effect on the bandgap. 

 

Figure 2.11: The energy bandgap of Ge, Si, and GaAs as a function of temperature 

[18]. Varshni's parameters for Ge, Si, and GaAs semiconductors are shown in the 

inset Table. 
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This effect is determined by the linear expansion coefficient of a material. Increased 

interatomic spacing reduces the potential seen by electrons in the material. As a 

result, the size of the energy bandgap shrinks. Applying high compressive (tensile) 

stress, for example, for direct modulation of the interatomic distance, causes an 

increase (decrease) in the bandgap. Varshni's formula [18] provides an empirical 

relationship for the temperature dependence of the energy bandgap.  

 

𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

𝛽 + 𝑇
 

2.21 

where Eg (0) denotes the bandgap energy at zero Kelvin. α and β are empirical 

parameters related to the material. Varshni’s parameters for GaAs, Si and Ge 

semiconductors are shown in the inset Table in Figure 2.12. 

 

 MODIFICATION OF BAND STRUCTURE  

The ability to tailor semiconductor bandgap energy is critical for the design of novel 

electronic devices with superior properties. For bandgap tailoring, also known as 

bandgap engineering, there are two commonly used approaches. These will be 

covered briefly in the following section.  

2.7.1 Alloys 

Semiconductor alloys provide a method for adjusting the bandgap energy 

magnitude and other material parameters in order to improve and expand the 

applications of semiconductor devices. The GaAs bandgap, for instance, is too 

small to emit visible light. The bandgap of GaP, on the other hand, is in the green 
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part of the spectrum, but it is indirect, therefore the GaP emitter is ineffective 

without the help of appropriate dopants (e.g., nitrogen) [19]. A well-chosen alloy, 

such as GaAsxP1-x, composed of GaAs and GaP, can retain most of the GaAs 

properties (e.g., the direct gap), whereas changing the energy of the forbidden gap 

significantly [20]. Furthermore, the use of alloys contributes to the creation of a 

material with a suitable lattice constant to be matched to the substrate. Quaternary 

alloys such as (In0.53Ga0.47As) and (In 0.52Al0.48As) are used to be lattice-matched 

with InP substrates, which are used as substrates for a variety of devices [21]. 

Figure 2.12 depicts the bandgap energies of many III-V semiconductors as a 

function of the lattice constant, including the GaAs1-xBix system [22, 23] in green 

line, which is experimentally predicted over the entire alloying range. Some III-V 

semiconductors have bandgap energies ranging from 0.18 to 2.4 eV, and the 

majority of them have a direct gap.  

 

Figure 2.12: Bandgap energy as a function of lattice constant for various III-V 

semiconductors at room temperature [24]. 
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2.7.1.1       Vegard’s Law  

Vegard's law is an empirical rule that describes the linear relationship between alloy 

crystal lattice constants and constituent component concentrations at constant 

temperature [26]. For example, when an alloy AxB1−x (x denotes the mole fraction 

or chemical composition) is formed of a random combination of two elements 

(these concepts can also be applied to ternary and quaternary alloys), the alloy 

lattice constant is given by: 

𝑎𝑎𝑙𝑙𝑜𝑦 = 𝑥𝑎𝐴 + (1 − 𝑥)𝑎𝐵 2.22 

 

The change in the energy gap in the alloys can be represented by: 

 

𝐸𝑔
𝑎𝑙𝑙𝑜𝑦

= (1 − 𝑥)𝐸𝑔
𝐵 + 𝑥𝐸𝑔

𝐴  2.23 

 

Nonetheless, there is a bowing effect in some alloys caused by an increasing 

disorder due to alloying. As a result, equation (2.23) is modified by taking the 

bowing parameter into account (b). 

𝐸𝑔
𝑎𝑙𝑙𝑜𝑦

= (1 − 𝑥)𝐸𝑔
𝐵 + 𝑥𝐸𝑔

𝐴 + 𝑏𝑥(1 − 𝑥)  2.24 

 

2.7.1.2      Graded Gap Semiconductor Structures  

The chemical composition of semiconductors varies in the classified semiconductor 

structures, and this difference can affect alloy properties such as the gap energy and 

the lattice constant. Conversely, in the majority of the classified structures, the 
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lattice constant does not change significantly. For example, in ABxC1-x ternary 

compound semiconductor material, where x is the chemical composition or mole 

fraction, the ABxC1-x properties slowly change from AC to AB as x increases from 

0 to 1. The lattice constant exhibits linear behaviour with x, whereas the energy gap 

exhibits non-linear bowing. The gap energy of the compound material ABxC1-x can 

be calculated using the following equation:  

𝐸𝑔,𝐴𝐵𝐶(𝑥) = 𝑥𝐸𝑔,𝐴𝐵 + (1 − 𝑥)𝐸𝑔,𝐴𝐶 − 𝑏𝑥(1 − 𝑥) 2.25 

 

where b is the bowing coefficient, which is typically less than 1 eV. The coefficient 

of bowing value in some compound semiconductors, such as AlxGa1-xAs, is so 

small that the term (𝑏𝑥(1 − 𝑥)) in the previous equation is insignificant. 

 

2.7.2   Heterostructures  

Generally, there are two types of structures, namely homojunction and 

heterojunction structures. The junction of two identical semiconductor materials 

produces homojunction structures [27]. Whereas heterojunction structures are 

formed by stacking two or more different semiconductors. A heterojunction's 

constituent materials have different energy gaps, atomic or size lattice parameters. 

Heterostructures provide means to manipulate the behaviour of the holes and 

electrons by the engineering of the bands. It is frequently used to engineer the 

electronic energy bands in a variety of solid-state device applications, including 

semiconductor lasers and solar cells. One important factor in the formation of 
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heterojunctions is the band alignment of two semiconductor materials. This 

parameter will be briefly discussed below.  

  

2.7.2.1          Band Alignment  

As shown in Figure 2.13, heterojunctions can be classified into three types of band 

alignment based on how their energy bands are aligned with each other. These are 

classified as straddled alignment (type I), staggered alignment (type II), and broken 

gap alignment (type III). 

  

2.7.2.1.1 Straddled Alignment or Type I  

In this type of alignment, the bandgap of material B is completely contained within 

the bandgap of material A, implying that the lowest energy for both electrons and 

holes occurs in semiconductor B (Figure 2.1 3.a). This type of alignment is common 

in InGaAs/InP, GaAs/AlGaAs, and InAs/GaAs.   

2.7.2.1.2 Staggered Alignment or Type II  

This alignment occurs when the lowest energy of the holes occurs in semiconductor 

A, however, the lowest energy of the electrons occurs in semiconductor B (Figure 

2.13.b). A type II heterojunction is typically represented by GaSb/GaAs and 

GaAsSb/GaInAs. 
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2.7.2.1.3 Broken Gap Alignment or Type III  

Another option for alignment is type III heterostructures, as seen in Figure 2.13.c, 

where the III and V group elements (such as GaSb/InAs) differ. In type III, one 

semiconductor's conduction band is located in the lower the valence band of the 

other semiconductor. It is worth noting that this alignment is also known as a type 

II misaligned heterojunction. 

 

Figure 2.13: Heterojunctions are classified based on their band alignment, where 

EC, EV, Eg, EC, and EV represent the materials' conduction band, valence band, 

energy gap, conduction band offset, and valence band, respectively [27].  

 

2.7.2.2 Anderson’s rule 

Anderson proposed an electron affinity model in 1962 [28] to calculate the band 

offset of the perfect heterostructure. The difference in energy between the bottom 

of the conduction band and the vacuum level is defined as the electron's affinity. 

Consider two semiconductors A and B with bandgap energies and electron 
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affinities 𝐸𝑔
𝐴 and 𝐸𝑔

𝐵, and 𝜒𝐴 and 𝜒𝐵, respectively, that have been put into physical 

contact. The electron affinity model is based on the idea that the energy due to an 

electron moving from the vacuum level to semiconductor A, then to semiconductor 

B, and finally back to the vacuum level should be zero. This is demonstrated by: 

𝛥𝐸𝐶 = 𝜒𝐴 − 𝜒𝐵 = 𝛥𝜒  2.26 

 

The bandgap energy difference between the two materials is presented by: 

𝛥𝐸𝑔 = 𝐸𝑔
𝐵 − 𝐸𝑔

𝐴 2.27 

 

The valence band offset is given by: 

𝛥𝐸𝑉 = 𝛥𝐸𝑔 − 𝛥𝜒 2.28 

 

The band offset is given by the following expression: 

𝛥𝐸𝑔 = 𝛥𝐸𝐶 + 𝛥𝐸𝑉 2.29 

 

It is important to point out that Anderson's rule is fairly valid for some 

semiconductor pairs but has some limitations for many other materials. Defect 

states, dislocations, and surface interface states are not included in this model. For 

instance, using this rule, the theoretical band offset value of the AlAs/GaAs 

heterostructure is 230 meV, while the experimental value is close to 530meV. The 

failure of Anderson’s model was explained as a result of semiconductor surface 

dipoles caused by atom readjustments at the semiconductor’s surface [29]. These 
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dipoles have an effect on the electron affinity values and, as a result, the band offset 

of the heterostructure. 

 

 GENERAL PROPERTIES OF SELECTED 

SEMICONDUCTORS MATERIALS INVESTIGATED IN THIS 

WORK 

Some of the most significant properties of the semiconductors investigated in this 

work will be discussed in the following section. 

2.8.1 Gallium Arsenide (GaAs) 

GaAs is regarded as one of the most technologically significant and extensively 

researched III-V compound semiconductor material. Although Goldschmidt [30] 

created the first GaAs material in 1920, its properties were unknown until 1952. It 

is formed by combining Arsenic (As) group-V and Gallium (Ga) group-III elements 

from the periodic table. The crystal structure of GaAs is a zinc blende type, as 

shown in Figure 2.14, with a face-centred cubic lattice (fcc) of As with Ga atoms 

positioned on the body diagonals. Ga (As) atoms are displaced from the As (Ga) 

atom by a distance (
𝑎

4
,

𝑎

4
,

𝑎

4
 ) along the body diagonal. a is the GaAs lattice constant 

given by [31]: 

𝑎 =  0.565325 + 3.88𝑥10 − 6 (𝑇 −  300𝐾) 𝑛𝑚 2.30 

 

where T is the temperature in Kelvin. 
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Figure 2.14: GaAs conventional unit cube.  

 

The energy band structure of GaAs is depicted in Figure 2.15. According to this 

Figure, at k = 0, the wave vector of the minima conduction band and the maxima 

valence band of GaAs have the same value.  

 

 

 

 

 

 

 

 

Figure 2.15: The bandgap energy diagram of GaAs is shown for the three different 

conduction valleys (X, Γ and L). 

a 

Gallium Atom 

Arsenic Atom 
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As a result, the transition of one electron from the valence band to the conduction 

band requires a change in energy while maintaining momentum. Thus, the nature 

of the GaAs bandgap is direct according to the bandgap diagram definition. This 

property ensures excellent GaAs optical properties as well as excellent electron 

transport in the conduction band. GaAs-based materials, which outperform Si 

materials in terms of optical and electrical properties, are widely used in 

optoelectronic and photovoltaic devices. Furthermore, GaAs has higher carrier 

mobility than Si, making it a suitable and potential candidate for the fabrication of 

high-frequency devices. At room temperature, the bandgap energy of GaAs is 

1.42eV, which corresponds to a wavelength of 0.87 µm [25].  

 

Many techniques have been implemented using GaAs to achieve the 1.30 µm and 

1.55 µm emissions required in optical fibres' telecommunication. Adjusting the 

bandgap through alloying, i.e. creating ternary/quaternary alloys such as 

InGaAs/InGaAsP [32], is one method for obtaining emissions at these wavelengths. 

Another common technique is the growth of multiple quantum wells (MQWs) or 

quantum dots (QDs) with GaAs and other narrower bandgap materials (e.g., InAs) 

using quantum confinement to control the emission wavelength [33]. Furthermore, 

because the GaAs energy gap is greater than that of Si , (𝐸𝑔
𝐺𝑎𝐴𝑠 =1.424eV > 𝐸𝑔

𝑆𝑖 = 

1.1 eV at 300K), GaAs devices are better suited to operating at higher temperatures 

than Si devices. Some additional GaAs properties at room temperature are shown 

in Table 2.3.  
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Table 2.3: Some important room-temperature properties of GaAs, where hh and lh 

stand for heavy hole and light hole, respectively [34]. 

Parameter GaAs 

Crystal Structure Zincblende 

Lattice constant (nm) 0.5653 

Crystal density (g/cm3) 5.360 

Energy bandgap (eV) (300K) 1.42 

Band type Direct 

Electron effective mass 0.063 m0 

Hole effective mass 0.62m0 (hh), 0.087m0 (lh) 

Dielectric constant (static) 12.85 

Specific heat(cal/gK) 0.08 

Electron affinity (eV) 4.07 

 

2.8.2 Indium Gallium Arsenide (InxGa 1-xAs) 

InxGaAs1-x is a ternary alloy consisting of GaAs and InAs. As is well known, Ga 

and In are two elements from group III of the periodic table, whereas As is an 

element from group V. As a result, alloys containing these compounds are referred 

to as III-V semiconductors with properties intermediate between those of GaAs and 

InAs. Photonics and electronics have benefited from the use of InGaAs. When In 

is incorporated into GaAs, the bandgap is reduced by about 12 meV per percent of 

In [35]. The application of InxGaAs1-xAs alloys as a high-speed and high-sensitivity 

photodetector, which is a good candidate for optical fibre telecommunications, has 

attracted the interest of researchers [36]. Pearsall et al. were the first to characterise 
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single-crystal epitaxially grown In0.53Ga0.47As on (111) and (100)  InP substrates 

[37]. The optical properties of InxGaAs1-xAs can be modified by varying the 

proportions of InAs and GaAs, i.e. In1-xGaxAs [36]. Single crystal epitaxial films 

of InxGaAs1-xAs alloy can be deposited on a single crystal substrate of a III-V 

semiconductor, such as GaAs, InAs, or InP, which have a lattice parameter similar 

to that of InGaAs alloys. A good match between the lattice constants of the 

substrate and thin film is required to maintain single crystal properties and avoid 

strain in the epilayer.  

Table 2.4: Some important properties of In0.5Ga0.5As at 300K [36]. 

Parameter InGaAs 

Lattice constant (nm) 0.5869 

Energy bandgap (eV) 0.75 

Light-hole effective mass 0.051 

Electron mobility 10,000 cm2·V−1·s−1 

Hole mobility 250 cm2·V−1·s−1 

 

2.8.3 Dilute Bismide Materials  

The GaAs1-xBix system has attracted a lot of attention because of its unique optical 

properties that set it apart from other materials. The addition of a small amount of 

Bi to GaAs has a significant effect on the bandgap [38] and spin-orbit splitting [39]. 

The bandgap energy of GaAs alloys is significantly reduced by adding a small 

amount of Bi (88 meV per percent Bi) [23], while the spin-orbit splitting energy is 

significantly increased [38, 40]. These remarkable properties make GaAs1-xBix 
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alloy a promising material for a wide range of applications, including long 

wavelength optoelectronics, long infrared emitters, detectors, and spintronic-

related devices. K. One et al. [41] achieved the first successful growth of dilute 

Bismide materials using metalorganic vapour phase epitaxy (MOVPE), followed 

by molecular beam epitaxy (MBE) [23, 42]. Bi is the heaviest element in group V. 

A Bi atom has a much larger atomic radius and less electronegativity than an As 

atom. A compressive strain is developed around the atom due to of the enormous 

size difference between Bi and As atoms. The large reduction in the GaAsBi 

bandgap is caused by Bi's strong perturbation of the host valence band. Because of 

the large difference in atomic potential, a localised level near the valence band 

maxima of GaAs is formed, attracting holes from the valence band. The localised 

potential of Bi atoms and the surrounding lattice relaxation significantly disturb the 

electronic band of GaAs, resulting in a variety of qualitative effects. Shallow states 

appear near the valence band maxima of GaAs1-xBix materials, as opposed to 

GaAsN materials. These states of energy appear near the conduction band minima 

in GaAsN. The interaction between these energy states, which behave as shallow 

donors [38], and the valence band charge carriers causes significant bowing of the 

energy bands.  The strong bandgap decrease of GaAs is due to a small percentage 

of Bi and N which act as isoelectronic impurities. In GaAs, they substitute As 

atoms. In the case of Bi incorporation, the massive reduction in GaAs bandgap is 

thought to be caused by the perturbation of the valence band maxima (VBM) and 

6p state of the Bi atom [43, 44]. The Bi 6p orbitals are expected to be found near 

VBM in GaAs.  Consequently, the bandgap of GaAs is reduced due to an upward 

motion of heavy and light hole bands. The split-off band position changes very 

little, resulting in a massive increase in spin orbit splitting energy [39]. The large 
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reduction in the bandgap of GaAs with N incorporation, on the other hand, is 

thought to be caused by a resonant interaction between the conduction band minima 

and the 2s state of the N atom [45, 46]. A schematic of the band structure of GaAsBi 

and an analogous GaAsN alloy is shown in Figure 2.16. This illustrates that this 

case is very different to the case of dilute nitrides, in which the bonding N 2p 

orbitals are deep in the valence band of GaAs and should not be considered for 

bandgap reduction. This energetic behaviour of Bi and N isoelectronic impurities 

can be physically explained by the difference in the low electronegativity of Bi and 

the large electronegativity of N when compared to As. 

Figure 2.16: Band gap structure of (a) dilute GaAsN, (b) GaAs, and (c) dilute 

GaAsBi. CB, HH, LH and SO represent the conduction band, heavy holes, light 

holes, and split off bands, respectively. The position of localized energy states in 

Bi and N are shown by solid blue lines. 

 

2.8.4  Properties of InGaBiAs 

The addition of Bi to InGaAs is expected to result in a much smaller bandgap than 

GaAsBi [47]. The bandgap in traditional InP-based InGa(Al)As lasers is greater 
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than the spin-orbit (SO) split energy, which enhances the process of Auger 

recombination including these energy bands and is detrimental to device 

performance [48]. It is worth pointing out that Auger recombination is a non-

radiative process where the excess energy from the electron-hole recombination is 

transferred to electrons or holes that are subsequently excited to higher energy 

states within the same band instead of giving off photons (the radiative process) It 

is thought that Auger recombination in InGaAsBi can be suppressed by engineering 

the SO splitting and bandgap. Petropoulos et al. were the first to notice the effect 

of decreasing the bandgap to 56 meV / percent Bi [49]. Adding heavy Bi atoms to 

InGaAs host lattice only affects the valence band, so the observed transitions are 

interpreted as a shift upward of the heavy/light hole bands, while the conduction 

band and the spin-orbit split band were unaffected, as seen in Figure 2.17. The 

incorporation of Bi atoms into the InGaAs host lattice results in a decrease of the 

energy bandgap and an increase of the SO split energy. The incorporation of Bi in 

an InGaAsBi/GaAs quantum well (QW) has been shown to significantly improve 

emission wavelength and photoluminescence intensity [50]. 

 

 

 

 

 

Figure 2.17: Diagram of Bi-related changes in the band structure of InGaAsBi 

alloys. 

InGaAs  InGaAsBi  Bi Incorporation  



 

48 

 

 Optical properties of semiconductors 

Optical measurements have many unique and attractive features for studying and 

characterising semiconductor properties. The optical properties of semiconductor 

materials are commonly classified based on the type of photon incident on the 

surface of the material, namely scattering, reflection from the material surface, 

transmission through, or absorption in the material. Generally, incident photons on 

a semiconductor can excite an electron from the valence band to the conduction 

band if they have enough energy. The generated electron and hole pair may interact 

with lattice vibrations (phonons) and electrons from localised defects. As a result, 

the optical spectra of semiconductor materials can be investigated, providing a 

significant source of information about the material's optical properties.  

 

  Absorption Processes 

Excitation of semiconductor materials with photons of energy greater than the 

bandgap energy produces an electron- hole pair by optical process. In this case, a 

photon excites an electron from the valence band to the empty conduction band, as 

shown in Figure 2.18. When the energy conservation law is applied to the interband 

transition, the following equation holds:  

𝐸𝑓 = 𝐸𝑖 + ħ𝜔 2.31 

 

where 𝐸i is the energy of the initial state in the valence band, 𝐸f is the energy of the 

final state in the conduction band, and ℏ𝜔 is the photon energy. For bulk 
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semiconductors material, there is a continuous series of energy states within the 

upper and lower bands, so interband transitions are possible over a wide range of 

frequencies. Nevertheless, the upper and lower limits of the bands, determine the 

frequency range. Consequently, interband transitions broaden the continuous 

absorption spectrum from the low energy threshold at Eg to an upper-value.  

 

Figure 2.18: Interband optical absorption between an initial energy state Ei in an 

occupied lower band and a final energy state Ef in an upper band. Eg is the energy 

difference between the two bands. 

 

For the direct bandgap semiconductors such as GaAs, the absorption coefficient (α) 

as a function of wavelength (λ) can be expressed as: 

𝛼(𝜆) = 𝐴(ħ𝜔 − 𝐸𝑔)
1
2 

2.32 
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where A is a constant determined by the material properties, Eg is the energy gap 

and ħω is the incident photon energy. Figure 2.19 depicts the absorption 

coefficients of GaAs and Si as a function of incident light energy.                                      

Figure 2.19: Absorption coefficient of GaAs and Si near their band edges as a 

function of incident light energy (the vertical axis is logarithmic) [51]. 

 

2.11   CONCLUSION  

This chapter discussed the fundamentals concepts of semiconductors, and focused 

on the most significant properties and applications of GaAs, GaAs1-xBix and 

InxGaBi1-xAs, which have been investigated optically in this thesis. Additionally, 

this chapter further emphasises the importance of heterostructures in understanding 

the optical properties of quantum dots studied in this work. 
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CHAPTER 3: THE OPTICAL PROPERTIES AND 

GROWTH OF LOW DIMENSIONAL 

SEMICONDUCTOR STRUCTURES 

This chapter will present the important concepts of low-dimensional semiconductor 

structures, including fabrication and properties, which are critical to understanding 

the optical studies of quantum dots investigated in this study. 

 INTRODUCTION  

Low-dimensional semiconductor structures (LDSS) are a relatively new field of 

study in physics. They are defined as zero-, one-, two-, or three-dimensional 

semiconductor structures with a small scale. Due to the effects of quantum 

confinement, their optical and electrical properties differ substantially from those 

of the same material in bulk form. The so-called quantum well is an example of 

such a structure, in which carriers are restricted to flowing freely in only two 

dimensions. The interest in the study and preparation of LDSD has energised the 

science of condensed matter and increased globally. These advanced LDSS enable 

device engineers to create new electronic and optoelectronic devices. Thin epitaxial 

layers with nanometre dimensions were first produced in the late 1970s, allowing 

for an increase in LDSS research. The following are the primary requirements for 

the ideal LDSS system, which will be implemented in practise depending on the 

specific applications under consideration: 

1. Structural and optical quality: semiconductors produce light when an electron 

in the conduction band recombines with a hole in the valence band, which is a 

radiative process. Nonetheless, the presence of defects that form energy states 
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within the bandgap causes the electron-hole recombination process to occur 

through these defects which may weaken light emission. When non-radiative 

processes take over, the optical efficiency, or the number of photons produced for 

each injected electron and hole decreases. For semiconductor laser applications, 

nanostructures with low defect numbers are required. Carrier mobility may also 

suffer as a result of poor structural quality. 

2. Size: for a variety of applications, the majority of holes and electrons should be 

in the lowest energy state, implying negligible thermal excitation to higher states. 

The degree of thermal excitation is identified by the ratio of the energy separation 

of the confined states and the thermal energy kBT, where KB is the Boltzman 

constant and T is the temperature.   At room temperature, kBT is 25 meV, and the 

level separation must be at least three times this value (i.e., 75 meV). The energy 

spacing between states is dictated by the size of the structure. Increasing the 

structure size reduces the energy spacing between the confined states. The 

condition stated above establishes an upper limit for the size of the nanostructures. 

3. Growth compatibility: for the mass production of electronic and electro-optical 

devices, the epitaxial techniques of Molecular Beam Epitaxy (MBE) and Metal-

Organic Vapour Phase Epitaxy (MOVPE) are used. Commercialization of 

nanostructures will be more likely if these techniques can be used to create them. 

4. Uniformity: devices typically contain a large number of nanostructures. To 

create an ideal device, each nanostructure should be the same size, shape, and 

composition. 

5- Confinement potential: in LDSS, the potential wells that confine electrons and 

holes should be deep. If they are not, huge thermal excitation of carriers out of the 

nanostructures will happen at high temperatures. In electronic applications, either 
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holes or electrons trapped or contained within the nanostructure are usually 

sufficient. Both types of carriers must be confined in electro-optical devices. 

6- p-i-n structures: the capacity to insert a nanostructure within a p-i-n structure's 

intrinsic region allows for carrier extraction or efficient injection. 

 

 QUANTUM CONFINEMENT 

The nanostructured materials have unique electronic and optical properties that 

differ significantly from bulk properties. Because of the tunability of their optical 

properties due to size variation, they can be used in a variety of optoelectronic 

applications such as photovoltaic devices, LEDs and lasers. The quantum 

confinement or quantum size effect is responsible for these unusual properties of 

semiconductor nanomaterials. Due to the obvious effect of quantum confinement, 

the optical properties of nanostructures vary with their size. According to 

Heisenberg's uncertainty principle, the relationship between the uncertainties in 

position (x) and momentum (P) of a particle confined into a region is given by the 

following equation: 

∆𝑃𝑥∆𝑥 ≥ ℏ 3.1 

where ħ is Plank’s constant. 

 DENSITY OF STATES 

To define the various characteristics of semiconductors, such as absorption, 

emissions, and carrier distribution, it is necessary to know how many states are 

available at each energy. Because of the close proximity of the atoms in solids, their 

electric fields interact with one another. As a result, energy levels are divided into 
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a limited number of electronic states [1] . At an energy E, the density of states 

(DOS) is the number of available electronic states per unit volume per unit energy. 

The DOS governs the optical and electronic performance of devices. The DOS is 

determined by the energy and dimensionality of the system in relation to the 

particle's wave-vector dispersion relation. The electron dispersion relationship in 

bulk materials is given by:  

𝐸 =
ℏ2𝑘2

2𝑚𝑒
 

3.2 

 

where ℏ is Plank’s constant and 𝑚𝑒 and k are the effective electron mass and wave 

vector number, respectively. For example, the effective mass of electrons in GaAs 

is me = 0.067m0, where m0 is the mass of free electron. 

The DOS, N(E), of a three-dimensional (3D) bulk material is given by: 

𝑁(𝐸) =
√2𝑚𝑒

3
2⁄

𝜋2ℏ2
𝐸

1
2⁄  

3.3 

 

The carrier's movement is confined to a plane by transitioning from three-

dimensional (3D) structures to two-dimensional (2D) structures, known as quantum 

wells (QWs). Thin films, QWs and superlattices are some of the 2D systems. The 

DOS in 2D systems is modified according to the number of electronic states 

available and is given by: 

 𝑁(𝐸) =
𝑚𝑒

𝜋ℏ2
 

3.4 
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As the system dimensions are reduced further, a "quantum wire" or a one-

dimensional system is formed (1D). This structure can be found in semiconductor 

nanowires, nanotubes, and nanorods. The DOS of the quantum wire is as follows: 

𝑁(𝐸) =
√2𝑚𝑒

1
2⁄

𝜋ℏ
𝐸

−1
2⁄   

3.5 

In the case of zero-dimensional (0D) systems, such as quantum dots (QDs), 

confinement occurs along three dimensions, and the DOS is transformed into a 

delta function. For QDs, the electrons can only have a limited number of distinct 

energies. The shape and size of the potential dot influence the state energy and the 

number of available states. 

The DOS of 0D structures is given by: 

 𝑁(𝐸) = 𝛿(𝐸 − 𝐸𝑐) 3.6 

 

Figure 3.1 illustrates how the DOS in the conduction band varies with the degree 

of confinement. 

Figure 3.1: (a) DOS N(E) in the conduction band for bulk semiconductor (3D), (b) 

quantum well (2D), (c) quantum wire (1D), and quantum dot (0D). 
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 OPTICAL PROCESSES IN LOW DIMENSIONAL 

SEMICONDUCTOR STRUCTURES 

Carrier dynamics and optical processes will be considered only for the case of 

quantum wells and quantum dots in the following sections.  

 

3.4.1 Absorption in Semiconductor Nanostructures 

Semiconductors can absorb a photon by moving the electron between the 

conduction and valence bands. The absorption strength is determined by the density 

of states in both bands (i.e. the combined density of states). The combined density 

of states has a form that is related to the DOS in both the valence and conduction 

bands and is thus a powerful function of the dimensionality of the system. The 

absorption will be modified by the quantised energy levels of a nanostructure, 

resulting in a number of different energy transitions happening between the 

confined hole and electron states. Another modification occurs because of the 

effects of excitons, which are electron-hole pairs held together by Coulomb 

attraction [2]. Since the optical transition can be considered as the creation of an 

electron-hole pair, Coulomb’s attraction increases the absorption rate because it 

improves the probability of forming the electron-hole pair. For a perfect 2D system, 

the excitons binding energy increases by a factor of four when compared to bulk 

values [3].  

3.4.2 Photoluminescence Process in Nanostructures 

Holes and electrons in a semiconductor can be formed either electrically in a p-n 

junction or optically with incident photons with energies greater than the bandgap. 

Extra energies above the band edges are typically used to form holes and electrons. 
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However, the time required to lose this extra energy is usually much shorter than 

the time required for electron-hole recombination. As a consequence, the electrons 

and holes relax on the edges of their band before recombining to produce a photon. 

As a result, the emission occurs at the energy corresponding to the structure 

bandgap, with a small distribution due to the thermal energies of electrons and 

holes. Figure 3.2 shows the effect of quick carrier relaxation in the emission 

spectrum of a five QWs structure with different widths. Although the wider wells 

have a number of confined states, only emissions corresponding to the lower energy 

transition per well are shown. 

 

 

Figure 3.2: Emission spectrum of a Ga0.47In0.53As/InP QW structure with five 

different thicknesses of wells. The electronic structure and nature of the optical 

transitions are depicted in the inset [4].  

 

Higher-energy transitions in a nanostructure can be observed in emission if the 

density of electrons and holes is sufficiently large that the original electron and hole 
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states are populated. This can happen under high excitation conditions, when low-

energy states become completely occupied and carriers are prohibited from relaxing 

into them due to the Pauli Exclusion Principle. Figure 3.3 illustrates the emission 

spectra of a set of self-assembled QDs for various optical excitation powers. Since 

the average number of holes and electrons in each dot is quite small at low laser 

power, only the ground state transition (with the lowest energy) is observed. 

Nonetheless, as power is increased, the ground state with a degeneracy of two is 

completely occupied, and emission from higher-energy (excited) states is possible. 

Because of the size non-uniformity of the QDs, variations in shape, composition, 

and size within a set of QDs result in a large inhomogeneous broadening of the 

optical spectra. Despite this, the very sharp emissions expected from these 0D 

nanostructures can be detected by studying a small number of dots. 

 

Figure 3.3: An ensemble of emission spectra from InAs self-assembled quantum 

dots at three different laser power densities. At the highest power, emission from 

three different transitions is detected. The numbers next to each spectrum represent 

the relative intensity scale factors [5].  
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 CARRIER DYNAMICS IN LOW DIMENSIONAL 

SEMICONDUCTOR STRUCTURES 

Carrier dynamics in QD structures are significantly more complex than in bulk 

materials due to the hetero-interface of two materials and the separate nature of QD 

levels. Figure 3.4 depicts a simplified diagram of the band of the QD semiconductor 

structure when excited with light, as observed in a photoluminescence experiment. 

Excitation is expected to occur in the barrier, i.e. the material surrounding the QDs 

in this case, for example, GaAs in the InAs/GaAs system. The wetting layer (WL), 

in which QDs form via a self-assembled growth process, acts as an additional QW 

in the structure. As a result, various dynamic carrier processes occur including:  

1. Excitation of electrons from the barrier's valence band into the conduction band, 

resulting in free electrons in the conduction band and free holes in the valence 

band. 

2. Relaxation from the barrier to the wetting layer.  

3. Carrier capture into QDs. 

 Capture can occur at higher energy states or at the ground state, with subsequent 

relaxation. It is also possible that capture will occur directly from barrier states.  

4. Relaxation of the carrier through carrier interaction (the so-called Auger effect) 

or carrier phonon interaction. 

5. Carrier trapping and/or nonradiative recombination as a result of carrier transfer 

from the QDs to nearby deep level traps.  

6. Radiative recombination, in which the electron and hole annihilate each other. 

The energy released during this process is emitted in the form of a photon. 

Further potential processes include the radiative and nonradiative recombination 



 

66 

 

of WL carriers, barrier valence/conduction, and thermal escape of holes and 

electrons from QDs. 

 

Figure 3.4: A simplified band diagram of a QD structure excited by light, 

illustrating the various processes described above.  

 

 EPITAXIAL GROWTH OF LOW DIMENSIONAL 

SEMICONDUCTOR STRUCTURES 

For optoelectronic applications, precise growth of high purity crystal 

semiconductors with low defect density (5 x 10-3/cm2 or less) is required. The 

growth of semiconductor heterostructures includes a technique known as epitaxy, 

which facilitates deposition and combines single crystal layers with the same 

crystal structure. Epitaxy is a controlled method for growing a solid film on a 

crystalline substrate in which the atoms of the growing film adapt to the atomic 

arrangement of the substrate atoms. Epitaxial growth of III-V compound 

semiconductors can be achieved using a variety of techniques, including liquid 

phase epitaxy (LPE), molecular beam epitaxy (MBE), and organic metal vapour 

phase epitaxy (MOVPE). Because of the much simpler approach of LPE, it was the 
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preferred method of early semiconductor device production. Both MBE and 

MOVPE are widely used for the growth of III-V materials, though they can be 

easily distinguished by their typical applications: both are commonly used as 

production and research tools; nevertheless, the industry prefers MOVPE due to its 

commercial appeal. Furthermore, because MBE has a high ability to grow 

thermodynamically forbidden alloys, it is well suited for research into highly 

mismatched alloys such as GaAsBi. In the case of the MBE method, the materials 

are evaporated in ultra-high vacuum (UHV), where epilayers crystallise when the 

atoms hit the hot substrate. Since MBE operates under UHV conditions, 

simultaneous characterisation of the growing film is possible, making this 

technique very popular in research settings. Nonetheless, the growth rate is too 

slow, limiting the film thickness that can be grown. MOVPE, on the other hand, is 

a chemical method for the growth of semiconducting materials that does not require 

a high vacuum such as MBE and has a higher growth rate in general than MBE. As 

a result, MOVPE is a preferred method for producing devices with large 

thicknesses.  

 

3.6.1 Molecular Beam Epitaxy 

MBE is an epitaxial process that involves one or more thermal reactions of atoms 

or molecules with a crystalline surface under UHV conditions, typically within 5 x 

10-11 mbar (atmospheric pressure is around 1000 mbar) [6]. The MBE growth 

method has the advantage of allowing for precise control of both doping profiles 

and chemical compositions. MBE has the ability to create single-crystal multilayer 

structures with atomic layer dimensions. As a result, the MBE method allows for 
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the precise fabrication of semiconductor heterostructures with thin layers ranging 

from a fraction of a micron to a monolayer (one layer of Ga and one layer of As for 

the case of GaAs). The growth rate is typically around 1μm per hour, which 

translates to one monolayer per second. MBE's advantages include the ability to 

achieve extremely abrupt interfaces between different materials, good control of 

layer thickness, the ability to scale the process for mass production and good 

reproducibility. Elements such as Ga, As, Al, and others that make up a 

heterostructure can be evaporated using furnaces with orifices directed toward the 

substrate but protected by shutters. This is the gas Knudsen or molecular-flow 

regime, and the furnaces are known as Knudsen or K-cells. The molecules that 

emerge from the K-cells do not diffuse as they would in a gas, but instead form a 

molecular beam that moves in straight lines without colliding until they collide with 

the substrate (the mean free path of molecules between collisions is much greater 

than the size of the chamber at UHV condition). The substrate holder rotates 

continuously to achieve uniform epitaxial layers (e.g., 0.5 % difference in thickness 

and 1% variation in doping). The temperature of each furnace has the ability to 

control the beam of each element. Growth begins as soon as the shutters are opened. 

Dopants are added by using additional cells. The most common donor atom is Si, 

which belongs to the fourth group of the periodic table. However, Si may act as a 

donor or acceptor in III-V compound materials, depending on which host atom it 

replaces. It typically acts as a donor in the traditional (100) GaAs substrate, but it 

can also act as an acceptor by growing on a surface other than the (100) plane such 

as (311)A. Beryllium is commonly used as an acceptor in III-V semiconductors. 
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3.6.2 MBE Growth of Bi Based III-V Structures 

Because of the large difference in atomic size between bismuth and arsenic, MBE 

growth of GaAs1-xBix requires non-standard growth conditions. In GaAs, for 

example, the lowest impurity and defect-related luminescence emissions are 

observed for a growth temperature (substrate temperature), TG, between 550-

600oC. The MBE growth of GaAsBi, on the other hand, requires much lower 

substrate temperatures because Bi does not appear to incorporate significantly 

above approximately 350oC [7].  In addition, the V/III flux ratio must be low. When 

the V/III ratio exceeds 1.8, the incorporation of Bi decreases rapidly. Although 

there are significant growth constraints for the successful synthesis of GaAs1-xBix 

alloys using MBE, it has been proposed that Bi can be incorporated in significant 

amounts: the highest reported value to date is x = 22% [8]. The ability of Bi atoms 

to act as a particularly effective surfactant on the surface during growth (Bi atoms 

alter the surface chemistry and defect structure during the III-V semiconductors 

growth by MBE and MOCVD) is responsible for the ability to grow GaAsBi away 

from nominal GaAs stoichiometry and avoid the negative effects typically observed 

in GaAs grown at low temperatures. Bi must maintain a constant presence on the 

surface throughout the growth period in order to function effectively as a surfactant. 

On the other hand, the tendency of Bi atoms to cluster within the GaAs matrix [9-

11] and, in some cases, form Bi-based droplets during growth [12-14] inhibits Bi 

homogeneous incorporation. Excess Bi can self-segregate to the surface, where it 

can group unevenly and form droplets. More importantly, the presence of a GaAsBi 

growth window provides a guide to the growth of alloys with various compositions 

by controlling critical parameters such as V-III flux ratios and substrate temperature 

[15].  
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3.6.3 Growth of Quantum Well Structures 

A QW is an energy potential well within a semiconductor structure that is 

sufficiently thin to confine carrier movement on a length-scale comparable to their 

de Broglie wavelength, which is approximately 30 nm for an electron in GaAs at 

room temperature. Carriers' electronic and optical properties are defined in this case 

by quantum mechanical aspects of their behaviour that are not observable in bulk 

structures. A diagram of the most basic types of QWs that can be grown is shown 

in Figure 3.5. In this case, a GaAs/AlGaAs structure is grown on a GaAs substrate, 

as shown in Figure 3.5(a). The structure is made up of a GaAs layer with a thickness 

(d) sandwiched between much thicker layers of the alloy semiconductor AlGaAs, 

where d is chosen to be comparable to the de Broglie wavelength.  GaAs and 

AlxGa1-xAs are lattice matched within 0.1% for all x values, making GaAs/AlxGa1-

xAs materials unique among III-V semiconductors. Because of this property, the 

growth of GaAs/AlxGa1-xAs heterostructures is simple and free of defects. At room 

temperature, the bandgaps of the two materials range from 1.42 eV for x = 0 to 

2.168 eV for x = 1. The transition from direct to indirect bandgap occurs for 

AlGaAs materials at a certain value of Al content (x = 0.44), and the energy gap 

can be calculated using equation 3.7. 

𝐸𝑔,𝐴𝑙𝑥𝐺𝑎1−𝑥𝐴𝑠 = 𝑥. 𝐸𝑔(𝐺𝑎𝐴𝑙) + (1 − 𝑥). 𝐸𝑔(𝐴𝑙𝐴𝑠) 3.7 

The band discontinuity ratio between GaAs and AlxGa1-xAs is unaffected by alloy 

composition (ΔEc and ΔEv are constant fractions, while ΔEg varies with x). In the 

case of a typical barrier, an Al content of 30% (x = 0.3) is adopted. ΔEg = 0.374 eV 

for this composition, and ΔEc and ΔEv are 0.247 eV and 0.127 eV, respectively 
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[16]. An external light source with photon energy greater than the effective band 

gap produces excess electron–hole pairs by excitation of electrons from the valence 

band to the conduction band. Excited electrons quickly lose their excess energy and 

thermalize to the sub-band edges to take up Fermi energy distributions. After 

excitation, the electrons recombine to empty valence band states by spontaneous 

emission. The shape of the spectrum corresponds to the thermal distribution of 

carriers in the bands. Figure 3.5 (b) illustrates a transition of an electron between 

an occupied state at E1 in the nz = 1 sub-band in the conduction band and an empty 

state (i.e., a hole) at E2 in the nz = 1 sub-band in the valence band, resulting in 

emission of a photon of energy hν = E1 - E2 as required by energy conservation. 

This spontaneous emission process requires external excitation such as 

illumination, referred to as  photoluminescence [17]. 

 

 

 

 

 

 

 

 

Figure 3.5: (a) A single GaAs/AlGaAs QW is depicted. The QW is formed by a 

thin GaAs layer sandwiched between two AlGaAs layers with a wider bandgap. (b) 

Spatial variation of the valence band and the conduction band. , as well as the 

optical transition of an electron from a state in the nz= 1 conduction sub-band to an 

empty state (hole) in the nz=1 valence sub-band, resulting in the emission of a 

photon with energy hv= E2-E1. 
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3.6.4 Growth of Quantum Wires 

One notable method for fabricating quantum wires or dots is to begin with a QW, 

which provides confinement along one direction. Then, by leaving ridges or mesas, 

selectively remove material to form wires or dots. Material removal is 

accomplished using electron-beam lithography, followed by etching. This method 

has the advantage of allowing the creation of any desired shape. However, because 

the electron beam must be scanned serially on surface, writing large area patterns 

is time consuming. Figure 3.6 depicts the formation of quantum wires. The standard 

QW layer can be patterned and etched to leave a free-standing strip of QW using 

photo- or electron- beam lithography. The latter may or may not be filled with 

barrier material overgrowth (in this case Ga1-xAlxAs). As in QW, any charge 

carriers are still confined along the growth axis (z-axis) of the heterostructure, but 

they are now confined along an additional direction, either along x- or y-axis, 

depending on the lithography process. Within the confinement axis approximation, 

the wire can still be described by a parabolic dispersion relationship given by 

equation 3.2, which is analogous to bulk and in-plane motion within a QW. 

 

 

 

 

 

 

Figure 3.6: Schematic diagram showing the fabrication of a quantum wire.  



 

73 

 

3.6.5 Growth of Quantum Dots 

Semiconductor quantum dots (QDs) have received a lot of attention in recent years 

due to their enormous potential in both applications and fundamental research [18, 

19]. Especially, with the progress of epitaxial growth technology, it is now possible 

to precisely control the quantum dots in terms of size, composition, and density to 

achieve desired electrical and optical properties. Quantum dots may be the best 

candidate for the next generation of photonics devices, such as high-performance 

lasers and photodetectors. Semiconductor quantum dots have unique discrete states 

due to the three-dimensional confinement. It is widely acknowledged that quantum 

dots lasers have excellent temperature stability and low threshold currents due to 

their higher density of states as compared to quantum wells. QD detectors can cover 

a very wide range of wavelengths due to the different separate energy states in QDs 

based on their inter-band and inter-sub band transitions. QDs can be considered as 

"fake atoms" in basic research because they have separate energy states like atoms 

or molecules. As a result, different structures of QDs can be created in order to 

investigate different quantum effects or discover novel phenomena.  

Over the last 20 years, few techniques have been used to fabricate QDs, such as 

lithography-based techniques that combine high-resolution electron beam 

lithography and etching, which have some drawbacks as described below: 

1. Limitation of size prevents the observation of strong quantization effects. 

2. Defect formation as a result of etching  

3. Size non-uniformity. 

4. Interfaces of poor quality. 
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5. Damage to the bulk crystal. 

Stranski-Krastanov (SK) growth in lattice-mismatched systems is a novel and 

appealing method of fabricating defect-free 10 nm scale QDs. The SK technique 

involves growing a semiconductor thin layer on a substrate with a different lattice 

constant than the epilayer. In the SK growth method, the mismatched epitaxy is 

initially accommodated by biaxial compression in a layer-by-layer (2D) growth 

region known as the wetting layer. After a few monolayers are deposited, the strain 

energy increases, and the formation of islands (0D) becomes more advantageous 

than planar growth.  

  In such a system, the transition between coherently strained 2D growth and the 

onset of 0D island growth occurs after the deposition of a "critical thickness" 

epitaxial material (dc). This critical thickness is calculated as follows: 

𝑑𝑐 ≅
𝑎𝑠

2|𝜀|
 

3.8 

where 𝑎𝑠 is the lattice constant of the substrate material. ε is the strain between the 

two materials which is defined as: 

𝜀 =
𝑎𝑠 − 𝑎𝑙

𝑎𝑙
 

3.9 

 

where 𝑎𝑙 is the lattice constant of the epilayer. 

This critical thickness (𝑑𝑐) decreases as the lattice mismatch (𝑎𝑠 -𝑎𝑙) between the 

epitaxial material and the substrate increases. The Stranski-Krastanov growth mode 

refers to the transition from purely 2D to 3D growth during the deposition of the 

strained epitaxial layer. Figure 3.7 depicts the SK growth mode of self-assembled 

quantum dots. In the first two phases of Figure 3.7 (a, b), a strained but uniform 
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layer of InAs grows with the same lattice parameter as the GaAs substrate. This 

results in the formation of the so-called wetting layer, which is a narrow QW. 

Strain, as shown in Figure 3.7.c, makes it energetically favourable for the formation 

of InAs 3D islands beyond the critical thickness. 

 

 

Figure 3.7: Stranski-Krastanov self-assembled QD growth mode (a)-(d) show the 

sequential stages of the growth of InAs/GaAs QDs. (a) depicts only the GaAs 

substrate; (b) InAs is deposited on the substrate: a thin, uniform layer grows, 

forming a narrow quantum well known as the wetting layer; (c) beyond a certain 

layer thickness, the strain caused by the lattice constant mismatch between the 

materials causes small islands of InAs to form; and (d) a capping layer of GaAs is 

grown over the dots for optical characterisation.  

 

QDs form in the case of InAs/GaAs when approximately 1.7 monolayers (MLs) of 

InAs have been deposited. The critical thickness (𝑑𝑐) increases as the indium 

composition decreases. For In0.5Ga0.5As/GaAs QDs, for instance, 𝑑𝑐 is around 4 MLs. 

It has been discovered that the lowest In composition that can support islanding of the 

InxGal-xAs layer is 25%. One advantage of SK growth of QDs, which is an in-situ 

technique, is that no processing is required. Because the dots are grown in situ, the 

homogeneous surface morphology is preserved, and defects are avoided. The 

underlying issue with this method is the size non-uniformity (about 10%) and the 

position uncontrollability of the QDs. Size control and arrangement of self-organized 

0D structures are thought to be very important for obtaining excellent structural 
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properties. Modifying growth parameters such as deposition rates and temperature, 

the composition, size, shape and surface density of the dots can be controlled. The 

SK mode has been used to fabricate self-assembled quantum dots (SAQDs) from a 

variety of semiconductor materials, including III-V semiconductors (InxGa1-xAs/GaAs, 

InxGa1-xAs/AlGaAs, InP/GaInP), II-VI materials (CdSe/ZnSe) and wide bandgap 

nitrides (GaN/AlGaN). 

 

 CONCLUSION  

Important concepts of low-dimensional semiconductor structures were presented in 

this chapter. Optical processes and carrier dynamics were also discussed only for 

the case of quantum wells and quantum dots. In addition, MBE growth technique, 

which was used to grow all samples investigated in this thesis was described. 

Furthermore, the fabrication process of self-assembled quantum dots studied in this 

thesis, which is critical to understanding their optical properties, was discussed in 

this work. 
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CHAPTER 4: EXPERIMENTAL TECHNIQUES  

This chapter describes the experimental methods used to investigate the optical and 

structural properties of the semiconductor structures studied in this thesis, namely 

photoluminescence (PL) spectroscopy, X-ray diffraction (XRD), scanning electron 

microscopy (SEM) and Raman spectroscopy. The experimental systems (hardware 

and software) are also presented. The growth of the samples and gamma radiation 

conditions used in this study are described in the relevant chapters. 

 PHOTOLUMINESCENCE  

4.1.1 Principles of Photoluminescence 

This section will look at photons re-emitted by interband luminescence after the 

semiconductor has been excited by a photon with an energy greater than the  

bandgap (Eg) of the semiconductor under investigation. Some physical processes 

in photoluminescence are more complex than those in absorption. This is because 

the mechanisms of energy relaxation in solids are closely related to light generation 

by luminescence. The thermal distributions of electrons and holes within their 

bands influence the shape of the emission spectrum. 

In a photoluminescence experiment, incident light from a laser with energy above 

the material's bandgap is absorbed, exciting an electron from the valence band (VB) 

to the conduction band (CB) and producing an electron-hole pair. Following this 

optical excitation, holes and electrons develop spatially and temporally with 

characteristic times based on several relaxation processes, as shown in Table 4.1 

[1].  
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Table 4.1: Fundamental processes in semiconductors. 

Microscopic Process Characteristic 

times (sec) 

Carrier-carrier scattering 10-15-10-12 

Intervalley Scattering 10-14 

Intervalley Scattering 10-13 

Carrier-optical phonon thermalization 10-12 

Optical phonon-acoustic phonon interaction 10-11 

Carrier diffusion 10-11 

Auger recombination (when carrier density>1020 cm-3) 10-10 

Radiative recombination 10-9 

                     Lattice heat diffusion 10-8 

 

The electron-hole pair will then be thermalized by scattering mechanisms before 

recombining and emitting a photon with an energy (wavelength) corresponding to 

the bandgap. This process is known as band-to-band radiative recombination, and 

it is presented in Figure. 4.1(a) for a direct bandgap system. Photo-excited electron-

hole pairs can also recombine non-radiatively via a defect state in the bandgap, as 

illustrated in Figure. 4.1(b). Unintentional impurities (e.g. oxygen, carbon) and 

defects caused by dislocations and point defects during growth (clustering, vacancy 

or interstitial) can cause defect states within the bandgap. The energy emitted by 

carriers recombining via defect states is converted into crystal vibrations and heat 

(phonons). As a result, the intensity of the PL emission will be closely associated 

with the density of the defects that reduce the emission. Moreover, the main PL 

spectral parameters are closely related to the properties of the material, and PL 
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intensities provide useful information about the efficiency of radiative 

recombination. For device applications, it is important to understand the 

competition between radiative and non-radiative recombination processes. The 

measurement of PL spectra at different excitation intensities can also influence the 

nature of recombination; for example, a relatively high excitation intensity will 

significantly perturb the occupation of states within the VB and CB and shift the 

radiation energy produced by recombination. 

 

 

 

 

 

 

 

 

Figure 4.1: The basic mechanisms of recombination after photo-excitation are 

depicted in a schematic diagram. Carrier recombination processes demonstrating 

(a) band-to-band radiative recombination and (b) non-radiative recombination via 

defect states between the CB and the VB. 

 

The Einstein coefficient A defines the rate of spontaneous emission of radiative 

transitions between two levels as illustrated in Figure 4.2 and is given by: 

𝐴 =
1

𝜏𝑅
 

4.1 

where 𝜏𝑅 is natural radiative lifetime of the excited sate. 
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The radiative emission rate, if the upper level has a population N at time t, is given 

by: 

(
𝑑𝑁

𝑑𝑡
)

𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒
= −𝐴𝑁 

4.2 

 

This rate equation can be resolved to give: 

𝑁(𝑡) = 𝑁(0) 𝑒𝑥𝑝(−𝐴𝑡) = 𝑁(0)𝑒𝑥𝑝 (−
𝑡

𝜏𝑅
) 

4.3 

 

The Einstein coefficient A is directly proportional to the B coefficient, which gives 

the probability of absorption [2].  

𝐴 =
8𝜋ℎ𝑣3

𝑐3
𝐵 

4.4 

where 𝑐 is speed of light, 𝑣 frequency of radiation and ℎ is Planck constant. 

This equation states that transitions with a high probability of absorption also have 

a high probability of emission.  

 

 

 

 

 

Figure 4.2: Spontaneous emission and absorption, transitions between two levels 

of an atom in the presence of electromagnetic radiation. 
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The relationships between the Einstein coefficients A and B expressed by equation 

4.2 have been derived for an atom in equilibrium with black body radiation. 

The luminescence intensity (𝐼) can be written at frequency (𝑣) as follows: 

𝐼(ℎ𝑣) ∝ |𝑀|2𝑔(ℎ𝑣)𝑥 𝐿𝑒𝑣𝑒𝑙 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 4.5 

 where the level occupancy factor indicates the possibility that the relevant lower 

level is empty and the upper level is occupied.  

The occupancy conditions for photon emission between the separate energy levels 

E1 and E2 are described as follows: a valence band state of energy E1 is emptied 

(filled with a hole) and a conduction band state of energy E2 is filled with an 

electron.  

Fermi functions fc and fv corresponding to the conduction and valence bands, 

respectively, specify the probabilities that these occupancy conditions are satisfied 

for different values of E1 and E2. The probability fe(ν) that the emission condition 

is satisfied for a photon of energy hν is the product of the probabilities that the 

upper state to be full and that the lower state to be empty. 

             𝑓𝑒(𝑣) = 𝑓𝑐(𝐸2)[1 − 𝑓𝑣(𝐸1)] 4.6 

  

 

The light is emitted between the electron and hole states that are thermally occupied 

and will consequently only be emitted within a narrow energy range from the 

lowest levels in the excited state band. In contrast, photons can be absorbed into 

any state within the excited state band, regardless of how far above the bottom of 

the band they are. In addition to radiative emission, the electron can lose energy as 

heat by emitting phonons, or it can transfer energy to defects known as traps. If 
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these non-radiative processes occur on a faster time scale than the radiative 

transitions, only a very small number of photons will be released. The efficiency of 

luminescence 𝜂𝑅 is given in this case by: 

𝜂𝑅 =
1

1 +
𝜏𝑅

𝜏𝑁𝑅
⁄

 
4.7 

where 𝜏𝑅 and 𝜏𝑁𝑅 are the radiative and non-radiative lifetimes, respectively. 

When 𝜏𝑅 >> 𝜏𝑁𝑅,  𝜂𝑅 is then too small and the light emission is not  efficient. As a 

result, effective luminescence requires that the radiative lifetime be smaller than 

the non-radiative lifetime [3].   

PL is defined as the spontaneous emission of light from a material that is being 

optically excited. In 1888 Wiedemann introduced the term "luminescence" where 

the literal translation from Latin of this term is “weak glow”. The prefix photo 

demonstrates that this luminescence is caused by photoexcitation. Luminescence 

can happen for a variety of reasons and for varying lengths of time. When a photon 

is absorbed by a material, the resulting luminescence is classified into two types: 

fluorescence and phosphorescence. In the case of fast emission (ns time scale), 

luminescence is known as fluorescence, whereas slow emission (hours or even 

days) is known as phosphorescence. 

PL spectroscopy is a technique for determining the impact of defects and impurities 

on the physical optical properties of a material. It provides information on the 

energy states and the quality of semiconductor structures containing quantum wells, 

wires, or dots. In the case of PL in semiconductors, the excitation is carried out 

using an optical source with a higher energy than the investigated sample's 

bandgap. The photons are absorbed by the material, where they excite electrons 

from the valence band to the conduction band, resulting in electron-hole pairs. The 
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number of electron-hole excited pairs varies with the intensity of the incident 

photons. Excitons may form when holes and electrons are relaxed to their band 

edges. By the end of the process, these pairs can either radiatively recombine by 

emitting photons or non-radioactively recombine via defects, surface, or Auger 

recombination. As a result, the photon spectrum emitted provides useful 

information about the electronic properties of materials, such as bandgap and defect 

density. Figure 4.3 illustrates an electron transition from the valence band (VB) to 

the conduction band (CB) via optical excitation (Figure 4.3 (a)), followed by 

relaxation to the band's edge (Figure 4.3 (b)). After that, an electron-hole pair is 

formed, and a photon is emitted (Figure. 4.3 (c)). 

 

Figure 4.3: Illustration of the processes involved in PL (a) photo-excitation from 

the valence band to the conduction band, (b) intra-band relaxation and (c) 

recombination, which leads to PL emission [4].  

 

A rich source of information about the photoexcited material is provided by 

collecting and analysing the emitted light. The PL spectrum gives the energies of 

photons emitted, which is a direct indicator of the levels of electronic energies.  The 

PL intensity provides a measure of the relative rates of radiative and non-radiative 
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recombination. For device applications, understanding the competition between 

radiative and non-radiative recombination paths is important. 

 The PL technique is simple, versatile, and non-destructive, and does not require 

any sample preparation or environmental control. Since the sample is optically 

excited, no junctions or electrical contacts are required, and high resistivity 

materials present no real challenges. For this property, the PL technique is well 

suited for investigating samples with higher resistivity. In the same situation, 

another advantage of the PL is that the luminescence can be examined in various 

regions of the sample's surface. The main disadvantage of PL technique is its 

reliance on optical transitions: the sample under investigation should emit photons. 

Some semiconductors, such as indirect bandgap semiconductors, have essentially 

very low PL efficiency because the valence band maximum and the conduction 

band minimum do not have the same value in momentum space. These materials' 

relaxed states are thus based on non-radiative recombination processes. In general, 

PL cannot be used to accurately estimate the density of traps and impurities. When 

these level states are radiative, they are easily identified in the PL spectrum, and 

the intensity of the PL peaks provides a relative measure of their presence in the 

sample. Nonetheless, the absolute density of these states is measured differently 

[5]. 

4.1.2 System Hardware Implementation  

The block diagram and images of the PL system used in this study are depicted in 

Figures 4.4, 4.5, 4.6, 4.7 and 4.8. The following sections describe some key 

components of the PL system which operates at temperatures ranging from 10K to 

300K. 
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4.1.2.1   Spectrometer and Detectors 

The emitted photoluminescence was scattered using a grating spectrometer to allow 

for spectral investigation. The spectrometer used in this study is an Andor 500i 

spectrometer with a focal length of 500 mm and an aperture of F/6.5 (see Figure 

4.4). The Shamrock 500i spectrometer, which is fitted with a CCD camera, features 

a triple grating turret that makes it simple to select and exchange gratings. The triple 

grating turret can be easily removed or replaced by a different turret with new 

gratings. The gratings are interchangeable indexed triple turret with three distinct 

gratings (300 grooves/mm at 3000 nm blaze, 600 grooves/mm at 2000 nm blaze, 

and 1200 grooves/mm at 500 nm blaze). The slit widths for entry and exit can be 

manually or motorised adjusted from 10 µm to 2.5 mm. The CCD camera detector 

fitted in the spectrometer exit port converts incident photons to electronic signals, 

allowing it to cover a wide range of wavelengths [6].  

 

Figure 4.4: Photograph of the Andor Shamrock 500i spectrometer and InGaAs 

CCD camera fitted to the exit of the spectrometer. 
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The InGaAs and Si CCD detectors used in the PL system have high sensitivity and 

can cover optical wavelength ranges of 600 nm - 1.7 µm and 300 nm - 1000 nm, 

respectively (see Figure 4.5). In this study only the InGaAs detector was used. 

 

Figure 4.5: The efficiency response curves of (a) InGaAs CCD detector and (b) Si 

CCD detector. 
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4.1.2.2 Lasers and Optics 

To excite the sample, the PL system uses three types of laser sources, blue, green, 

and red lasers with wavelengths of 473 nm, 532 nm and 655 nm, respectively. The 

laser power incident on the sample is controlled manually using a neutral density 

filter. A beam splitter is used to shine the laser onto the sample and direct the PL 

signal to the appropriate spectrometer (one fitted with an InGaAs CCD and the 

other with a Si CCD). In addition, a long pass filter is installed in front of each 

monochromator entrance slit to eliminate undesirable high-order lines of the laser 

light. The PL setup also includes a number of optics, such as lenses and mirrors, to 

focus the PL signal onto the entry slit of the selected spectrometer and the laser 

light onto the sample. Figures 4.6 and 4.7 depict the setup configuration of the PL 

system used in this work. 

 

 

Figure 4.6: A schematic diagram of the photoluminescence apparatus. 
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Figure 4.7: Photograph of the photoluminescence apparatus. 

 

4.1.2.3   Cryostat and Temperature Controller 

A state-of-the-art cryostat, model Janis CCS-150, was used for temperature-

dependent PL measurements. A temperature controller, model Lake Shore 331, and 

a cryostat have been installed to control the temperature of the samples.  

Furthermore, thermal sensors and a built-in sample holder are also included (see 

Figure 4.8). The refrigeration principle is based on a closed-cycle flow of helium 

gas (He) through a compressor, which produces temperatures ranging from 10K to 

300K.  
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Figure 4.8: Photograph of (a) sample holder, (b) cryostat model Janis CCS-150.  

 

4.1.2.4    Computer Interface  

The spectrometer and CCD cameras are connected to a computer via USB ports 

and used Windows 10 platform. 

4.1.2.5  System Controlling Software  

The equipment of the PL system is remotely controlled using Andor's Solis 

software. It has several features for data acquisition as well as monitoring and 

controlling of the various PL system components. The software, for instance, can 

control the turret's three gratings, side input slits, shutters, CCD cameras and 

spectrometers. 

4.1.3 Photoluminescence Measurements 

This section provides some key details about the PL measurements performed for 

the study described in this thesis. Low-temperature photoluminescence 

measurements were carried out at temperatures ranging from 10 K to 300 K using 
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a variety of excitation sources with varying power ranges, as described in sections 

4.1.1. The samples are mounted in a closed cycle Helium-cooled cryostat. The PL 

system's excitation light was generated by a solid-state green laser with a 

wavelength of 532 nm and an energy of approximately 2.33 eV over a wide power 

output range. It is important to note that the energy of the green laser used exceeds 

the band gap of the materials investigated and only small excitation laser powers 

(few mW) were used to produce good PL signals. However, the signal-to-noise is 

determined also by the quality of the material and detector sensitivity. In this 

experiment, InGaAs detector which covers the infrared range was used. Finally, the 

spectrum is recorded and stored in the computer.  

 STRUCTURAL CHARACTERIZATION 

X-ray diffraction (XRD), scanning electron microscopy (SEM) and Raman 

spectroscopy techniques were used in order to obtain important information about  

the epitaxial layers such as composition, thickness, and strain in bulk materials and 

quantum dots.   

4.2.1 X-ray Diffraction  

4.2.1.1  Principle of XRD 

X-ray diffraction (XRD) is one of the most common methods for characterising 

epitaxially grown semiconductor layers. XRD provides a measure of the material's 

long-range order. X-rays can penetrate the depth of the sample surface and provide 

valuable information about material composition, thickness, quality, strain, and 

relaxation (mismatch). X-rays are appropriate for this purpose because their 

wavelength (= 1.54 Å produced by a Cu source) is comparable to the distance 
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between the atoms in the crystal. An incident X-ray beam on a crystal lattice will 

be diffracted and interfere with itself, resulting in constructive and destructive 

interference. The diffraction of an X-ray beam by crystal lattice planes is shown in 

Figure 4.9. In case of the x-rays of wavelength λ incident on the parallel planes of 

atoms, with a spacing d between the planes, the peaks of Bragg (constructive 

interference) occur when the law of Bragg is satisfied: 

  𝑛𝜆ℎ𝑘𝑙 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛(𝜃𝐵) 4.8 

 

where 𝑛 is an integer, 𝜃𝐵 represents the angle of Bragg and ℎ𝑘𝑙 are Miller indices 

for the set of planes analysed.  

 

Figure 4.9: A geometrical diagram depicting the diffraction of an X-ray beam by 

crystal lattice planes. Orange arrowheads represent X-ray beam wave fronts, where 

deeper penetrating X-rays returning from diffraction planes have shifted wavefront.  

 

To undergo constructive interference for the diffracted X-ray beam, the difference 

in distance travelled by the diffracted waves must be an integer multiple of 

wavelengths. Diffraction measured away from the Bragg angle will have a very low 

intensity, forming a Bragg peak with a finite linewidth. The greater the number of 
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diffraction planes, the greater the diffraction intensity and the narrower the 

measured peak width. Peak linewidths will approach the bulk crystal limit with 

improved lattice perfection and will broaden in the presence of defects such as 

structural disorder and dislocations.  

XRD will show two Bragg peaks in close proximity that correspond to the substrate 

and epilayer lattice parameters for a compressively strained epitaxial growth on a 

substrate. This is due to the vertical deformation of the lattice cell in the epilayer 

when it is lattice matched to the substrate in the growth plane. A diagram of the 

possible strain states in a compressively strained film is shown in Figure 4.10. 

Using equation 4.8, the layer with the larger lattice parameter will diffract at a 

smaller angle, resulting in negative peak splitting (with respect to the substrate), 

whereas the layer with the smaller lattice parameter will diffract at a larger angle, 

resulting in positive peak splitting (with respect to the substrate). XRD 

measurements, when combined with Vegard's law [7], which describes the 

relationship between composition and an alloy lattice parameter, allows for an 

accurate assessment of the composition of ternary alloys (such as GaAs1-xBix). 

 

Figure 4.10: A diagram showing the various biaxial compressive strain states for a 

cubic epitaxial film with a lattice parameter larger than the substrate material [8].  



 

96 

 

4.2.2 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a powerful technique for high-resolution 

analysis of a wide range of materials. An SEM is a type of electron microscope that 

uses a fine beam of focused electrons to scan the surface of a sample. The 

microscope records information about the interaction between the electrons and the 

sample, creating a magnified image. SEM has the potential to magnify an image up 

to 2 million times. In SEM, a focused beam of electrons is directed onto a specimen 

by an electron gun. Electron interactions with the elements in the specimen reveal 

the chemical composition and structure of the specimen. The electron beam scans 

the specimen using a raster pattern from top to bottom and side to side. This causes 

the electrons from the beam (primary electrons) to scatter at the surface of the 

specimen, resulting in secondary electrons, backscattered electrons, and 

characteristic X-rays. For SEM imaging, data, which is collected over surface areas 

ranging from few tens of nm up to few mm, is subsequently collated to form two-

dimensional greyscale electron images [9].  

Important components of all SEMs are shown in Figure 4.11 and includes the 

following [10, 11]: 

1. Electron source (or gun) that generates electrons at the top of the 

microscope column. 

2. Anode that has a positive charge, attracting the electrons to form a beam. 

3. The condenser lens which controls the size of the beam and determines 

the number of electrons in the beam. The size of the beam will define 

the resolution of the image. 
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4. Scanning coils that deflect the beam along x and y axes in order to scan 

in a raster fashion over the surface of the sample. 

5. Objective lens which is the last lens in the sequence of lenses that 

generate the electron beam. As this lens is closest to the sample, it 

focuses the beam to a very small spot on the sample. 

Figure 4.11: schematic diagram of scanning electron microscopy (SEM) 

components. 

 

4.2.3 Raman Spectroscopy 

Raman spectroscopy is used to investigate material properties such as chemical 

structure and crystallinity. It is based on inelastic light scattering (Raman 

scattering), in which the scattered light has a different wavelength than the incident 
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light. When a semiconductor is illuminated with monochromatic light, the majority 

of the scattered light has the same wavelength. However, only a small portion of 

the scattered light has a wavelength that differs from the incident wavelength [4].  

Raman scattering is classified into two types as shown in Figure 4.12: Stokes 

scattering and Anti-Stokes scattering. Both types contain information about the 

material and its molecular composition.  

1. Stokes scattering: the photon transfers energy to the molecule. The emitted 

photon has a lower energy than the absorbed photon. 

2. Anti-Stokes scattering: the molecule transfers energy to the photon. The 

emitted photon has a higher energy than the absorbed photon. 

In addition to inelastic scattering, elastic scattering can also appear. Elastic 

scattering at the same energy as the incident radiation is named Rayleigh scattering. 

Light scattering is a two-photon process in which one photon is absorbed and 

another photon is emitted at the same time. Figure 4.12 shows that the photons are 

most often emitted with the same frequency as the incident photon (Rayleigh 

scattering), however, photons sometimes loose or gain energy due to molecular 

interactions and are thus frequency shifted (Figure 4.12a). In Rayleigh scattering, 

the excited radiation field of molecular electrons matches the frequency of incident 

photons, therefore when the photon is emitted, the molecule returns to its previous 

electronic ground state. On the other hand, Stokes scattering and anti-Stokes 

scattering, are inelastic processes in which molecular electrons oscillate in response 

to photon excitation [12, 13]. The previous and the resulting electronic ground 

states are distinct. The emitted photon is frequency-shifted, and the difference from 

the incident frequency reflects energy that corresponds to specific molecular 

vibrational frequencies (Figure 4.12b). At thermal equilibrium, molecules in the 
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electronic ground state are more frequent, thus photons predominantly experience 

a Stokes shift [4], which is used in majority of Raman applications. In general, only 

a small part from about every 106–108 photons is inelastically scattered [12, 14].  

Figure 4.12: Types of light scattering. (a) Raleigh, Stokes, and anti-Stokes 

scattering and the resulting frequency shift relative to the incident light. (b) 

Molecular energy levels corresponding to the type of light scattering.  
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CHAPTER 5: THE EFFECT OF GROWTH 

TEMPERATURE ON THE STRUCTURAL AND 

OPTICAL PROPERTIES OF DILUTE GaAs1-XBiX 

EPILAYERS GROWN BY MOLECULAR BEAM 

EPITAXY 

This chapter presents a detailed analysis of the effect of the growth temperature on 

the structural and optical properties of GaAs1−x Bix epitaxial layers grown by 

Molecular Beam Epitaxy (MBE) on conventional (100) GaAs substrates using 

various techniques such as X-ray diffraction (XRD), Scanning Electron 

Microscopy (SEM), Raman spectroscopy and its associated hole concentration and 

photoluminescence (PL). In addition, a brief literature review is presented. 

 

 INTRODUCTION 

Dilute III-V bismide semiconductors materials such as GaAs1−x Bix alloys display 

strong reduction in the band gap when only a small percentage of bismuth atoms is 

incorporated into the lattice of the host material like GaAs which has a band gap 

energy of 1.424 eV at 300 K. Particularly, a few percent of Bi incorporated into 

GaAs, i.e. GaAs1−x Bix with x being the Bi composition, leads to a giant bowing in 

the band gap energy (~ 88 meV/%Bi) [1], as well as an increase of the spin–orbit 

band splitting which helps reduce the non-radiative Auger recombination  [2, 3]. In 

addition, the electron spin properties, which depend critically on the spin-orbit (SO) 

interaction, can be tuned in dilute bismides, making them suitable candidates for 

spintronic applications. It is important to note that the conduction band is barely 

affected by the Bi atoms. These remarkable properties such as reduction of the band 
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gap make GaAs1−x Bix a suitable material for several device applications such as 

multi-junction solar cells [4], photonic devices [1] and long-wavelength 

optoelectronic devices [5]. It is well known that the growth temperature of III-V 

alloys can significantly influence their crystalline quality. In fact, substitutional 

incorporation of Bi into the host lattice of III-V compounds requires low 

temperature growth. However, the growth of GaAs1-xBix is more complicated than 

the growth of conventional III–V alloys. This is mainly due to the high tendency of 

Bi to surface segregate during growth, which requires the growth temperature to be 

lowered to (< 400 ℃) [6]. Low growth temperature of GaAs causes an increased 

density of defects as well as it leads to degradation of the optical quality of the 

alloys [6]. For instance, growing GaAs at temperatures lower than the optimal 

growth temperatures (~580–600 ℃) leads to the creation of many point defects, 

such as As-antisites (AsGa), As-interstitials (Asi) and Ga vacancies [7, 8]. 

Additionally, it is found that as the growth temperature decreases deep level defects 

are generated in GaAs and their concentrations are enhanced [7, 9].  Nevertheless, 

using Bi as a surfactant during the growth of GaAs at low temperatures has proven 

to enhance surface migration, to reduce the density of defects and to suppress the 

formation of traps in GaAs. However, in GaAs1−x Bix epilayers where Bi is 

substituting an arsenic atom, Bi related defects are created. To promote the Bi 

incorporation, the alloy needs to be grown using comparatively lower temperatures, 

and modified V/III flux ratios [10, 11]. By growing at 200 0C using MBE, Lewis et 

al. reported a record Bi concentration of 22% [12]. However, the growth at low 

temperatures can generate more defects and inferior surface quality which 

deteriorates device efficiency. In the case of metalorganic vapour-phase epitaxy 

(MOVPE) growth, the Bi concentration is lower (3.5–3.7%) for an epilayer [13, 



 

104 

 

14], and 14% in structures with compositional inhomogeneity [15] since a 

comparatively higher growth temperature is required to decompose the organic 

precursor molecules. Recently, Jacobson et al. suggested that Bi solubility can be 

improved by the strain state of the epitaxial layer: Bi incorporation becomes more 

favourable if the growing epitaxial film is under tensile strain [16]. This concept 

allows increasing the Bi content without compromising the optimal growth 

temperature and provides an opportunity to grow an epilayer lattice matched to 

GaAs substrate. So far, the concept has been demonstrated for GaAsPBi alloys 

grown by MOVPE [17, 18]. Forghani et al showed that the quaternary alloy can be 

pseudomorphically grown on GaAs substrate with a reduced band gap of 1.01–1.11 

eV , while Nattermann et al reported the first photoluminescence measurement of 

the quaternary alloy [18]. However, one of the key parameters that limits the Bi 

incorporation is the growth temperature. MBE allows for lower optimal growth 

temperature than MOVPE, hence a greater Bi incorporation in the epitaxial layer. 

From studies of the  temperature dependent  PL intensity, it was found that the 

growth temperature affects the density of shallow and deep electronic states in the 

band gap [19]. An order of magnitude increase in the hole trap concentration in 

GaAs 1−x Bix was reported when the growth temperature was decreased from 370 

0C to 330 0C [9]. Hence, the optimization of GaAs1−x Bix growth conditions to 

enhance the optical and electrical quality of the alloy is still a challenge. An in-

depth study of the fundamental properties of GaAs1−xBix  is strongly needed in order 

to explore its potential for commercial usage [6]. This work reports a systematic 

study of the effect of the growth temperature of GaAs1−xBix  epilayers grown on 

semi-insulating (100) GaAs substrates by MBE on their structural and optical 
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properties by using XRD, SEM, photoluminescence, hole concentration and Raman 

measurements.  

 EXPERIMENTAL DETAILS 

The GaAs1-xBix thin layers were grown by Shui-Qing Yu (Department of Electrical 

Engineering, University of Arkansas, Fayetteville, AR 72701, USA). In the 

following sections the effects of different growth temperatures on the structural and 

optical properties of GaAs1-xBix thin films grown on semi-insulting GaAs (100) 

substrates will be reported.   

All GaAs1-xBix thin film samples investigated in this work have been grown by 

solid-source MBE on semi-insulating (100) GaAs substrates under identical growth 

conditions to explore the effects of growth temperature, TG, on the structural and 

optical properties of the samples. For this purpose, a set of seven GaAs(1-x)Bix 

epilayers were grown at TG= 300 0C, 310 0C, 320 0C, 325 0C, 340 0C, 345 0C and 

365 0C and labelled as A, B, C, D, E, F and G, respectively, as shown in Table 5.1. 

The samples were first heated to a temperature of 610 0C for 10 minutes to desorb 

the native oxide layer from the substrate surface. After that, an undoped GaAs 

buffer layer with a thickness of a 400 nm was formed at a growth temperature of 

580 0C and a growth rate of 1 monolayer per second. This was followed by a 20 

min growth interruption during which the sample was cooled down to the 

appropriate TG and the growth rate lowered to ∼0.1 monolayer per second. After 

that, a 300 nm GaAs1−xBix layer was deposited using a relatively large Bi flux that 

was twice that of As, while maintaining an approximately equal flux of As and Ga. 

This places the growth conditions well within the Bi saturation regime, where an 

alloying limit is imposed by the low miscibility of Bi into GaAs. More detailed 
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information on the growth of GaAs1−xBix  is reported in Ref. [20].  The Raman 

measurements were performed by employing a Horiba Lab RAM Evolution micro 

spectrometer at room temperature using a 532 nm laser line.  Laser excitation 

powers of 5.35 mW and 0.107 mW, were used to obtain data about the correlation 

of Bi concentration with PL results and the hole concentration, respectively. In 

addition, SEM data was acquired using a Helios Nano lab 650, FEI Company.  

 

 

 Figure 5.1: Schematic structure of the GaAs1-xBix epilayers grown on (100) GaAs 

substrates. 

 

Table 5.1: GaAs1-xBix thin film samples investigated in this study. 

 

Sample A B C D E F G 

TG (0C) 300 310 320 325 340 345 365 
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 RESULTS AND DISCUSSION 

5.3.1 Structural Characteristics 

5.3.1.1  X-ray Diffraction (XRD) 

Figure 5.2 shows the XRD pattern for sample E (TG=340 0C) with a Bi 

concentration of 4.4%. The XRD pattern shows three well defined peaks located at 

31.630, 65.530 and 66.050 which are associated with the diffraction planes of (002) 

and (004) of GaAs1−xBix and (004) of GaAs, respectively.  

20 30 40 50 60 70 80

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

65 66 67

(002)

(004)
(004)

2Degree

X
R

D
 I

 n
 t

 e
 n

 s
 i

 t
 y

 (
a
.u

.)

 Sample E

          (340 
0
C)  

 

GaAsBi 

GaAs substrate

kα 

kα 

 

Figure 5.2: Diffraction pattern in the θ –2θ scan of X‐ray diffraction measurement 

for sample E doped with Bi concentration of 4.4%. The inset shows the diffraction 

pattern in the region between 2θ = 65.5° and 67º, where two peaks are associated 

with GaAs1−xBix and GaAs, and the other two additional peaks are due to the copper 

kα line originating from the copper target. 

 

The detailed data shown in the inset of Figure 5.2 was used to find the trend of the 

displacement of the characteristic peak, (004), as a function of the concentration of 
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Bi. Figure 5.3 shows the XRD patterns obtained for all samples between 2θ = 

650and 670. It is clearly seen that there is a displacement of the peak between 65.5º 

and 66º as a function of the bismuth concentration/growth temperature. Figure 5.4 

illustrates the shift of the characteristic peak of XRD as a function of the 

concentration of Bi. It is important to point out the linear trend of GaAs1−xBix (004) 

peak displacement as a function of Bi concentration. 

Figure 5.3: XRD patterns obtained for all samples between 2θ = 650 and 670. 
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Figure 5.4: Displacement of characteristic peak (004) as a function of bismuth 

concentration. 
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5.3.1.2   Scanning Electron Microscopy (SEM) 

Figure 5.5 shows the SEM images of the surfaces of all GaAs1-xBix samples grown 

on (100) GaAs substrates at different growth temperatures.   

 

Figure 5.5: SEM images of the surfaces of GaAs1-xBix samples grown on (100) GaAs 

substrates (a) sample A (TG=300 0C), (b) sample B (TG=310 0C), (c) sample C 

(TG=320 0C), (d) sample D (TG=325 0C), (e) sample E (TG=340 0C ), (f) sample F 

(TG=345 0C), (g) sample G (TG=365 0C).  The A (a) and B (b) samples exhibit many 

droplets, while the samples C (c) to G (g) both droplets and self-aligned trailing 

nanotracks are present. 
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The scanning electron microscopy (SEM) data was acquired using a Helios 

Nanolab 650, FEI Company.Figure 5.5 shows the SEM images of the surfaces of 

GaAs1−xBix samples where droplets are clearly observed. The growth mechanism 

of these droplets has been the object of study in many works [21, 22]. These Bi 

droplets, which are formed during the MBE growth of the GaAs1−xBix epilayer, are 

in general associated with the non-uniformities of the thickness and composition of 

the growing layer. In fact, as expected, the samples with the highest surface 

concentrations of droplets are those with the lowest concentrations of Bi, as 

evidenced by SEM images shown in Figures 5.5 (a), (b) and (g). 

 

 This means that for these growth temperatures a lower concentration of Bi was 

incorporated into the GaAs host lattice. On the other hand, sample D, which was 

grown at 325 0C, has the highest concentration of bismuth (4.7%). As can be seen 

from Figure 5.5 (d), this sample has the lowest number of both surface droplets and 

self-aligned trailing nanotracks. Especially for sample G, as shown in Figure 5.5 

(g), the self-aligned trailing tracks are wider with black drops at their ends, 

indicating that bismuth was not effectively incorporated into the GaAs host lattice. 

Interestingly, sample G grown at the highest temperature (365 0C) is among the 

samples has also a low concentration of bismuth (2.8%), in agreement with the PL 

and Raman results which will be discussed in the following sections.  
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5.3.2  Optical Properties 

5.3.2.1 Raman Spectroscopy 

Hall effect measurement is one of the most common methods used to determine the 

charge carriers’ concentration in semiconductors, which is important for device 

fabrication. However, this technique requires the formation of Ohmic contacts 

which can alter the properties of the samples or even damage them. Alternatively, 

Raman spectroscopy is a versatile tool that can be used to determine the hole 

concentrations in Bi-doped GaAs samples without electrical contacts. The 

generation of hole carriers in GaAs1-xBix is due to the fact that Bi atoms create a 

localised state near the valence band. These resonant localized Bi states interact 

with the valence band of GaAs. In this sense, the hole concentration can be 

determined with a good accuracy using the relative intensities ratio of the 

unscreened longitudinal optical (ULO) phonon and the longitudinal optical 

phonon-hole-plasmon-coupled (LOPC) modes. Figure 5.6 shows the characteristic 

Raman spectra of GaAs1−x Bix at room temperature. The spectra displays the Raman 

typical bands of GaAs in the range of 200-350 cm-1 [23]. The bottom of Figure 5.6 

shows the deconvolution using Lorentzian functions, which display the Raman 

bands associated with the transverse optical (TO) phonon and longitudinal optical 

(LO) phonon located at ~263 cm-1 and ~286 cm-1, respectively [24]. In addition, a 

broader asymmetric band around 269 cm−1 due to the LOPC modes overlaps the 

TO phonon peak at ∼267 cm−1.  Furthermore, a vibrational mode at ∼285 cm−1 

near the LO phonon peak is observed [23]. Previous studies showed that the Raman 

scattering signals from the LO and LOPC phonon follow the same Raman selection 

rules, indicating that the observed LOPC modes are also phonon-like [25]. 

Interestingly, as the content of Bi increases first there is a slight redshift and then a 
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blueshift of the LO phonon (for guide to the eyes, see the two black vertical dashed 

lines in Figure 5.6a), which can be explained by the Bi-induced tensile and/or 

compressive stress [4]. Besides, as Bi concentration increases, the intensity of the 

phonon mode located at ∼287 cm−1 becomes larger [23]. Figure 5.6b also shows a 

very interesting result, where Raman intensity of this mode exhibit a linear 

dependence as a function of the Bi concentration. This Raman band has been 

assigned to the disorder activated mode or a Fröhlich mode [26, 27].  
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Figure 5.6: (a) Raman spectra from GaAs1−xBix samples having different Bi 

concentrations. (b) Raman intensity from peak at ~285 cm-1 as function of Bi 

concentration shows a linear dependence. 
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Figure 5.7 (a) shows the hole concentrations as a function of bismuth concentration 

of the GaAs1−xBix samples. The results indicate that the concentration of holes in 

the GaAs1−xBix samples increases proportionally until bismuth content reaches 

4.2%, then decreases and increases again.  In Figure 5.7 (b) are plotted the Raman 

shift of LO mode from the GaAs1−xBix samples. As can be seen in Figure 5.7 (b), 

an evident frequency shift of the LO mode is observed as a function of Bi 

concentration. First, to obtain the hole concentration from Raman spectroscopy, it 

is necessary to relate the relative intensities of the longitudinal optical (LO) and 

longitudinal optical phonon-hole-plasmon-coupled (LOPC) phonon modes using 

the followings equations [24, 25].  

 

𝑝 =
8𝜀0𝜀𝑠𝛼2𝜙𝐵

𝑒 [𝑙𝑛 (1 +
𝜁𝐴

𝜁𝑆
)]

 
5.1 

 

 where 𝜀0 is the vacuum permittivity, 𝜀𝑠 is the static dielectric constant, 𝛼 is the 

absorption coefficient and 𝜙𝐵 is the surface potential barrier [28]. Since the values 

of α, 𝜀𝑠 and 𝜙𝐵 for GaAs1−xBix are not available, those of GaAs were used, 𝜀𝑠 =

12.8, 𝜙𝐵 = 0.5 eVand α ≈ 231 ×103 cm−1, for the excitation wavelength of 532 nm 

[24, 29, 30]. 𝜁𝐴 = 𝐴𝐿𝑂/𝐴𝐿𝑂𝑃𝐶  is the ratio of the integrated intensity of the 

unscreened longitudinal optical ULO mode and the longitudinal optical phonon-

hole-plasmon-coupled (LOPC) mode in the Raman spectrum. 𝜁𝑆 = 𝐼𝐿𝑂/𝐼𝐿𝑂𝑃𝐶 is the 

relative Raman scattering efficiencies of the pure longitudinal optical (LO) phonons 

and the coupled mode in a volume element. By comparing the efficiencies of the 

modes 𝐼𝐿𝑂 and 𝐼𝐿𝑂𝑃𝐶  at different excitation energies, one can obtain 𝜁𝑆 =2 [23, 24]. 
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Figure 5.7: (a) The hole concentration (calculated from equation 5.1) versus Bi 

content for GaAs1−xBix epilayer samples. (b) Raman shifts of LO mode versus Bi 

concentration for all GaAs1−xBix thin films samples.  

2.0 2.5 3.0 3.5 4.0 4.5 5.0

2

4

6

8

10

12

14

(a)

 

 

Bi concentration (% )

H
o

le
 d

e
n

s
it

y
 (

x
 1

0
1

7
 c

m
-3
)

 

 

2.0 2.5 3.0 3.5 4.0 4.5 5.0

289

290

291

292

Bi concentration (% )

(b)

 

 

R
 a

 m
 a

 n
  
s
 h

 i
 f

 t
 (

c
m

-1
)



 

115 

 

5.3.2.2  Photoluminescence 

5.3.2.2.1 Low-Temperature Photoluminescence of GaAs1-XBix Thin Film 

Samples 

This section will report on the optical properties of GaAs1-xBix thin films grown on 

the conventional (100) GaAs substrates at different growth temperatures, namely 

A (TG=300 0C), B (TG=310 0C), C (TG=320 0C), D (TG=325 0C), E (TG=340 0C), F 

(TG=345 0C) and G (TG=365 0C).  The effects of growth temperature on the optical 

properties of GaAs1−xBix layers were investigated by photoluminescence 

spectroscopy measurements at various temperatures and excitation powers. PL 

measurements are performed using a green laser (532 nm) with pump powers 

ranging from 0.5 mW to 65 mW. The samples are mounted within a Janis closed-

loop helium cryostat where the temperature was controlled from 10 K to 300 K. 

The PL spectra are obtained using a high-resolution spectrometer and an InGaAs 

CCD detector.  The PL intensity provides a measure of the radiative and 

nonradiative recombination relative rates.  

Figure 5.8 (a) shows the PL spectra at low temperature of 10 K for all GaAs1-xBix 

samples grown on (100) GaAs substrates at different  growth temperatures and at a 

laser excitation power PEXC = 16 mW (0.91 W/cm2). Overall, the PL peaks at 1.30 

eV, 1.23 eV 1.14 eV, 1.09 eV, 1.12 eV, 1.13 eV and 1.26 eV are related to GaAs1-

xBix samples A, B, C, D, E, F and G. respectively. It is worth noting that the GaAs1-

xBix PL emission of the sample A (TG=300 0C) is the weakest and the broadest 

amongst all samples. Consequently, Gaussian fitting was applied for this sample in 

order to determine the peak energy. Figure 5.8 (b) illustrates the Gaussian fitting of 

the PL spectra of sample A at 10K and a laser excitation power PEXC = 60 mW. The 

Gaussian fitting shows three peaks with emission energies at 1.3 eV, 1.34 eV and 
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1.38 eV. The PL emission energy found at 1.3 eV (see green peak in Figure 5.8.b) 

is related to GaAs1-xBix and the peaks between 1.34 eV and 1.4 eV could be due to 

some defects.  

 

 

 

 

 

 

 

 

 

 

Figure 5.8: (a) 10 K PL spectra of the GaAs1-xBix epilayers grown on (100) GaAs 

substrates for samples A, B, C, D, E, F and G., using a green laser (532 nm) with PEXC= 

16 mW and (b) Gaussian fitting of PL spectra of sample A (GaAs1-xBix epilayer 

grown on (100) GaAs substrates at TG=300 0C. Measurements were taken at 10 K 

and PEXC=60 mW. 

 

A small increase of 10 0C in the growth temperature from 300 0C (sample A) to 310 

0C (sample B) improved the PL intensity of sample B by 2.6 times as compared to 

sample A. However, a large enhancement by a factor of 5.6 in the GaAs1-xBix PL 

intensity was observed by further increasing the growth temperature above 310 0C. 

These PL results could be explained by the competition mechanisms that generate 

and reduce structural defects. For example, when the growth temperature is lower 
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than the optimal GaAs growth temperature (TG = 400-630 °C), native defects which 

are attributed to nonradiative energy states such as Ga vacancies and As antisites 

are typically created in the material [31, 32].  On the other hand, Lu et al reported 

[33] that at the low growth temperatures required to incorporate a small amount of 

Bi (x < 0.045) during GaAs growth, Bi atoms induce localized states close to the 

maximum of the valence band (MVB) because of Bi-pair and Bi-cluster formation. 

These localized states behave as trapping centres for bound holes, which can 

recombine radiatively. At the same time, Bi can behave as a surfactant, which 

enhances the quality of the material by decreasing the defects because of the low 

growth temperature used [11]. One mechanism decreases the carrier loss by 

nonradiative centres for samples A and B (when TG ≤ 310 0C), and the other 

mechanisms improve the efficiency of the PL (when   TG ≥ 320 0C) for samples C, 

D, E, F and G. In this work, sample A which was grown at the lowest growth 

temperature of 300 0C has higher density of defects than the other samples as 

evidenced by the lower PL intensity. Figures 5.9 and 5.10 show that at low 

temperature (10 K) and a laser excitation power of 16 mW, the PL spectra exhibit 

two different behaviours depending on the growth temperatures: (i) a red shift of 

21 meV of the PL peak from 1.3 eV (TG =300 0C) to 1.09 eV (TG =325 0C)  was 

observed when the growth temperature was increased (see Figures 5.9a and 5.10a); 

(ii) a blue shift of 17 meV of the PL peak from 1.09 eV (TG =325 0C)  to  1.26 eV 

(TG =365 0C) was noted as the growth temperature increased as shown in Figures 

5.9b and 5.10b. These findings are in good agreement with Raman results which 

showed that as the content of Bi increases, first there is a slight redshift and then a 

blueshift of the LO phonon, which can be explained by the Bi-induced tensile 

and/or compressive stress [4]. 
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Figure 5.9:  Normalised 10 K PL spectra of the GaAs1-xBix epilayers grown on (100) 

GaAs substrates  for (a) samples A, B, C and D; (b) samples D, E, F and G. A green 

laser (532 nm) with PEXC= 16 mW (0.91 W/cm2) was used. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: PL peak energy for samples grown on (100) GaAs substrates at different 

growth temperatures for (a) samples A-D; (b); samples D-G. Measurements were taken 

at 10 K with PEXC= 16 mW. 
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These results indicate that even a very small change in the growth temperature 

affects the PL emission energy, meaning that the bismuth incorporation into the 

host lattice of GaAs is very sensitive to the growth temperature. The PL results 

evidence that the growth temperature of GaAs1-xBix thin films plays an important 

role in the Bi incorporation and the optical quality of the samples. To determine the 

effective Bi composition (x)  incorporated in each GaAs1−xBix sample grown at 

different growth temperatures, it is  assumed that the substitutional Bi causes a 

reduction of the bandgap of GaAs at room temperature by 88 meV per % of Bi [34]. 

Figure 5.11 shows the growth temperature dependence of the PL peak energy at 10 

K and the estimated energies at room temperature (300 K). 
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Figure 5.11: The PL peak energy as a function of growth temperature at 10 K and 

estimated PL peak energy at 300 K (RT= room temperature) for all GaAs1-xBix 

samples investigated in this study. 
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Figure 5.12 illustrates the Bi composition as a function of growth temperature for 

all samples investigated in this study using PL technique. The Bi concentrations 

were determined from PL measurements and the calculations are presented in Table 

5.2. In PL measurements, emission occurs between the conduction band (CB) and 

the vacant state at the maximum of the valence band (VB). It was observed that the 

percentage of Bi incorporation increases as the growth temperature increases from 

300 0C to 325 0C. However, for TG > 325 0C, the percentage of Bi incorporation 

decreases. The optimum growth temperature for maximum Bi concentration 

(x=4.7%) was found to be for sample D (TG=325 0C), whereas sample A (TG=300 

0C) has the lowest Bi concentration and optical quality.  
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Figure 5.12: Bi composition as a function of growth temperature for GaAsBi 

samples investigated in this study. Measurements were taken at PEXC= 16 mW. The 

Bi concentrations in the studied samples were determined from PL measurements 

as presented in Table 5.2.    
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Table 5.2: Bi concentrations for all GaAs1-xBix epilayer samples as determined 

from PL. ∆E is the difference between the bandgap of GaAs (1.42 eV) and the 

estimated GaAs1-xBix PL peak energy at room temperature. 

 

 

The PL emissions at low temperatures were observed in an energy range distinct of 

the expected bandgap reduction. Therefore, other contributions such as strain 

and/or Bi-defect level-band related transitions could explain the observed 

differences in PL peak position for different growth temperatures of GaAs1-xBix 

samples. The giant reduction in the band gap energy of GaAs1−xBix alloys has been 

described using a valence band (VB) anti-crossing interaction between the Bi level 

and the host GaAs VB. Additionally, the low temperature PL peak is also expected 

to present an energy shift for samples under different strain conditions 

(compressive versus tensile), due to changes in the structure of the band. In samples 

with compressive strain usually the PL peak is redshifted with respect to the 

Sample 

Labelled  

Growth 

Temperature 

(0C) 

PL Peak 

Energy at 

10K (eV) 

Estimated PL 

Peak Energy 

at 300K (eV) 

Bi concentration 

from PL  

 X (%) =  

∆𝑬/𝟎. 𝟎𝟖𝟖 

A 300 1.30 1.21 2.3 

B 310 1.23 1.14 3.1 

C 320 1.14 1.05 4.2 

D 325 1.09 1 4.7 

E 340 1.12 1.03 4.4 

F 345 1.13 1.04 4.3 

G 365 1.26 1.17 2.8 
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expected band gap of GaAs [35] . On the other hand, the presence of Bi-related 

localized states close to the VB edge also causes a redshift in the PL peak since the 

exciton localized recombination changes the PL line shape by exhibiting an 

asymmetric characteristic with a low energy tail, which usually dominates the 

excitonic recombination processes at low temperatures. The origin of these 

localized states is attributed with the formation of Bi-related complexes and alloy 

disorder in GaAs1-xBix. Figure 5.13 shows the PL spectra of GaAs1-xBix thin films 

with various Bi concentrations at 10 K and excitation power of 16 mW.   
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Figure 5.13: PL spectra of GaAs1-xBix thin films having various Bi concentrations 

grown on (100) GaAs substrates. The measurements were carried out at 10 K using 

a green laser (532 nm) and PEXC= 16 mW (0.91 W/cm2).  

 

The PL peak shifts to lower energies (redshift of PL peak energy) with increasing 

Bi concentration from 2.3% to 4.7% evidencing a reduction of the bandgap with Bi 

content as expected. Fahrettin et al [36]  reported that the bandgap of GaAs(1-x)Bix 
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red shifts with increasing Bi composition is due to the stronger interaction between 

valence band and localized Bi level. 

5.3.2.2.2 Excitation Power Dependence of Photoluminescence of GaAs(1-

X)Bix Epilayers Grown at Different Growth Temperatures 

Figure 5.14 shows the PL spectra at 10 K as a function of laser excitation power. 

The results show no blue shifts was observed for all samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: Laser excitation power dependence of 10 K PL spectra of GaAs1-xBix 

epilayers grown on (100) substrates at different temperatures. 
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To study the effects of carrier localization, the laser power dependence of PL 

spectra of all samples grown at different temperatures was investigated and is 

shown in Figure 5.15. The results show that no shift of the GaAs1-xBix PL peaks 

was observed when PEXC increased from 1 mW to 30 mW. 
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Figure 5.15:  10 K Integrated PL intensity (IPL) as a function of PEXC for GaAs1-

xBix samples grown at different temperatures. The solid lines illustrate the fitting 

curves using equation: 𝐼𝑃𝐿 = 𝛽P𝐸𝑋𝐶
𝑘 .  

 

At low temperatures, the PL from GaAs1-xBix material with reasonably good 

crystalline quality is governed by near band edge photoluminescence (NBEPL) 

[37]. It has been shown that the fundamental recombination processes can be 

determined from the behaviour of the PL intensity as a function of the excitation 

power [38].  To analyse the emission from GaAs1-xBix epilayers grown at different 
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temperatures, the integrated PL intensity (IPL) was plotted as a function of PEXC 

from 1 mW to 65 mW as shown in Figures 5.15 (a–g).  The fitting curves using the 

power law 𝐼𝑃𝐿 = 𝛽P𝐸𝑋𝐶
𝑘  [37] are also shown as red solid lines. IPL is the integrated 

PL intensity and β and k are fitting parameters. It was found that the integrated 

luminescence intensity (IPL) of the NBEPL emission lines is proportional to Lk, 

where L is the power of the exciting laser radiation. For  exciton like transitions, 

and free-to-bound and donor-acceptor pair transitions 1 < k < 2 and k < 1, 

respectively [31, 39]. As shown in Figure 5.15, all GaAs1-xBix thin film samples 

show a linear dependence of 𝐼𝑃𝐿versus PEXC over the whole excitation powers range 

1 mW – 65 mW, indicating one process for carrier radiative recombination as a 

function of PEXC. Table 5.3 summarises the obtained k values for all samples. In 

general, k values of 1 were obtained for most samples.  

Table 5.3: k values obtained for all GaAs1-xBix samples grown at different 

temperatures. The measurements were taken at 10 K with laser excitation powers 

ranging from 1 mW to 65 mW.   

Samples Growth temperature (0C) k 

A 300 0.96±0.02 

B 310 0.95±0.02 

C 320 0.96±0.06 

D 325 1.01±0.05 

E 340 0.98±0.01 

F 345 0.93±0.02 

G 365 0.95±0.01 
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5.3.2.2.3 Temperature Dependence of Photoluminescence of GaAs1-xBix 

Thin Films Grown at Different Temperatures  

In order to gain additional information about the properties of GaAs1-xBix thin film 

grown on (100) GaAs planes at different temperatures, the temperature dependence 

of the PL spectra were also studied over the temperature range 10 K to 200 K. The 

excitation energy was 2.33 eV (532 nm), and the excitation power was kept at 10 

mW to avoid any localized states saturation.  

The GaAs1-xBix PL peaks of samples A and B were not detected at temperatures 

above 40 K (not shown in Figure 5.16). These results are consistent with the SEM 

data which demonstrated that samples A (TG =300 0C) and B (TG =310 0C) have the 

highest surface concentrations of droplets and the lowest concentrations of Bi, 

evidencing that for these low growth temperatures the incorporation of Bi into 

GaAs host lattice is low. The PL spectra of GaAs1-xBix samples C, D, E, F and G 

are shown in Figure 5.16 (a), (b), (c), (d) and (e), respectively. 

 The results show that the PL intensity of GaAs1-xBix samples grown at different 

growth temperatures quenches at different temperatures. It is clearly seen that there 

is a redshift of PL peak energy because of the bandgap energy decreases with the 

increase of temperature in all samples. The shape of the PL spectra exhibits an 

asymmetric characteristic with a low energy tail which is commonly observed in 

highly mismatched alloys. In addition, no PL signal could be detected in samples 

C, D, E, F and G above temperatures of 200 K, 170 K, 190 K, 200 K and 190 K, 

respectively. Furthermore, the monotonous redshift with increasing temperature 

can be observed and the PL spectra gets broader for all samples.   
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Figure 5.16: Temperature dependence of PL spectra of GaAs1-xBix thin films 

grown on (100) GaAs substrates at different growth temperatures for a laser power 

excitation PEXC =10 mW. 
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Representative plots of the measured temperature dependent PL spectra are shown 

in Figure 5.17 (a) and (b) for incident excitation power of 5 mW and 15 mW, 

respectively. 

 

 

 

 

 

 

 

 

 

Figure 5.17: (a) PL peak energy as a function of temperature and Varshni fittings 

for samples A, B, C, D, E, F and G. The solid green lines are calculated according 

to the Varshni’s equation 5.2. Bandgap energy versus temperature of GaAs is 

calculated from Ref [40]. All measurements were taken at an excitation power of 5 

mW; (b) PL peak energy as a function of temperature of samples C, D, E, F and G 

All measurements were taken at an excitation power of 15 mW.  

 

As clearly seen in Figure 5.17(a), the PL intensity of the GaAs1-xBix samples A and 

B quenches at 40 K for laser powers of 5mW. The peak luminescence energy as a 

function of temperature is highly dependent on the incident excitation power  [41]. 
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at high temperatures between (150 K- 200 K). Therefore, the PL peak energy versus 

temperature plot can be fitted using the empirical Varshni relation. Figure 5.17 (a) 

presents the temperature evolution of the band gap energy with the Varshni model 

fitting of thin films GaAs1-xBix samples grown at different substrate temperatures. 

The symbols in Figure 5.17 (a) are the experimental results, and the solid curves 

are the fitting obtained by using the empirical Varshni equation:  

  𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

𝑇 + 𝛽
 

5.2 

 

where α (eV/K) is associated with the electron-phonon interaction, β is the Debye 

temperature, Eg (0) is the bandgap energy at 0 K.  T is the measured temperature. 

The constant values used for the fitting shown in Figure 5.17 (a) are based on Ref 

[40]: α = 0.44 meVK-1 and β = 204 K. Generally, these results are similar to those 

reported previously on the PL of GaAs1-xBix quantum wells (QWs) grown on (100) 

GaAs substrates [42, 43]. Furthermore, Blakemore calculated [30] the temperature 

dependency of the direct energy bandgap Eg of GaAs as shown in Figure 5.17 (a), 

according to the equation. 

𝐸𝑔 = 1.522 −  [(5.8𝑥10 − 4𝑇2/ (𝑇 + 300)] 𝑒𝑉 5.3 

  

where Eg is direct energy band gap of GaAs in eV and T absolute temperature in 

K. 

Figure 5.17 (b) shows that for an incident laser excitation power of 15 mW, the 

well-known S-shape behaviour is observed for samples C, D, E, F and G. The origin 

of this characteristic red-blue shift (S-shape profile) in the peak luminescence 
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energy can be explained by considering the carrier distribution amongst the 

localised density of states (LDOS) at different temperatures.  

At low temperatures, both deep and shallow localised states are occupied by 

electron-hole pairs, and charge carriers which have a small thermal energy remain 

trapped until they are able to recombine. As the temperature increases electron-hole 

pairs in the shallow energy states close to the valence band edge gain enough 

thermal energy to escape and become trapped by deeper level localised states. This 

behaviour results in a rapid red shift of the PL peak energy and can be seen in Figure 

5.17 (b) between temperatures of 10 K - 140 K. As carriers gain greater thermal 

energy, however, they are able to complete multiple hops between states, allowing 

carriers to escape the deepest traps and occupy a range of shallower energy states. 

This leads to a blue shift in the peak emission energy between temperatures of 150 

K- 200 K. The S-shape relates to the existence of localized states in the epitaxial 

layer, thus, the evolution cannot be fitted only by using Varshni’s equation. For 

temperatures above 200 K, the PL intensity is completely quenched. These results 

are similar to those reported previously on the PL of bulk GaAs1-xBix grown on 

(100) GaAs substrates [41] . 

Figure 5.18 shows the plots of the PL full width at half maximum (FWHM), which 

is a figure of merit of the quality of the samples, as a function of temperature for 

the temperature range 10 K - 200 K and excitation power of 15 mW. The FWHM 

for samples C, D, E, F and G are 111 meV, 108 meV, 103 meV, 115 meV and 125 

meV, respectively. In this investigation, all samples have similar behaviour which 

does not change appreciably at low temperatures (10 K - 80 K). However, at high 

temperatures, a monotonous increase of the FWHM with temperature is observed. 
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Sample G (TG=365 0C) has the highest FWHM, whereas sample E (TG=340 0C) has 

the lowest FWHM indicating a higher Bi uniformity and optical quality.  
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Figure 5.18: FWHM as a function of temperature for GaAs1-xBix epilayers of 

samples C, D, E, F and G. All measurements were taken at excitation power of 15 

mW.  

 

In order to investigate further the nonradiative recombination processes in GaAs1-

xBix epilayers for samples C, D, E, F and G, the integrated PL intensity (IPL) as a 

function of reciprocal temperature is plotted in Figure 5.19. The behaviour is 

characterized by two different temperature ranges, corresponding to two thermally 

activated nonradiative recombination processes. The fits are derived by applying 

the formalism described in Refs [32, 44]. The fit is performed using equation 5.4: 

𝐼𝑃𝐿(𝑇) = 𝐼(0)/[1 + 𝐶1 𝑒𝑥𝑝 (−
𝐸1

𝑘𝐵
⁄ 𝑇) + 𝐶2 𝑒𝑥𝑝 (−

𝐸2
𝑘𝐵

⁄ 𝑇)] 5.4 
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where IPL(T) and I(0) are the PL integrated intensity at temperature T and 0 K, 

respectively. C1 and C2 are constants and are related to the density of nonradiative 

centres, E1 and E2 are the thermal activation energies of these centres, T is the 

temperature and kB is the Boltzmann constant. Experimental data were well fitted 

for all samples as shown in Figure 5.19. The E1 and E2 values are reported in Table 

5.4. The activation energy E1 is derived from the slopes of the straight-line portion 

of the curves in the high temperature region.  
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Figure 5.19: Arrhenius plots of integrated PL intensity (IPL) of GaAs1-xBix 

epilayers grown on (100) GaAs substrates for samples C, D, E, F and G.  Solid lines 

illustrate the fit to the experimental data using equation 5.4. 
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As discussed previously, GaAs1−xBix alloys tend to form localized pairs and 

clusters, which have different configurations and binding energies [32, 34], alloy 

disorder, and potential fluctuation. These states are usually associated with two 

groups with different activation energies in undoped GaAs1−xBix samples: one 

ranges from 8 to 17 meV and is related to Bi clusters and Bi pairs, and the other 

energy around 50 meV is related to alloy disorder [34, 44]. As shown in Table 5.4, 

the E1 energies ranging between 4 meV and 25 meV are attributed to Bi clusters 

and Bi pairs as expected. However, the E2 values ranging from 118 meV to 194 

meV indicate that the epilayers have some potential fluctuations, which is 

consistent with the observed S-shape evolution. Indeed, the presence of localized 

energy levels in the band gap, which are associated with alloy disorder [45], was 

reported earlier with a comparatively lower activation energy (75 meV) [34, 45] as 

compared to the samples investigated in this work (E2 ranging from 118 meV to 

194 meV). 

Table 5.4: Arrhenius’s parameters obtained from the temperature dependence of 

the total integrated PL peak intensity of GaAs1−xBix thin films samples.  

Samples 

 

 

Activation energy (meV) 

E1 E2 

Sample C 

 

25.87 194.91 

Sample D 

 

8.21 118.83 

Sample E 

 

22.08 125.99 

Sample F 

 

21.50 175.83 

Sample G 

 

4.92 164.72 
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 CONCLUSION 

The optical properties of GaAs1-xBix epilayers grown on (100) GaAs substrates by 

Molecular Beam Epitaxy at different growth temperatures were investigated by 

using SEM, XRD, PL and Raman techniques. The influence of the growth 

temperature on the optical properties of GaAs1-xBix has been examined 

systematically. The PL measurements showed that the PL spectra exhibit two 

different behaviours depending on the growth temperature, namely, red and blue 

shift were observed as the growth temperature increases from 300 0C to 325 0C, 

and from 325 0C to 365 0C, respectively. The observed differences in PL peak 

position for different growth temperatures of GaAs1-xBix samples may indicate 

contributions from strain and/or Bi-defect level-band related transitions. Moreover, 

the Bi composition in the studied samples were determined and calculated from PL. 

The results showed that Bi incorporation into the GaAs host lattice is very sensitive 

to the growth temperature and varied from 2.3% to 4.7%, and from 4.7 % to 2.8% 

for a growth temperature in the range 300 0C - 3250C and 325 0C - 365 0C, 

respectively.  This is evidenced by the red shift of the PL peak energy with 

increasing growth temperature. This result is consistent with Raman measurements 

which demonstrated that as the content of Bi increases first there is a slight redshift 

and then a blueshift of the LO phonon peak, which can be explained by the Bi-

induced tensile and/or compressive stress. Sample A (TG= 300 0C) has the lowest 

Bi concentration and optical quality due higher density of defects than other 

samples.  These results are consistent with SEM data which demonstrated that 

samples A (TG =300 0C) have the highest surface concentrations of droplets and the 

lowest concentrations of Bi, meaning that for these low growth temperatures a 

lower concentration of Bi was incorporated into the GaAs host lattice. On the other 
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hand, the optimum growth temperature for maximum Bi incorporation (4.7%) was 

found to be 325 0C (sample D) which is in good agreement with SEM data which 

showed that this sample has a lower number of both surface droplets and self-

aligned trailing nanotracks. The temperature dependence of the PL spectra in the 

range 10 K-200 K was also studied. It was found that the peak luminescence energy 

as a function of temperature is dependent on the incident excitation power. For a 5 

mW laser excitation power, no evidence of the characteristic S-shape was observed 

under such low power condition, and its behaviour was well approximated by the 

empirical Varshni relation. However, the temperature dependence of PL peak 

energy at excitation intensity of 15 mW has shown a pronounced S-shape 

characteristic, which is also typical of the highly mismatched alloys. The S-shaped 

temperature dependence also originates from the PL of localized states in GaAs(1-

x)Bix in the temperature range of 150 K - 200 K. The integrated PL intensity as a 

function of inverse temperature confirmed two processes that govern the carrier 

thermal quenching in the low and high temperature regimes with two activation 

energies E1 and E2 corresponding to Bi clusters and alloy disorder, respectively.   
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CHAPTER 6: INVESTIGATION OF THE EFFECT OF 

GAMMA RADIATION ON THE STRUCTURAL AND 

OPTICAL PROPERTIES OF DILUTE GaAs1-xBix 

EPILAYERS GROWN AT DIFFERENT GROWTH 

TEMPERATURES BY MOLECULAR BEAM EPITAXY 

This chapter reports the effect of gamma radiation dose on the structural and optical 

properties of dilute GaAs1-xBix epitaxial layers grown at different substrate 

temperatures by Molecular Beam Epitaxy (MBE) on conventional (100) GaAs 

substrates using XRD, hole concentration determined from Raman spectroscopy 

and PL techniques. Gamma radiation (γ-) was found to influence the electrical and 

optical properties of  GaAs1-xBix epitaxial layers. From Raman measurements it 

was found that the concentration of holes increased when the samples were 

irradiated. This result is in good agreement with the photoluminescence results, 

which showed that the intensity of the main peak increases after irradiation, 

indicating that the optical properties have improved for all samples. Furthermore, 

the XRD data showed that for irradiated GaAs1-xBix samples, the crystallographic 

quality of the samples was slightly worse after irradiation. This is due to the fact 

that radiation induces several types of defects, including structural defects. This 

result is consistent with the results of the PL measurements, which demonstrated 

that the GaAs1-xBix samples  exposed to 50 kGy dose have  the largest PL full width 

at half maximum (FWHM) for all irradiated samples. This finding demonstrates 

that irradiated samples have worse quality compared to non-irradiated samples. The 

decrease in FWHM confirms a better uniformity of GaAs1-xBix thin films for the 

non-irradiated samples.  
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 INTRODUCTION 

Electrical and optical properties of III-V semiconductor materials can be altered by 

intentionally incorporating impurities into the host lattice, and these may 

significantly influence the performance of electronic and optoelectronic devices. In 

general, defects can be created in semiconductor materials either intentionally or 

unintentionally through ionizing irradiation. Radiation induced defects can be 

divided into two types that are modified by ionizing irradiation: those created 

initially during growth of the crystal by substitution of a lattice atom with an 

impurity atom (extrinsic defect) and those created by atomic displacements of a 

standard lattice site element during irradiation (intrinsic defect). Ionizing radiation 

creates ions and free electrons, which in turn may be stabilized/trapped by 

radiation-induced defects before recombination can occur at normal lattice sites [1]. 

Gamma radiation is an indirectly ionizing and highly energetic electromagnetic 

radiation, which has a large penetration power. In this sense, ionizing radiation, 

which can modify the optical and electrical properties of semiconductor materials, 

may lead to the development of new dosimeters and/or more efficient radiation 

detectors. Thus, a deep understanding of the effect of gamma radiation on new 

materials is essential for the improvement of dosimeters. Furthermore, due to 

radiation in space and the use of electronic devices in satellites, considerable 

amount of defects can be induced in semiconductors which, in turn, can cause 

degradation and decrease of the average lifetime of the devices [2].  

Several groups have studied the effect of radiation treatment in 

metal/semiconductor Schottky diodes using a variety of radiation sources, 

including electron [3], neutron [4], swift heavy ions [5], and gamma radiation [6, 
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7]. However, the effects of gamma irradiation on GaAs1-xBix thin films grown at 

different temperatures have not yet been investigated. Gamma irradiation of dilute 

GaAs1-xBix layers can contribute to a better understanding of the behavior of Bi 

incorporation into the GaAs host lattice. In this study, the influence of gamma 

irradiation dose on the structural and optical properties of GaAs1-xBix samples 

grown by MBE on (100) GaAs substrates is investigated in depth using a variety of 

methods such as XRD, Raman spectrocopy, hole concentration and PL 

measurements. 

 SAMPLE DETAILS 

The samples studied in this work are GaAs1-xBix epilayers grown by solid-source 

MBE on semi-insulating (100) GaAs substrates at a range of different growth 

temperatures TG= 300 0C, 310 0C, 320 0C, 325 0C, 340 0C, 345 0C and 365 0C and 

labelled as A, B, C, D, E, F and G, respectively, as shown in Chapter 5 (Table 5.1). 

The layer structure of the GaAs1-xBix samples was illustrated in Figure 5.1 and 

discussed in Chapter 5 (section 5.2.). Futhermore, the surface of all GaAs1-xBix 

samples were examined using SEM technique as discussed in Chapter 5 (section 

5.3.1.2).  

 It is important to note that the same piece of each sample mentioned above was 

measured before and after irradition. The samples are labelled as NIR (non-

irradiated) and  IR (irradiated). The gamma radiation dose was 50 kGy. The optical 

characterization techniques used to investigate these samples are similar to those 

presented in Chapter 5. The samples were then irradiated with a gamma cell Cobalt 

Irradiator (dose rate of 1.3 kGy/h) at dose of 50 kGy in the Department of Nuclear 

Energy  at the Federal University of Pernambuco, Brazil. PL spectra of all 
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GaAs1−xBix samples were investigated as a function of laser power and temperature 

using a Janis closed-loop helium cryostat. A green laser with a wavelength of 532 

nm (2.33 eV) was used to excite the samples. Before subjecting the samples to 

gamma irradiation, each sample was evaluated using PL measurements to 

determine whether or not they were uniform. The PL signal was collected in a 0.5 

m Andor monochromator fitted with an InGaAs detector. The Raman 

measurements were performed using a Horiba Lab RAM Evolution micro 

spectrometer at room temperature using a 532 nm laser line. The laser excitation 

powers of 5.35 mW and 0.107 mW were used in order to obtain the correlation of 

Bi concentration with PL results and the hole concentration, respectively.  

 

 RESULTS AND DISCUSSION 

6.3.1 Structural Characteristics 

Figure 6.1 shows XRD patterns obtained for all samples investigated in this work 

between 2θ = 650 and 670 before and after exposed (50kGy) to gamma radiation. 

The XRD patterns in Figure 6.1(a) of the NIR samples was discussed in Chapter 5 

(section 5.3.1.1). Furthermore, the discussion for XRD data as shown in Figure 

6.1(b) of the IR samples is similar to the NIR samples as presented in Chapter 5 

(section 5.3.1.1). However, the exception is that the data shown for IR samples, the 

crystallographic quality of the samples was slightly worse after irradiation. This is 

due to the fact that radiation induces several types of defects, including structural 

defects. It is important to note that the signal to noise ratio shown on the XRD plot 

of the IR samples is less than that shown by the NIR samples. 
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Figure 6.1: XRD patterns obtained for all samples investigated in this study 

between 2θ = 650 and 670 for (a) NIR and (b) IR samples.  

6.3.2 Optical Properties  

6.3.2.1 Raman Measurements 

As discussed in Section 5.3.2.1 of Chapter 5, Raman spectroscopy, can sometimes 

be considered as an alternative to Hall effect technique which provides a different 

approach for the determination of charge carrier concentrations without using 

electrical contacts but the hall measurements also provide a determination of the 

mobility.  In the following, the effect of gamma radiation on Raman spectra and 

hole concentrations of GaAs1-xBix samples irradiated with a 50 kGy dose will be 

presented. It will be also shown that Raman spectroscopy has proved to be a 

versatile tool for studying defects in GaAs1-xBix samples. It is important to point 

out that low laser excitation powers were used to perform all Raman measurements. 

This procedure was adopted because high laser excitation powers may give 
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incorrect hole concentration values [8]. Sixin et al. showed that laser powers lower 

than 0.4 mW provides results compatible with other techniques. According to this, 

in Figure 6.2 (a) and (b) are shown Raman spectra that were obtained using 0.107 

mW as the excitation power for the IR and NIR GaAsBi samples.  
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Figure 6.2:  Raman spectra from GaAs1-xBix samples having different Bi 

concentrations. The measurements were performed using 0.107 mW as the 

excitation power (a) non-irradiated (NIR) samples and (b) Irradiated (IR) samples. 

(c) The hole concentration (calculated from equation 5.1 in Chapter 5) versus Bi 

content for IR and NIR samples. (d) Raman shifts of LO mode versus Bi content 

for the NIR and IR samples.  
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When carefully comparing the spectra, subtle differences are observed which are 

evident in the analysis below. The Raman spectra from NIR GaAs1-xBix samples 

shown in Figure 6.2(a) was discussed in Chapter 5 (section 5.3.2.1). Furthermore, 

the discussion for the Raman spectra as shown in Figure 6.2(b) of the IR samples 

is similar to the NIR samples, which is presented in Chapter 5. 

 

Figure 6.2 (c) shows the hole concentrations as a function of bismuth concentration 

of the NIR samples (black stars) and IR samples (red balls). Note that initially the 

hole concentration in NIR samples increases proportionally until reaching 4.2% of 

bismuth, then decreases and finally increases again. It is very important to note 

from Figure 6.2 (c), that the concentration of holes increased for all samples after 

radiation. Furthermore, the hole concentrations of the IR samples show a similar 

behaviour, i.e. increase/decrease/increase, but with a more pronounced trend than 

the one displayed by the NIR samples. These findings show that these results are 

consistent with the PL results that will be discussed later, since all samples showed 

an increase in PL intensity after irradiation. 

 

As is well known, a considerable deformation of the GaAs lattice occurs due the 

large size of bismuth atoms, which causes an increase in the carrier-phonon 

coupling. Associated with this, the incorporation of Bi into GaAs host lattice also 

produces a strong effect on the carrier recombination process due to an increase in 

the density of localized states [9, 10].  Compressive strain is also commonly 

observed in GaAs due to bismuth incorporation [9]. These effects caused in the 

crystal lattice of GaAs due to the incorporation of Bi causes disorder and/or residual 

strains which alter the frequencies of phonons and their lifetime, and can be 
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identified by means of Raman spectroscopy [11]. In fact, the GaAs LO Raman 

mode frequency shifts are deeply related to the compressive and tensile strains, 

resulting in positive and negative frequency shifts, respectively [12, 13]. 

  

In Figure 6.2 (d) are plotted the Raman shift of LO mode from the NIR (black 

squares) and IR (solid red circles) samples. As can be seen in Figure 6.2 (d), an 

evident frequency shift of the LO mode is observed as a function of Bi 

concentration. Interestingly, when comparing NIR and IR samples, a positive or 

negative frequency shifts in LO mode maybe observed depending on the 

concentration of Bi. Remarkably, the samples that showed a negative change in the 

frequency of the LO mode were those that showed the smallest increase in the PL 

signal after radiation (to be discussed later). This means that these samples showed 

tensile strains after irradiation. On the other hand, samples with Bi concentrations 

of 4.3 and 4.4% showed a positive frequency shift of the LO mode after irradiation, 

indicating that the irradiation caused a compressive strain. More interesting, as will 

be shown below, the sample with 4.3% of Bi showed the highest increase in the PL 

signal after irradiation. 

 

6.3.2.2 Photoluminescence 

This section will report on the optical properties of GaAs1-xBix thin films grown on 

conventional (100) GaAs substrates at different growth temperatures (TG= 3000C - 

3650C). Photoluminescence spectroscopy measurements were carried out at a range 

of temperatures (10 K - 240 K) and excitation powers of 15mW in order to 

investigate the effects of gamma radiation on the optical properties of the GaAs1-

xBix epilayers. To verify the effect of ionizing radiation on optical properties of 



 

150 

 

GaAs1-xBix samples, power dependent PL measurements were carried out. Figures 

6.3(a) and 6.3(b) display the PL spectra at 10 K for all GaAs1-xBix samples, namely 

as-grown and irradiated with a dose of 50 kGys using a laser excitation power of 

16 mW (0.91 W/cm2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: 10 K PL spectra of GaAs1-xBix epilayers grown on (100) GaAs 

substrates for samples A, B, C, D, E, F and G: (a) NIR and (b) IR with 50kGy dose. 

Bi concentration as a function of (c) PL peak energy and (d) PL intensity for NIR 

and IR GaAs1-xBix samples. The measurements were carried out using a green laser 

(532 nm) and PEXC= 16mW. 
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The PL peaks energies of both NIR  and IR samples have the same energies, as can 

be seen in Figures 6.3 (a) and (b). The PL peaks energies at 1.30 eV, 1.23 eV 1.14 

eV, 1.09 eV, 1.12 eV, 1.13 eV and 1.26 eV are related to GaAs1-xBix for samples 

A, B, C, D, E, F and G, respectively. The effects of gamma radiation on GaAs1-xBix  

thin films is clearly demonstrated in Figures 6.3 (b), (c) and (d) by the following 

observations: (i) no blue shift of the GaAs(1-x)Bix  thin film PL peak emission energy 

was observed (see Figure 6.3 (b) and (c)), (ii) there are enhancements of the PL 

intensities by a factor of 1.06, 1.2, 1.9, 1.4, 1.3, 2.4 and 1.1 for  all samples A, B, 

C, D, E, F and G, respectively (see Figure 6.3d). The latter observation supports 

the  Raman hole concentration results which demonstrated an increase in the carrier 

concentration for all IR GaAs1-xBix   samples at 50 kGy dose in comparison with 

the NIR samples. 

Furthermore, the Bi concentration as a function of PL peak energy and PL intensity 

are shown in Figures 6.3 (c) and (d), respectively, before and after the irradiation 

process. The Bi concentration was determined based on the PL measurements, 

which were discussed in Chapter 5 (section 5.3.2.2), along with Figure 5.10 and 

Table 5.2. Figure 6.3 (c) demonstrates that the PL peak energy versus Bi 

concentration follows a similar pattern for both NIR and IR irradiated samples. This 

pattern exhibits a shift to lower energies (a redshift of the PL peak energy) as the 

Bi concentration increases from 2.3% to 4.7%, demonstrating the reduction of the 

bandgap that is expected with increasing Bi content. This indicates that the bandgap 

of GaAs1-xBix undergoes a red shift as the composition of Bi increases. This is 

because of the increased interaction between the valence band and the localized Bi 

level [14]. 
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As can be seen in Figure 6.3(d), there is also an increase in the PL intensity of all 

samples, however, this enhancement is largest for the sample with a Bi 

concentration of 4.3% (sample F). These PL results are also in good agreement with 

the Raman results, which showed a positive frequency shift of the LO mode after 

irradiation. This shift in frequency after irradiation indicates that the irradiation 

caused a compressive strain in the material. However, the samples with a lower Bi 

concentration showed a smaller increase in the PL signal after being exposed to 

radiation. These samples had a Bi concentration of 2.3% (sample A), 2.8% (sample 

G), and 3.1% (sample B). These results are consistent with the findings obtained 

from the Raman measurements, which demonstrated a decrease in the frequency of 

the LO mode. After being exposed to ionising radiation, these above samples 

demonstrated signs of tensile strain. In addition, these results are also in good 

agreement with SEM data (discussed in Chapter 5), which showed that the samples 

with the highest surface concentrations of droplets are those with the lowest 

concentrations of Bi (see SEM images illustrated in Figure 5.5 (a), (b) and (g)). 

This indicates that for these growth temperatures a lower concentration of Bi was 

incorporated into the GaAs host lattice.  

The temperature dependence of the PL spectra was also studied over the 

temperature range of 10 K to 240 K in order to gain additional information about 

the characteristics of IR GaAs1-xBix thin films grown on the (100) GaAs plane at 

various temperatures. The excitation energy was 2.33 eV (532 nm), and the 

excitation power was set to 15 mW to avoid saturation of localized states. The PL 

peaks of IR GaAs1-xBix samples A and B were not detected at temperatures above 

40K (not shown in Figure 6.4). However, the PL spectra of IR GaAs1-xBix samples 

C, D, E, F and G are shown in Figures 6.4 (a), (b), (c), (d) and (e), respectively. 
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Figure 6.4: Temperature dependence of PL spectra of IR GaAs1-xBix thin films 

grown on (100) GaAs substrates at different growth temperatures for a laser power 

excitation PEXC =15 mW. 
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The IR samples A and B showed similar trends as those NIR GaAs1-xBix samples 

grown at the same temperatures, where the PL peaks disappeared at 40K. On the 

other hand, the PL spectra extended more in terms of temperature for the samples 

C, D, E, F and G as compared to the NIR samples, due to an increase of the optical 

efficiency (PL intensity increased) after irradiation.  These results support the 

Raman results which showed that the concentration of holes increased for all IR 

samples when compared to NIR ones. The shapes of the PL spectra of IR GaAs1-

xBix samples are comparable to those of NIR GaAs1-xBix thin films. The PL spectra 

exhibit an asymmetric characteristic with a low energy tail, which is typically 

observed in highly mismatched alloys. Furthermore, no PL signal could be detected 

in samples C, D, E, F and G above temperatures of 240 K, 220 K, 220 K, 240 K 

and 220 K, respectively (see Table 6.1). Interestingly, it is important to point out 

that for NIR samples the PL signal quenched at 200 K, 170 K, 190 K, 200 K and 

190 K for samples C, D, E, F and G, respectively (see Table 6.1). This means that, 

for some samples, the radiation increased the temperature range over which the PL 

signal can be detected by more than 50 K. In addition, a redshift of PL peak energy 

with the increase of temperature was observed in IR GaAs1-xBix samples as 

expected, and the PL emission gets broader for all irradiated samples. Furthermore, 

the shoulder peak at around 1.2 eV appears for NIR GaAs1-xBix sample D (Figure 

5.14 in Chapter 5), which indicates that it is not related to the effect of radiation. 

Figure 6.5 illustrates representative plots of the temperature-dependent PL spectra 

that were measured at an incident excitation power of 15 mW for all (a) NIR GaAs1-

xBix epilayers and (b) IR GaAs1-xBix epilayers with a dose of 50 kGy.  
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Figure 6.5: (a) PL peak energy as a function of temperature for GaAs1-xBix 

epilayers grown on (100) GaAs substrates for samples A, B, C, D, E, F and G: (a) 

NIR samples; (b) IR samples at 50kGy dose. All measurements were taken at an 

excitation power of 15 mW.  

 

As clearly seen in Figure 6.5, all samples have similar behaviour before and after 

being exposed to radiation. For example, the PL peaks of the samples A (TG=300 

0C) and sample B (TG=310 0C) were not detected at temperatures above 40K for 

both NIR and IR samples (see black squares and solid red circles in Figures 6.5(a) 

and (b), respectively. Nonetheless, for an incident laser excitation power of 15 mW, 

the well-known S-shape behaviour is observed for NIR and IR (50 kGy dose) 

samples C, D, E, F and G as shown in Figures 6.5(a) and 6.5(b), respectively. The 

origin of the S-shape profile (red-blue shift) in the PL peak energy can be explained 

by considering the carrier distribution amongst the localised density of states 

(LDOS) at different temperatures [15]. The S-shape relates to the existence of 
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localized states in the epitaxial layer, thus, the evolution cannot be fitted only by 

using Varshni’s equation presented in Chapter 5. When the temperature is higher 

than 240 K, the PL intensity is completely quenched. These results are consistent 

with those obtained previously [15] for the PL of bulk GaAs1-xBix grown on GaAs 

(100) substrates. Chapter 5 provides additional information on S-shaped behaviour 

(Section 5.3.2.2.3). It is important to point out that the PL intensity of the IR 

samples quenches at higher temperatures than those of the NIR samples as shown 

in Table 6.1. Consequently, the S-shape behaviour was more evident in the GaAs 

1-xBix samples that were exposed to radiation (see Figure 6.5(b)) compared to those 

that were not exposed to radiation (see Figure 6.5(a)), due to an increase in the PL 

intensity, hence optical efficiency, after irradiation. During the interaction of 

gamma-ray photons with a semiconductor material, several processes can occur. 

Gamma-rays can be considered as a type of indirect ionizing radiation, which can 

transfer their energy involving a two-stage process. In the first stage, the photons 

lose some of their kinetic energy in collisions with secondary charged particles 

present in the semiconductor through which the radiation passes, and in the second 

stage, these secondary charged particles lose their energy either through collisions 

or through radiation emission (e.g., Bremsstrahlung radiation) [1].This process can 

release charges (electrons, free radicals) which are trapped at defects in the crystal 

lattice of a semiconductor material. In this specific case, the substantial difference 

in atomic size between Bi and As leads to several fascinating optical and structural 

characteristics in GaAs1-xBix (in this alloy Bi substitutes As). Furthermore, Bi acts 

as an isovalent impurity in GaAs, causing a substantial perturbation in the valence 

band structure [21]. On this basis, the results presented here suggest that the 

ionization effect on bismuth is higher when compared to Ga and As atoms in GaAs1-
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xBix films. The process of ionization can be comprehended by analysing the 

relationship between the mass attenuation coefficient (µ) and the reaction cross-

section σ (cm2), i.e, µ =  N0σ/A, where  N0 is Avogadro’s number (6.02 x 1023) and 

A is the atomic weight of the absorber [22] . The atomic weight of Bi, Ga and As 

are ABi = 208.9804 u, AAs = 74.9216 u and AGa = 69.723 u, respectively, where u 

is the atomic mass unit. By considering the cross-section only, it is clear that the 

cross section of Bi is around three times higher than that of As and Ga (ABi/AAs~2.8 

and ABi/AGa ~ 3.0). This simple analysis suggests that gamma rays interact more 

strongly with Bi atoms than with the other atoms in the GaAs1-xBix alloy. Through 

the analysis of the Raman results, where it is observed that the density of holes 

increased for all irradiated samples, this suggestion seems plausible. C. Weiss and 

colleagues conducted a study on the influence of electron and proton irradiation on 

the minority carrier lifetime of p-type Ge wafers[23]. According to their 

investigation, the displacement of a single Ge atom from its lattice position results 

in the creation of a vacancy and an interstitial atom, also known as a Frenkel pair, 

occurs on average when exposed to MeV electrons or photons. These defects have 

the potential to act as recombination centers for electron-hole pairs. In this study, 

the displacement of Bi atoms from their lattice positions (caused by high-energy 

photons, which have two primary photon lines at 1.17MeV and 1.32MeV) creates 

vacancies and interstitial atoms and/or relocates Bi atoms to more energetically 

favourable positions on the lattice. This occurrence is more probable in the samples 

investigated in this thesis due to the higher atomic weight of Bi atoms, which is 

roughly three times greater than that of Ga and As atoms. It is also worth noting 

that ionizing radiation in semiconductors is typically associated with defects. 

Recently, Fregolent et al. employed deep level transient spectroscopy to study 
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defects in n-type GaAs1-xBix layers [24]. They identified six electrically active 

defects in their samples, two of which are hole traps and only one directly related 

to Bi. The defect, which could be related to the incorporation of Bi into the host 

lattice of GaAs and ascribed to the presence of defects near the valence band edge, 

showed a low hole concentration. Thus, it could be suggested that ionizing radiation 

can affect this defect level by increasing its concentration.  Therewith, the samples' 

PL signal intensity increases. Finally, heating due to ionizing radiation could also 

be considered as another possible contribution to the increase in the PL signal of 

the samples [25]. Gamma radiation can cause a temperature increase which induces 

structural changes in the GaAs1-xBix alloy. In this case, gamma radiation could 

cause a kind of thermal annealing, inducing a process of activation of dopants, 

consequently, contributing to the increase of the PL signal. 

Table 6.1: Quenching temperatures and PL FWHM for NIR and IR GaAs1-xBix 

epilayer samples. 

Samples  Growth 

temperature 

(0 C) 

Quenching 

temperature 

(K) NIR 

samples 

Quenching 

temperature 

(K) of IR 

samples 

FWHM 

(meV) 

of NIR 

samples 

FWHM 

(meV) 

of IR 

samples 

C 320  200 240  111 113 

D 325  170 220  108 111 

E 340  190  220  103 104 

F 345  200  240  115 118 

G 365  190  220  125 128 
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Figure 6.6 depicts the PL FWHM as a function of temperature from 10 K to 240 K 

range and excitation power of 15mW. The values of the PL FWHM of the IR 

samples are higher than those of the NIR samples as shown in Table 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: FWHM as a function of temperature for GaAs1-xBix epilayers samples 

C, D, E, F and G for (a) NIR samples; (b) IR samples with 50 kGy dose; (c) FWHM 

versus growth temperature for GaAs1-xBix epilayers before and after irradiation.  

All measurements were taken at an excitation power of 15 mW.  
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However, at high temperatures, the FWHM increases monotonically with 

temperature. The GaAs1-xBix samples exposed to 50 kGy dose have the highest 

FWHM for all samples as shown in Figure 6.6(c). This finding demonstrates that 

IR samples have worse quality compared to NIR samples. The decrease in FWHM 

confirms a better uniformity of GaAs1-xBix thin films for the NIR samples. This 

result is consistent with the results of XRD measurements, which demonstrated that 

for IR samples, the crystallographic quality of the samples was slightly worse after 

irradiation. This is due to the fact that radiation induces several types of defects, 

including structural defects. Furthermore, the sample with Bi concentration of 4.4% 

(TG = 340 0C) has the lowest FWHM before and after exposure to 50 kGy dose of 

gamma radiation, indicating a higher Bi uniformity and better optical properties of 

the thin films. This finding is also in good agreement with Raman measurements 

that showed a positive frequency shift of the LO mode after irradiation, indicating 

that the irradiation caused a compressive strain.  

 

However, the sample with Bi concentration of 2.8 % (TG = 365 0C) has the highest 

FWHM before and after exposure to 50 kGy dose of gamma radiation. This finding 

is consistent with the SEM results (discussed in Chapter 5 and illustrated in Figure 

5.5 (g)) which demonstrated that the self-aligned trailing tracks are wider with 

black drops at their ends, indicating that bismuth was not effectively incorporated 

into the GaAs structure. One possible explanation for all these new optical 

properties is that only Bi atoms in GaAs1-xBix lattice become highly ionized due to 

the ionizing effect of gamma irradiation. The three fundamental mechanisms of 

electromagnetic for  gamma radiation interaction such as photo-absorption, 

Compton scattering, and electron-positron pair production are mostly dominant 
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on Bi atoms or clusters formed by Bi atoms [16]. The presence of Bi clusters will 

be shown by analysing the temperature dependence of PL intensity with a modified 

Arrhenius equation [9, 17, 18] , which was described in details in Chapter 5, Section 

(5.3.2.2.3). 
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Figure 6.7: Arrhenius plots of integrated PL intensity (IPL) of GaAs1-xBix 

epilayers, grown on (100) GaAs for samples C, D, E, F and G (a) NIR samples; (b) 

IR samples.  Solid lines illustrate the fit to the experimental data using equation 5.5 

presented in Chapter 5. The inserts show zoomed areas of the plots. 
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Table 6.2 summarises the E1 and E2 values for all samples. The activation energies 

obtained for all samples indicate the formation of Bi clusters and alloy disorder 

[19]. Indeed, the lower activation energy value (E1) has been related to Bi cluster 

and Bi pair formation, while the higher activation energy value (E2) has been related 

to the GaAs1-xBix alloy disorder [20]. A recent study [9] found very similar 

behaviour in GaAs1-xBix samples. It can be observed that in low-temperature 

regions, the calculated activation energies E1 of NIR and IR samples C, D, E, F and 

G are 25.8 meV, 8.2 meV, 22.1 meV, 21.5 meV and 4.9 meV, and 19.4 meV, 13.5 

meV, 23.9 meV, 23.2 meV and 23.3 meV, respectively. All IR samples have larger 

E1 activation energies for the low temperature regimes than the NIR samples, 

except for sample C (TG =320 0C).  

 

In contrast, in the high temperature regimes all NIR samples have larger E2 

activation energies than the IR samples, except for sample F (TG =345 0C). It is 

important to note that the highest E2 activation energies are found to be in sample 

F (TG =345 0C), before and after being exposed to gamma radiation at 175.8 meV 

and 250.7 meV, respectively. This sample with Bi concentrations of 4.3 % showed 

a positive frequency shift of the LO mode after irradiation, indicating that the 

irradiation caused a compressive strain. More interesting is that sample F showed 

the highest increase in the PL signal after irradiation. Finally, these findings not 

only indicate and contribute to a better understanding of defects in GaAs1-xBix, but 

also demonstrate that these materials can be used as efficient and highly sensitive 

ionising radiation detectors. More interestingly, the detection of ionizing radiation 

could be monitored by optical measurements, demonstrating the versatility of this 

material system [16].  
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Table 6.2. Arrhenius fitting parameters for NIR and IR samples.  

 

 

 CONCLUSION  

The effect of gamma radiation dose on the optical properties of GaAs1-xBix 

epilayers grown on (100) GaAs substrates by Molecular Beam Epitaxy at different 

growth temperatures were investigated by using XRD, hole concentration, Raman 

and PL techniques.  The PL measurements showed that samples which were 

subjected to a dose of gamma rays of 50 kGy showed enhanced optical properties 

in comparison to other samples which had not been irradiated. This result is 

consistent with Raman measurements which demonstrated that the concentration 

of holes increased in all IR samples compared to NIR samples. The temperature 

dependence of the PL spectra in the range 10 K - 240 K was also studied. The 

temperature dependence of PL peak energy at laser excitation of 15 mW has 

showed a pronounced S-shape characteristic, which is also typical of the highly 

mismatched alloys. The S-shape behaviour was more evident in the GaAs1-xBix 

samples that were exposed to radiation compared to those that were not exposed to 

 

Samples  

GaAs(1-x)Bix 

Samples 

grown at TG 

(0C) 

Activation energy (meV) 

 

E1(NIR ) 

 

E2( NIR) 

 

E1(IR) 

 

E2(IR) 

C  320 25.8 194.9 19.4 123.7 

D 325 8.2 118.8 13.5 105.4 

E 340 22.1 125.9 23.9 122.9 

F 345 21.5 175.8 23.2 250.7 

G 365 4.9 164.7 23.3 116.7 
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radiation. In addition, it was found that the NIR GaAs1-xBix samples have the lowest 

FWHM compared to IR samples. This result is consistent with the results of the 

XRD measurements, which demonstrated that for IR samples, the crystallographic 

quality of the samples was slightly worse after being exposed to gamma radiation. 

This is due to the fact that radiation induces several types of defects (i.e. structural 

defects). Furthermore, it was observed that the signal to noise ratios of XRD spectra 

of the IR samples is less than those of the NIR samples. Additionally, the sample 

with Bi concentration of 4.4% (TG = 340 0C) has the lowest FWHM before and 

after exposure to 50 kGy dose of gamma radiation, indicating a higher Bi 

uniformity and better optical properties of the thin films. This finding is also in 

good agreement with Raman measurements that showed a positive frequency shift 

of the LO mode after irradiation, indicating that the irradiation caused a 

compressive strain. Nevertheless, the sample grown at the highest growth 

temperature (TG = 365 0C) has the highest FWHM before and after gamma radiation 

exposure of 50 kGy. This result is consistent with the SEM results, which showed 

that the self-aligned trailing tracks are wider and have black drops at their ends, 

indicating that bismuth was not effectively incorporated into the GaAs structure. 

As a result of these above findings, it can be concluded that these materials have a 

significant amount of potential for use in ionising radiation detectors that are 

capable of being monitored using optical as well as electrical measurements. This 

study highlights an important finding: GaAs1-x Bix -based devices with a bismuth 

concentration ranging from 2.3% to 4.7% exhibit remarkable resistance to radiation 

doses lower than 50 kGys, with no significant impact on their structural integrity. 

This result has significant implications for the development of next-generation 

devices such as multi-junction solar cells, photonic devices, and long-wavelength 
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optoelectronic devices, which could be utilized in moderate irradiation 

environments. Additionally, the present research makes valuable contributions to 

the fundamental understanding that could be helpful for potential future 

applications of GaAs1-x Bix alloys, specifically regarding the impact of ionizing 

radiation at varying levels of bismuth doping. 
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CHAPTER 7: INVESTIGATION OF THE EFFECT OF 

GAMMA RADIATION ON THE OPTICAL 

PROPERTIES OF SELF-ASSEMBLED InGaAs 

QUANTUM DOTS GROWN ON (100) GaAs 

SUBSTRATES BY MOLECULAR BEAM EPITAXY 

USING BISMUTH AS A SURFACTANT 

This chapter reports the effect of gamma radiation dose (γ-) on the optical 

properties of self-assembled In0.52GaAs0.48 quantum dots grown by Molecular 

Beam Epitaxy (MBE) on semi-insulating (100) GaAs substrates at various growth 

temperatures with and without exposure to bismuth flux using photoluminescence 

(PL) technique.  

7.1 INTRODUCTION 

Self-organized quantum dots (QDs) directly formed via the  Stranski-Krastanov (S-

K) growth mode have attracted much attention, both for their fundamental physical 

properties and their potential applications in optoelectronics [1, 2].  As a direct 

consequence of the SK growth mode, the optimal exploitation of these QDs is 

limited by the low surface density [3], strain accumulation [4], and size distribution 

[5]. The characteristics of QDs have been improved using a number of strategies, 

such as strain-reducing layers [6, 7], strain compensation [8], and post-growth 

intermixing [9]. There is another alternative technique to control QD size and 

density during growth which involves the use of a surfactant [10]. D. Guimard et 

al.[11] demonstrated in their studies that using Sb as surfactant causes an increase 

in dot density as well as a suppression of coalescence during the growth of InAs 

QDs grown on GaAs, allowing strong enhancement of PL intensities and emissions 

above 1.3 µm. As an alternative, bismuth (Bi) typically functions as a surfactant at 
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high growth temperatures (i.e. substrate temperatures) and can significantly 

enhance the surface characteristics of III-V semiconductor alloys during III-V 

growth processes, which result in a smoother surface and larger PL intensity. 

However, a low growth temperature less than (400 0C) is required to successfully 

incorporate Bi into GaAs host lattice [12].  

High radiation doses have a significant impact on semiconductor performance. 

When a semiconductor is exposed to high-energy radiation, vacancies, clusters of 

defects, and dislocations are produced as lattice defects. These defects may result 

in the development of deep energy levels within the band gap that could act as 

capture and recombination centres for charge carriers. This could modify the 

material parameters and hence the properties of devices such as p–i–n detectors and 

solar cells [13]. These devices such as detectors, are commonly subjected to high 

radiation doses, therefore a material radiation tolerance is an important factor to 

consider when selecting detector materials. Accordingly, investigations of the 

optical properties of these structures that are subjected to high-energy particle 

irradiation which impacts on the functionality of electronics are of interest. H. 

Alghamdi et al. [14] reported that the effect of bismuth surfactant on the structural, 

morphological and optical properties of self-assembled InGaAs quantum dots 

grown by MBE on GaAs (001) substrates. However, to the best of our knowledge, 

no previous reports have shown the effect of irradiation on the properties of self-

assembled InGaAs quantum dots grown on (100) GaAs substrates using Bi as a 

surfactant. Therefore, the aim of this work is to study the effect of gamma radiation 

on the optical properties of self-assembled InGaAs QDs deposited on (100) GaAs 

substrates by MBE at various temperatures namely, 450 0C, 482 0C and 510 0C, and 

exposed to a Bi flux during epitaxial growth.  
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The experimental results demonstrate that the gamma radiation of Bi-mediated 

growth provides an enhancement of the PL intensity, and no shifts of PL peak 

energy was observed in the samples irradiated with 30 kGy dose, which are very 

important properties for the selection of a detector material.  

 

7.2 SAMPLE DETAILS 

The In0.52Ga0.48As QDs samples were grown by Prof. Igor Kazakov (Lebedev 

Physical Institute, Moscow, Russia). All samples investigated in this work were 

grown by MBE on semi-insulating (100) GaAs substrates using solid sources. 

Figure 7.1 (a-d) shows the layer structure of the grown samples. After desorption 

of the oxide layer from the substrate surface, a 160 nm undoped GaAs buffer layer 

was deposited at a rate of 0.19 nm/s at a growth temperature TG = 630 0C. For 

sample A (control sample grown without Bi flux), the substrate temperature was 

ramped down from 630 0C to 510 0C for the formation of In0.52Ga0.48As QDs by 

growing ~ 5 monolayers (MLs) of InGaAs by pulse deposition of 8xInAs (1s)/GaAs 

(1s). The beam equivalent pressures (BEP) of In, Ga, and As4 were 3.6×10−7 Torr, 

1.7×10−7 Torr, and 2.5×10−6 Torr, respectively. At the same temperature of 510 0C, 

a 100 nm undoped GaAs capping layer was grown. Finally, the same InGaAs QDs 

layer was grown on top of the GaAs cap layer for structural analysis (see Figure 

7.1(a)). GaAs was impulse deposited 4 times with a 5 s duration during the substrate 

temperature (TG) ramping down to 510 0C over a 400 s period in order to refresh 

the surface.  
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Figure 7.1: Schematic diagram of InGaAs QDs samples grown with and without 

Bi surfactant at different growth temperatures (TG): (a) samples grown without Bi 

surfactant (TG=510 0C); (b) samples grown with Bi surfactant at TG= 510 0C, (c) 

TG=482 0C and (d) TG= 450 0C. The Bi surfactant source was switched on only 

during the growth of the top and inner InGaAs QDs layers of samples B, C and D. 
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The growth temperature was measured with a thermocouple located at the back of 

the substrate holder and an infrared pyrometer Mikron M680, which was used to 

determine the temperature changes of the substrate at various moments during the 

transient processes of the growing films. The temperature reference points used in 

the calibration of the GaAs substrate temperature were determined by Reflection 

High Energy Electron Diffraction (RHEED),  which is one of the most commonly 

used tool in MBE to calibrate surface temperatures: the amorphous As desorption 

temperature (250 0C) and transition of surface reconstruction from (4 × 4) → (2 × 

3) → (2 х 4) → (3 х 6) → (4 х 2), observed during heating of the substrate in the 

absence of As flux at temperatures of 354 0C, 395 0C, 500 0C, and 549 0C, 

respectively [15]. To investigate the effect of Bi exposure on InxGa1−xAs QDs, the 

QDs were deposited using an additional Bi flux with a BEP of 4.5×10−8 Torr for 

the growth of sample B (TG = 510 0C), sample C (TG = 482 0C) and sample D (TG 

= 450 0C), as presented in Figure 7.1(b)–(d), respectively. The 100 nm undoped 

GaAs capping layer was grown at the same growth temperature with the Bi source 

closed (see Figure 7.1 (b–d)).  

 

It is important to note that the Bi source was opened 30 seconds before the 

deposition of both InxGa1−xAs layers (the buried layer and the top layer) The flux 

of Bi atoms to the substrate surface was measured using a control sample consisting 

of GaBixAs1−x (50 nm)/GaAs grown at a temperature of 285 0C, when no re-

evaporation of Bi from the GaAs surface occurs [16]. The Bi and Ga BEP of 

4.5×10−8 Torr and 6×10−8 Torr, respectively, were chosen for the MBE growth of 

the investigated structures in order to increase the incorporation of Bi into the GaAs 

host lattice, and thus the content of Bi. The Bi composition was x = 0.105, as 
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determined by X-Ray diffraction (XRD) from the main volume of the grown 

InxGa1−xAs layer. As a result, the flux of Bi atoms to the substrate surface during 

the growth of InxGa1−xAs QDs was estimated to be 5.8×1012 atoms/cm2/s. The flux 

of group III atoms during QDs growth was about 1.1×1014 atoms/cm2/s, i.e. the flux 

ratio was Bi/III ≈ 0.05. Furthermore, it is important to note that there is no Bi 

incorporation in the grown samples investigated in this chapter because Bi does not 

incorporate into the host lattice of GaAs and InAs at growth temperatures above 

~440 0C  [12, 17].  

The samples were cleaved into two pieces for different irradiation doses (30 kGy 

and 50 kGy). For this purpose, the samples were then irradiated with a gamma cell 

Cobalt Irradiator (dose rate of 1.3 kGy/h) at different doses of 30 kGy and 50 kGy 

at ambient temperature in the presence of air. This process was carried out at the 

Institute of Physics at the University of Brasília, Brazil.  

PL spectra of all In0.52Ga0.48As QDs samples were investigated before (as-grown) 

and after irradiation as a function of temperature and excitation power. A green 

laser (532 nm) was used as an excitation power source ranging from 0.5 mW to 30 

mW. Prior to exposing the samples to gamma irradiation, all the samples were 

checked for uniformity using PL measurements.  The PL signal was collected in a 

0.5 m Andor monochromator fitted with an InGaAs detector. The PL spectra shown 

in the Figures below (7.2, 7.3, 7.4a, 7.7, 7.8 and 7.9a) are presented using a linear 

scale divided by 1000 in the intensity axis in order to evidence different effects. 

Table 7.1 summarizes the samples which were investigated in this Chapter. 
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Table 7.1: Brief summary of the In0.52Ga0.48As QDs samples investigated in this study. 

Samples Sample Structure 

In0.52Ga0.48As QDs grown on (100) 

Semi-insulating GaAs substrate 

Growth 

Temperature (0C) 

Sample A with no Bi flux 510  

Sample B with Bi flux 510  

Sample C with Bi flux 482  

Sample D with Bi flux 450 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Effect of Bismuth as a Surfactant and Gamma Radiation on the Optical 

Properties of   In0.52Ga0.48 (Bi)As Quantum Dots  

In this section, PL measurements were carried out on In0.52Ga0.48As/GaAs QDs 

samples, namely as-grown and irradiated with different doses (30 kGy and 50 kGy), 

grown without Bi flux (sample A) and with Bi surfactant (sample B) at the same 

substrate temperature of 510 0C. It is worth noting that the use of Bi as surfactant 

during the growth of nanostructures and gamma radiation treatment affect 

significantly the electrical and optical properties of semiconductor materials. The 

PL spectra at low temperature (10K) with a laser power excitation PEXC=15 mW of 

as-grown In0.52Ga0.48As QDs samples (before irradiation) are presented in Figure 

7.2 for sample A (grown without Bi) and sample B (grown with Bi).  
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Figure 7.2: PL spectra from In0.52Ga0.48As /GaAs QDs grown without Bi (sample 

A) and with Bi (sample B) at laser power PEXC = 15 mW and 10 K. 

 

The results show that for sample A, the main peak at 1.354 eV exhibits some 

asymmetry towards the low-energy side. A clear and sharper PL peak was also 

observed at high energy at around 1.43 eV. The high-energy peak is attributed to 

the electron-hole recombination in the wetting layer (WL), whereas the main and 

lower energy emission is related to the QD ensemble luminescence. In addition, a 

small peak at 1.49 eV is attributed to the GaAs capping layer/substrate. However, 

there is one dominant peak observed at around 1.340 eV for sample B. This peak 

emission is related to the QD ensemble luminescence. The effect of Bi surfactant is 

clearly demonstrated in Figure 7.2 by the following observations: (i) the QD PL 

peak red-shifted by 14 meV (from 1.354 eV to 1.340 eV) probably due to the 

presence of paired QDs which could reduce the quantum confinement, (ii) the PL 
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peak intensity increased by 3.5 times, (iii) the FWHM decreased from 35 meV to 

32 meV and (iv) no signal due the WL was detected in sample B.  

As shown in Figure 7.2, the PL peak position of the ground state emission of sample 

B, grown with Bi as surfactant red-shifted with respect to sample A that was not 

exposed to Bi flux. Similar results were reported for Bi-mediated growth of InAs 

QDs [18], which were explained by the fact that QDs are expected to have a lower 

confinement width due to their dissolution during the capping process [19, 20]. 

Nevertheless, the presence of Bi atoms can effect this process by suppression of 

QD dissolution and then increase the size of resulting QDs, which is a similar 

influence that was obtained when using Sb atoms as surfactant [11, 21].  

Moreover, the increase of the PL intensity of sample B shows that the density of 

defects which act as nonradiative recombination centres was reduced by supplying 

Bi at a growth temperature of 510 °C, while the reduction of the FWHM confirms 

a more uniform QD size distribution for this sample. Consequently, the use of Bi 

as a surfactant can have a profound impact on the optical properties of 

In0.52Ga0.48As QDs. This result is consistent with previous studies [22, 23] where 

Bi was confirmed to be an excellent surfactant in InAs QDs growth. More detailed 

information of as-grown In0.52Ga0.48As  QDs using Bi surfactant is reported in Ref 

[14]. The effect of  gamma radation at different doses (30 kGy and 50 kGy ) on the 

optical properties of In0.52Ga0.48As QDs is cleary evidenced in Figure 7.3 for both 

samples A and B.  
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Figure 7.3: 10K PL spectra of as-grown and irradiated In0.52Ga0.48As/GaAs QDs at 

different doses (30 kGy and 50 kGy) for (a) grown without being exposed to Bi 

(sample A); (b) grown with Bi flux (sample B). A green laser (532nm) with 

PEXC=15mW was used.  

 

The results show that for irradiation dose of 30 kGy, the QDs PL emission energy 

exhibit a blue shift by around 10 meV (from 1.354 eV to 1.364 eV ) for sample A 

(see Figure 7.3 (a)), however, no blue shift is detected in the PL of   sample B (see 

Figure 7.3(b)). In addition, there are significant enhancements of the PL intensities 

of about 1.3 times and 1.5 times for sample A and sample B, respectively. 

Interestingly, the PL QDs and WL emissions disappeared after the irradiation dose 

increased to 50 kGy for sample A. In contrast, for sample B the PL QDs emission 

is still observed, however, its intensity is reduced by half. In general, gamma 

radation treatment has better effect on the QDs sample grown with Bi than the 

sample grown without a Bi flux. It is worth noting that appropriate irradiation dose 
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is more efficient to improve the optical quality of alloys without affecting the PL 

peak energy. In this case, the optimum irradiation dose seems to be 30 kGy, in terms 

of improvement of the PL intensity. Figure 7.4 shows the PL QDs intensity versus 

gamma irradiation doses for both samples A and B.  

Figure 7.4: Effect of irradiation doses on (a) the QDs PL intensity and (b) PL peak 

energy of In0.52Ga0.48As QDs. The measurements were taken at 10K with a laser 

excitation power of 15 mW. A green laser (532nm) was used.  

 

The effect of gamma radiation on the PL QDs intensity is clearly seen in Figure 7.4 

(a) by noting the following observations: (i) the optimum irradiation dose is 

obtained at 30kGy for both samples A and B, (ii) for sample B, the PL QDs intensity 

is much higher compared to sample A at all irradiated doses. This could be 

explained by an enhancement of carriers confinement in sample B due to the 

presence of Bi surfactant. Figure 7.4 (b) shows that there is no blue shift in the PL 
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QDs emission energy for sample B for all irradation doses.  In contrast, there is a 

blue shift by 10 meV and the quenching of the PL QDs signal at 30 kGy and 50 

kGy, respectively, for sample A.  

 

Table 7.2: Summary of photoluminescence emission parameters of as-grown and 

irradiated In0.52Ga0.48As QDs grown with and without Bi. The samples were 

irradiated at different doses.  

Samples 

 

Irradiation 

dose (kGy) 

Energy 

(eV) 

Blue shift 

(meV) 

Intensity/ 

1000 (a.u) 

Ratio of PL 

Intensities 

(Iirradiated/Ias-

grown) 

A 

(grown 

without 

Bi) 

0 1.354 - 9.3 1 

30 1.364 10 12.5 1.3 

50 0 0 0 0 

B 

(grown 

with Bi) 

0 1.340 - 28.8 1 

30 1.340 0 44.1 1.5 

50 1.340 0 14.4 0.5 

 

Figure 7.5 shows the PL peak energy as a function of temperature and fitting curves, 

plotted as solid lines using the Varshni equation, of samples A and B, both as-

grown and irradiated in order to understand the effect of the irradiation on their 

optical properties. Both samples show a red-shift of the PL peak energy with 

increasing temperatures. The red shift of sample B as compared to sample A can 

be explained by the higher density of QDs when Bi is used as a surfactant. This 
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shift agrees well with the calculation using Varshni equation [24, 25] in the whole 

temperature range, meaning that the PL peak shift is mainly caused by the variation 

of the InGaAs bandgap.  

Figure 7.5: Temperature dependent PL peak energy of In0.52Ga0.48As QDs grown 

without (sample A) and with Bi (sample B) (a) as-grown samples; (b) irradiated 

samples with 30 kGy and 50 kGy doses. For sample A: no QDs PL energy emission 

was detected at 50 kGy. All measurements were taken at an excitation laser power 

of 15 mW. 

 

The red-shift of the PL peak with increasing temperature in QDs systems had 

previously been observed, and mainly had been attributed to the redistribution of 

carriers amongst QDs with different sizes [26, 27]. The scattered data in Figure 7.5 

are the experimental results and the solid lines are Varshni fitting given by equation 

7.1. 
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𝑬𝒈(𝑻) = 𝑬𝒈(𝟎) −
𝜶𝑻𝟐

𝑻 + 𝜷
 

7.1 

 

where α (eV/K) is related to the electron-phonon interaction, β is the Debye 

temperature, Eg(0) is the bandgap energy at 0 K, and T is the measured temperature. 

In this section, the PL spectra of as-grown and irradiated (30 kGy and 50 kGy) QDs 

samples A and B are recorded at different temperatures in order to gain insight on 

the change of the QD confinement during the irradiation process that can be 

influenced by using Bi surfactant. For sample A, when the dose is increased to 50 

kGy, no PL signal due to QDs was detected, whereas, for an irradiation dose of 30 

kGy a blue shift was observed. In contrast, the QDs PL peak energy for sample B 

remained constant (1.340 eV) for both doses of 30 kGy and 50 kGy.  

As can be seen in Figure 7.5, the effect of radiation on the PL quenching is different 

for samples A and B. For sample A, the PL signal extends to 90 K (see Figure 

7.5(a)), however, after 30 kGy and 50 kGy irradiation doses, the QDs PL signal 

quenches rapidly at 70 K and no QDs signal was observed, respectively. This 

quenching of PL in case of irradiated samples could be due to the intermixing effect 

between the dots and the barrier which results in shallower confining potential and 

hence faster quenching with increasing temperature. However, the effect of Bi in 

the irradiated samples is clearly seen in Figure 7.5(b). The PL intensity of Bi-

mediated as-grown QDs quenches at 100 K, and show worse thermal stability than 

samples irradiated with 30 kGy and 50 kGy doses, whose PL quench at 140 K and 

110 K, respectively. The detection of the PL at the high temperature of 140 K 

evidences better carrier confinement when the samples are irradiated with 30 kGy 

dose. It is important to point out that this is in contrast to sample A (grown without 
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Bi flux) where the PL signal quenches at lower temperatures when the sample is 

irradiated with 30 kGy as compared to the non-irradiated sample.  

To understand the mechanism of carrier thermal quenching and to have a deeper 

understanding of the effect of Bi surfactant on the optical properties of as-grown 

In0.52Ga0.48As QDs and irradiated In0.52Ga0.48As QDs with 30 kGy dose (optimum 

dose), the integrated PL intensities with an excitation power of 15 mW were plotted 

in Figure 7.6 as a function of reciprocal temperature.  

 

 

 

 

 

 

 

 

 

Figure 7.6: Integrated PL intensities as a function of reciprocal temperature for as-

grown and 30 kGy irradiated In0.52Ga0.48As QDs grown without (sample A) and 

with Bi as a surfactant (sample B). The solid lines are the least squares fit of the 

data.  

 

The experimental data was fitted with a relation involving two nonradiative 

recombination processes [24].    
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𝑰(𝑻) = 𝑰𝟎/[𝟏 + 𝑪𝟏 𝐞𝐱𝐩 (
−𝑬𝟏

(𝒌𝑩𝑻)⁄ ) + 𝑪𝟐 𝐞𝐱𝐩 (
−𝑬𝟐

(𝒌𝑩𝑻)⁄ )] 7.2 

 

where C1 and C2 represent the strengths of both quenching processes. I(T) and I0 

are the PL integrated intensity at temperature T and 0 K, respectively. kB is 

Boltzmann’ constant. E1 and E2 are the thermal activation energies. As shown in 

Figure 7.6, experimental data are well fitted, and the fitting parameters calculated 

from the Arrhenius plots are presented in Table 7.3.  

Table 7.3: Fitting parameters for the measured temperature dependent integrated 

PL intensities of as-grown and 30 kGy irradiated In0.52Ga0.48As QDs of sample A 

(grown without Bi) and sample B (with Bi surfactant).  

Sample  Growth Temperature 

(0C) 

Irradiation dose 

(kGy) 

E1 

(meV) 

E2  

(meV) 

Sample A 

 

 

510 

0  71.73 12.88 

30  79.79 23.81 

Sample B 

 

 

510 

0  55.05 55 

30  58.29 58.29 

 

It has been suggested that for high-quality In0.52Ga0.48As QDs, the InGaAs WL 

might serve as a barrier for the carriers’ thermal emission [28]. In low-quality 

material, though, defects will provide further nonradiative channels to reduce the 

PL and as a result, the thermal activation energy is decreased [28]. In general, E1 

corresponds to the binding energy of carriers [29]. It can be observed that in low-

temperature regions, calculated activation energies E1 of as-grown samples A and 

B are 71.73 meV and 55.05 meV, respectively, and activation energies E1 of 

irradiated samples A and B at 30 kGy dose are 79.79 meV and 58.29 meV, 
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respectively. Activation energy E2 of all samples, determined by curve fitting, could 

be attributed to trapped excitons or carriers thermalizing from localized regions 

resulting from potential fluctuation in the QDs or thermal excitation of excitons 

from localized QDs states followed by capture of exciton by defects present in the 

samples [24]. Overall, the values of activation energies E1 and E2 of irradiated 

In0.52Ga0.48As QDs are highest than those of non-irradiated samples. 

 

7.3.2 Effect of Growth Temperatures and Gamma Radiation on the Optical 

Properties of   In0.52Ga0.48(Bi)As Quantum Dots  

Three In0.52Ga0.48(Bi)As QDs samples were grown at different temperatures, 

namely 510 0C, 482 0C and 450 0C labelled as B, C and D, respectively, using Bi 

as surfactant. The layer structure and growth conditions (i.e. Bi, Ga and As fluxes) 

were the same. These samples were irradiated with 30 kGy and 50 kGy doses. The 

details of the three investigated In0.52Ga0.48(Bi)As QDs samples in this section are 

summarized in Table 7.4.  

Table 7.4: InGaBiAs/GaAs QDs samples grown at various temperatures and 

irradiated at different doses.  

Sample  

 

Irradiation Dose 

(kGy)  

Growth Temperature 

(0 C) 

 

Sample B 

30  

510 50 

 

Sample C 

30  

482 50 

 

Sample D 

30  

450 50 
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Figure 7.7(a-c) shows a comparison of PL spectra at 10K between 

In0.52Ga0.48(Bi)As QDs grown at different growth temperatures, namely TG=510 0C, 

482 0C and 450 0C, before and after radiation treatment.  

Figure 7.7: PL spectra at 10K and PEXC = 15 mW of In0.52Ga0.48(Bi)As /GaAs QDs 

samples: (a) as-grown and irradiated with (b) 30kGy and (c) 50kGy. The 

In0.52Ga0.48(Bi)As/GaAs QDs samples were grown at different growth temperatures 

TG: sample B (TG=510 0C), sample C (TG=482 0C) and sample D (TG=450 0C).  
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The effect of Bi surfactant in as-grown (0 kGy) and irradiated samples is clearly 

demonstrated in Figure 7.7(a-c). All as-grown and irradiated samples show a 

similar behaviour, i.e. when the growth temperature decreased from 510 0C to 450 

0C, the QDs PL peak energy shifted to lower energies. This redshift energy has been 

observed in InAs/GaAs QDs [14, 19] and was explained by an increase of In atoms 

surface migration with increasing growth temperatures. Similar results were 

reported in the literature for InAs/GaAs QDs [14, 30] grown at 475 0C, 485 0C , 492 

0C  and 500 0C using Bi-mediated growth which was explained by the fact that the 

QD dimensions became more uniform and homogenous at higher growth 

temperatures with Bi atoms suppressing the formation of larger dislocated islands. 

The dot areal density usually decreases at lower growth temperatures and is higher 

at high temperatures, which reveals essentially the suppression effect of Bi on the 

surface migration and desorption of In adatoms [14, 30]. The PL intensity of Bi 

mediated as-grown and irradiated QDs samples grown at the highest temperature is 

higher than the PL intensity of QDs grown at the lowest temperature, as shown in 

Figure 7.7 (a-c). The higher PL intensity observed for sample B (grown at 510 0C) 

could be due to lower density of defects such as point defects (e.g., antisites, 

interstitials, or vacancies) or dislocated islands formed at the higher growth 

temperature than the lower growth temperature [14]. These defects could be due to 

some distortion caused by Bi atoms which might exceed the critical strain to 

generate these defects [23]. Conversely, a non-monotonic decrease of the PL 

intensity as the growth temperature decreases is observed in the spectra of as-grown 

and irradiated samples. In particular, sample C (grown at 482 0C) exhibits the 

lowest PL intensity as compared to samples grown at 510 0C (sample B) and 450 

0C (sample D) except that with an irradiated dose of 50 kGy, the PL intensity is 
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slightly higher than those deposited at TG=482 0C (sample D).  Figure 7.8 shows 

10K PL spectra of as-grown and irradiated Bi-mediated In0.52Ga0.48(Bi)As QDs 

deposited at different growth temperatures. The effects of gamma radiation with 

different doses are clearly seen in Figure 7.8 (a), (b) and (c) for samples B, C and 

D, respectively.  

Figure 7.8: 10K PL spectra of as-grown (0 kGy) and irradiated (30 kGy and 50 

kGy) In0.52Ga0.48(Bi)As/GaAs QDs samples (a); sample B (TG=510 0C);   (b) sample 

C (TG=482 0C); (c)  sample D (TG=450 0C). A green laser (532nm) with 

PEXC=15mW was used. 
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For an irradiation dose of 30 kGy, it can be noted that (i) no shift was observed in 

the QDs PL peak energies of sample B (1.34 eV), C (1.31 eV) and D (1.29 eV), (ii) 

there is a large enhancement in the QDs PL intensities by a factor of 1.5, 2.8 and 3 

for sample B, C and D, respectively.  However, when samples were irradiated at 

higher doses of 50 kGy, all samples exhibit a reduction in the QDs PL intensities 

of about 0.5 times, 1.5 times and 2.1 times for sample B, C and D, respectively. 

Furthermore, sample B (grown at 510 0C) has higther PL  intensities for a gamma 

rdadiation  treatment with 30 kGy and 50 kGy doses as compared to samples C (TG 

= 482 0C) and D (TG = 450 0C). Interestingly, the particular radiation dose of 30 

kGy resulted in an improvement of the optical properties of all In0.52Ga0.48(Bi)As 

samples grown with Bi as a surfactant, as evidenced by a large increase in the QDs 

PL intensity after radiation.  

 Table 7.5: Summary of photoluminescence emission parameters of as-grown and 

irradiated In0.52Ga0.48(Bi)As QDs grown with Bi surfactant. The samples were 

irradiated at different doses. 

Samples 

 

Irradiation  

Dose 

(kGy) 

Energy 

(eV) 

Blue 

shift 

(meV) 

Intensity/ 

1000 (a.u) 

Ratio of PL 

Intensities 

(IIR/INIR) 

 

Sample 

B 

 0 1.340 - 28.8 1 

30 1.340 0 44.1 1.5 

50 1.340 0 14.4 0.5 

 

Sample 

C 

 0 1.310 - 4.8 1 

30 1.310 0 13.7 2.8 

50 1.310 0 3.1 0.6 

 

Sample 

D 

 0 1.299 - 5.2 1 

30 1.299 0 15.9 3 

50 1.299 0 2.5 0.4 
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Figure 7.9 (a) shows the PL QDs intensity versus the growth temperature for 

different radiation doses. The results indicate that the samples irradiated with a 30 

kGy dose have higher PL intensities for all growth temperatures compared to as-

grown samples and irradiated samples at 50 kGy dose. However, a decrease of the 

PL intensity for all growth temperatures is observed at 50 kGy dose. The QDs PL 

peak energy as a function of irradiation doses is shown in Figure 7.9 (b). It is 

important to point out that the QDs PL peak emission energy remained constant (no 

blue shift) for all doses of gamma radiation treatment for sample B (1.34 eV), 

sample C (1.31 eV) and sample D (1.29 eV).  

Figure 7.9: (a) the effect of the growth temperature on the PL intensity at different 

irradiation doses; (b) QDs PL peak energy as a function of irradiation dose for 

samples grown at different growth temperatures. The measurements were taken at 

10K with a laser excitation power of 15mW. 
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The temperature dependence of the PL peak energy of In0.52Ga0.48(Bi)As QDs 

deposited at different growth temperatures was studied as shown in Figure 7.10 (a), 

(b) and (c) for irradiation doses of 0 kGy, 30 kGy and 50 kGy, respectively, in order 

to investigate the effect of gamma radiation on their optical properties.  

Figure 7.10:  Temperature dependent PL peak energy of Bi-mediated 

In0.52Ga0.48(Bi)As QDs grown at different temperatures TG: (a) as-grown samples; 

(b) irradiated samples with 30 kGy dose; (c) irradiated samples with 50 kGy dose. 

Sample B (TG=510 0C), sample C (TG=482 0C) and sample D (TG=450 0C). Sample 

A (control sample grown without Bi) grown at TG=510 0C is also shown for 

comparison purposes.  The laser excitation power PEXC = 15 mW.  
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As can be seen in Figure 7.10, the effect of gamma radiation on the PL quenching 

is different for the samples grown at different growth temperatures. Only for QDs 

irradiated with 30 kGy dose, the PL signal persists up to 140 K, 100 K and 90 K 

for samples B, C and D, respectively. However, at higher doses of 50 kGy, the QDs 

PL signal quenches rapidly at 120 K, 70 K and 70 K for samples B, C and D, 

respectively.  

As discussed in the previous section, this quenching of PL in the case of gamma 

irradiated samples could be due to the intermixing effect between the dots and the 

barrier which results in shallower confining potential and hence faster quenching 

with increasing temperature. It can be observed that the high PL intensity achieved 

was for an irradiation dose of 30 kGy, which could be due to fewer defects created 

at the higher growth temperature than the lower growth temperature. In addition, 

the QDs grown at different growth temperatures with Bi surfactant show no change 

in PL peak energy for all radiation doses with respect to those grown without Bi 

(sample A). It is most probable that this effect could be caused by Bi surfactant. In 

general, these results indicate that an increase in the growth temperature of QDs 

results in a significant optical improvement and, therefore, the optimum 

temperature for Bi-assisted growth in the scope of the QDs’ optical properties is 

510 0C for either as- grown or irradiated samples.  

Figure 7.11 presents the QDs integrated PL intensity of as-grown and irradiated 

samples with 30 kGy (optimum condition) as a function of inverse temperature for 

samples grown with Bi surfactant at different growth temperatures of 510 0C 

(sample B), 482 0C (sample C) and 450 0C (sample D). The experimental data are 

fitted by using the Arrhenius equation 7.2 (as discussed in previous section.7.3.1). 

The values of E1 and E2 for all samples are summarized in Table 7.6. In general, E1 
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corresponds to the binding energy of carriers, whilst E2 is the energy that is required 

by carriers to escape out of the quantum confined energy state [29].  

Figure7.11: Integrated PL intensities for as-grown and 30 kGy dose irradiated 

(optimum condition) In0.52Ga0.48(Bi)As QDs as a function of reciprocal temperature 

for (a) sample B (TG=510 0C); (b) sample C (TG=482 0C); (c) sample D (TG=450 

0C). The solid lines are the least squares fit of the data. All measurements were 

taken at a laser excitation power of 15 mW. 
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All irradiated samples have larger activation energies for both the low and high 

temperatures regimes than the as-grown samples, indicating that the barrier for 

carriers escape from QDs is in fact higher than that for as-grown samples. The value 

of activation energies for as-grown and irradiated sample grown at higher growth 

temperature 510 0C (sample B) are much higher than those grown at 482 0C (sample 

C) and 450 0C (sample D) for both the low and high temperatures regimes. The low 

activation energies for samples C and  D are probably the result of the low barrier 

for carrier transfer amongst QDs [31].  

 

Table 7.6: Fitting parameters for the measured temperature dependent integrated 

PL intensities of as-grown and 30 kGy irradiated In0.52Ga0.48(Bi)As QDs grown at 

different temperatures:  sample B (TG=510 0C), sample C (TG=482 0C) and sample 

D (TG=450 0C).  

InGa(Bi)As  

QDs grown 

with Bi flux  

Growth Temperature 

(0C) 

Irradiation Dose 

(kGy) 

E1 

(meV) 

E2 

(meV) 

Sample B 

 

510 0 55.05 55 

30 58.29 58.29 

Sample C 

 

482 0 31.5 9.1 

30 45.3 9.6 

Sample D 

 

450 

 

0 33.12 6.3 

30 44.8 18.4 
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7.4 CONCLUSION  

In summary, the effect of gamma radiation on the optical properties of self-

assembled In0.52Ga0.48As QDs grown by MBE on GaAs substrates at various growth 

temperatures with and without exposure to bismuth flux have been investigated 

using the PL technique. For sample A (grown without Bi), the main peak of the 

spectrum was from the dot luminescence at 1.354 eV at 10K with a sharp additional 

peak observed around 1.43 eV from the wetting layer. The effect of Bi as surfactant 

on the self-assembled In0.52Ga0.48As /GaAs QDs has been also investigated.  The 

PL intensity is improved by ~ 3.5 times by introducing Bi as a surfactant. A 

reduction of the PL peak energy of about 14meV was observed when the 

In0.52Ga0.48(Bi)As QDs were grown by using Bi as a surfactant (redshift of PL 

peak), indicating that Bi affects the size of QDs. This is also reflected in its PL 

intensity and FWHM. Therefore, Bi surfactant can be used to control the 

morphology of QDs and enhance their optical properties. According to the PL 

measurements, QDs grown with Bi as surfactant have a higher degree of size 

uniformity as evidenced by the narrower FWHM. 

Furthermore, the effect of gamma radiation with different doses (30kGy and 

50kGy) on the self-assembled In0.52Ga0.48As /GaAs QDs has been also studied. The 

PL  results show that for irradiation dose of 30 kGy, the QDs PL emission energy 

exhibit a blue shift by around 10 meV for sample  A (grown without Bi), however, 

no blue shift is detected in the PL of QDs for sample B (grown with Bi surfactant). 

In addition, there are significant enhancements of the PL intensities of about 1.3 

times and 1.5 times for sample A and sample B, respectively. Interestingly, the PL 

QDs and WL emissions disappeared after the irradiation dose increased to 50kGy 
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for sample A. In contrast, for sample B the PL QDs emission is still observed, 

however, its intensity is reduced by half. In general, gamma radiation treatment has 

better effect on the QDs sample grown under a Bi flux  than the sample grown 

without Bi. In this case, the optimum irradiation dose seems to be 30 kGy, in terms 

of improvement of the PL intensity. 

The influence of growth temperature on the optical properties of   In0.52Ga0.48(Bi)As 

/GaAs QDs has been studied. It was observed that the QDs PL peak red-shifted 

when the growth temperature decreased from 510 oC to 450 oC. In addition, the 

effect of gamma radiation with different doses (30 kGy and 50 kGy) on the self-

assembled In0.52Ga0.48(Bi)As /GaAs QDs grown at different growth temperatures 

has been investigated. For an irradiation does of 30 kGy, there is a large 

enhancement in the QDs PL intensities by a factor of 1.5, 2.8 and 3 for sample B, 

C and D, respectively.  However, when samples were irradiated at higher doses of 

50 kGy, all samples exhibit a reduction in the QDs PL intensities of about 0.5 times, 

1.5 times and 2.1 times for sample B, C and D, respectively.  Furthermore, sample 

B (grown at 510 0C) has higher PL intensities for a gamma radiation treatment with 

30 kGy and 50 kGy doses as compared to samples C and D.  

Overall, the particular radiation dose of 30 kGy resulted in an improvement of the 

optical properties of all samples grown with Bi as a surfactant, as evidenced by a 

large increase in the QDs PL intensity after radiation. Furthermore, growth 

temperature of 510 oC was found to be optimal before and after exposed to gamma 

radiation in terms of optical efficiency.  
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 

This chapter summarises the research work carried out on (i) the structural and 

optical properties of dilute bismide III-V semiconductors alloys, namely GaAsBi 

epilayers grown at different growth temperatures on (100) GaAs substrates, and (ii) 

the photoluminescence characterisation of InGa(Bi)As/GaAs QDs grown on (100) 

GaAs planes. XRD, SEM, Raman, hole concentration and PL measurement 

techniques were used to investigate these alloys. Future work suggestions are also 

covered in this chapter. 

 

 GaAs1-xBix EPILAYERS 

In summary, the influence of the growth temperature on the optical properties of 

GaAs1-xBix epilayers grown on (100) GaAs substrates by MBE has been examined. 

The PL measurements revealed that the PL spectra exhibit two distinct behaviours 

red and blue shifts depending on the growth temperature. The observed differences 

in PL peak position for different GaAs1-xBix growth temperatures could be 

attributed to strain and/or Bi-defect level-band related transitions. Indeed, the Bi 

composition in the studied samples grown at different temperatures were 

determined and calculated from PL measurements which demonstrated a red-shift 

and a blue-shift of the PL peak energy corresponding to an increase and a decrease 

in Bi content, respectively. From the SEM images it was observed that samples 

with the highest surface concentrations of droplets are those with the lowest 

concentrations of Bi, and this indicates that for these growth temperatures (TG=300 

0C,310 0C and 365 0C) a lower concentration of Bi was incorporated into the GaAs 

structure. In contrast, the sample which had the highest concentration of bismuth 

was grown at 325 0C and has a lower number of droplets and self-aligned trailing 
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nanotracks on the surface. From Raman measurements it was observed that as the 

content of Bi increases first there is a slight redshift and then a blueshift of the LO 

phonon peak, which can be explained by the Bi-induced tensile and/or compressive 

stress. The temperature dependence of the PL spectra was also studied. It was found 

that the peak luminescence energy as a function of temperature is dependent on the 

incident excitation power. For example, the temperature dependence of PL peak 

energy has shown a pronounced S-shape characteristic at high laser excitation 

power, however, no evidence of the characteristic S-shape was observed under low 

laser power conditions. The integrated PL intensity as a function of inverse 

temperature indicated that two types of defects are present. The first is related to 

lattice disorder, while the second is related to Bi clusters. In this thesis, the effects 

of gamma (γ-) irradiation dose on the electrical and optical properties of dilute 

GaAsBi layers have also been investigated. After irradiation the samples exposed 

to gamma rays showed enhanced optical properties. Raman measurements 

demonstrated that the concentration of holes increased after gamma radiation. In 

addition, XRD data showed that the crystallographic quality of the samples was 

slightly worse after being exposed to gamma radiation. This finding agrees with the 

PL FWHM results, which demonstrated an increase of the FWHM after irradiation. 

This is due to the fact that radiation induces several types of defects, such as  

structural defects. 

 

  InxGaAs1-x QUANTUM DOTS  

In this part of the thesis, the effects of growth temperature (510 oC, 482 oC and 450 

oC) and gamma (γ-) irradiation doses (30 kGy and 50 kGy) on the optical properties 

of InGa(Bi)As QDs grown by MBE on (100) GaAs substrates using Bi as a 
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surfactant were studied. The experimental results have shown that for irradiation 

dose of 30 kGy, the QDs PL emission energy exhibit a blue shift for samples grown 

without Bi, however, no blue shift is detected in the PL of QDs for samples grown 

with Bi surfactant. In addition, there are significant enhancements of the PL 

intensities for both samples (i.e. grown with and without Bi) after irradiation with 

30kGy dose. Interestingly, the PL QDs and WL emissions disappeared after the 

irradiation dose increased to 50 kGy for samples grown without Bi (control 

samples). In contrast, the PL QDs emissions are still observed in the Bi mediated 

grown samples. Gamma radiation treatment has been found to have an enhanced 

effect on the optical properties of QDs samples grown under a Bi flux than the 

samples grown without Bi. In addition, the influence of gamma radiation on 

InGa(Bi)As/GaAs QDs grown at different substrate temperatures has been also 

studied. For an irradiation dose of 30 kGy, there is a large enhancement in all QDs 

PL intensities.  However, when samples were irradiated at higher dose of 50 kGy, 

all samples exhibit a reduction in the QDs PL intensities. The optimum irradiation 

dose seems to be 30 kGy for all samples grown with Bi surfactant, in terms of 

improvement of the PL intensity. Furthermore, the growth temperature of 510 oC 

was found to be optimal in terms of optical efficiency for non-irradiated and 

irradiated samples grown at this temperature.  

 

 FUTURE WORK SUGGESTIONS 

One of the significant advances in semiconductors material engineering is the 

growth of epitaxial layers on high-index planes. This technique offers an additional 

degree of freedom to the conventional (100)-grown devices. There are many 

interests in investigating semiconductor structures epitaxially deposited on non-
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(100) planes including growth, optical and electrical properties. However, while 

most investigations of heterostructures were carried out using the conventional 

(100) GaAs substrates, there are few studies in comparison that explored non-

conventional planes [1, 2, 10, 11]. It is important to point out that semiconductors 

structures grown on high index GaAs substrates have improved properties as 

compared to those of similar structures grown on conventional (100) GaAs oriented 

substrates. These include optical anisotropy [1], high hole mobility [2] and 

improved optical efficiency [3]. 

The following suggestions for future research are made based on the experimental 

results obtained in this thesis and the use of novel index surfaces. 

(i) Although most investigations of GaAs1−xBix thin films and devices were 

performed using the conventional (100) GaAs substrates, there are few 

studies that explored the growth on high-index planes, which can 

considerably affect the Bi incorporation into the GaAs host lattice, and 

the structural, electrical and optical properties of the epilayers [4-8]. 

Remarkably, Henini et al have shown that Bi incorporation in  

GaAs(1−x)Bix  thin films can be more enhanced by using (311)B GaAs 

orientation [4]. However, the effects of substrate orientation and gamma 

radiation on the structural and optical properties of GaAs(1−x)Bix alloys 

grown at different substrate temperatures using non-(100) GaAs planes 

have not been investigated yet. Therefore, it will be worthwhile to carry 

out a systematic study to investigate the effects of non-conventional (i.e. 

non-(100) planes) high-index GaAs substrates and gamma irradiation 

on the structural, optical and electrical properties of dilute GaAsBi thin 

epilayer films. The goal of this research would be to determine which 
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material could be the most suitable for high-performance ionizing 

radiation detectors. It would also be interesting and important to 

investigate the effect of different sources as well as different doses of 

irradiation on these materials. The purpose of this investigation would 

be to determine whether or not materials and devices based on dilute 

bismide III-V semiconductors are suitable for use in space applications 

such as satellite communications. 

(ii)  In order to improve the structural, optical and electrical properties of 

III-V materials and the devices’ performance, it is important to 

understand the nature of the defects introduced by Bi and how to reduce 

and/or eliminate them. It is common knowledge that the heat treatment 

process reduces the concentration of defects and/or eliminate 

completely defects. As a consequence of this, the structural, electrical, 

and optical properties of materials and devices will be enhanced [9]. In 

fact, a number of studies have demonstrated that subjecting GaAs1-xBix 

materials to post-growth thermal annealing improves both their 

structural and optical properties [10-13]. However, the effect of Rapid 

Thermal Annealing (RTA) at different annealing temperatures on self-

aassembled InGa(Bi)As QDs using Bi as surfactant has not been 

investigated yet. Therefore, it is important to perform optical 

measurements to investigate the annealing effects on InGa(Bi)As QDs 

in order to improve the quality of the material and understand the effect 

of these defects on the performance of future devices based on these 

materials systems.  
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(iii) For self-assembled InGa(Bi)As QDs structures, it is worth performing 

further studies by growing similar nanostructures under the same 

growth conditions on high index (non-(100) planes) GaAs substrates. 

This could provide further information on the effects of high index 

GaAs planes and Bi as surfactant on InGaAs QDs nanostructures. This 

investigation might help improve the quality and efficiency of 

semiconductor-based nanostructures needed for future applications in 

electronic and optoelectronic devices. It is expected that these new 

bismide-based III-V semiconductor materials will attract a lot of 

attention from both academia and industry interested in fundamental 

material research and practical device applications [14, 15]. 
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