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ABSTRACT

This thesis investigates the optical and structural properti€sadis.xBix thin
epitaxial layers and self-assemblednGaBi)As quantum dots@Ds) grown on
conventional (100) GaAs substrates by Molecular Beam Epitaxy (MBH&S.
GaAs.«Bix epilayers were grownat different substrate temperature. The
InGa(Bi)As QDswere formed via the StranskiKrastanov (8K) growth mode

using bismuth as a surfactant.

PhotoluminescenceP() measuremestshowed that th&aAs.xBix PL spectra
exhibit twodifferent behaviours depending on the growth temperataraelyred

and blueshift were observedsthe growth temperature increases from 300to
325°C, andfrom 325°C to 365°C, respectivelyMoreover, the Bi compositionin

the studied samples wedetermined and calculated fraime 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 3- 325°C and 329C - 365°C, respectively.
Thesefindings were supported by Scanning Electron Microscopy (SEM) results
which showed thahe samples with the highest surface concentrations of droplets
are those with the lowest concentrations of Bi (samplewmyat Ts= 300°C, 310

°C and 365°C). 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 (4.786)ich was grown at 325C,
showed a lowernumber of both surface droplemnd selaligned trailing
nanotracks.Theseresuls are also consistent with Ramameasurementvhich
demonstrated thatsthe content of Bi increasglirst there is a slight redshift and



then a blueshift of the longitudinal optical (LO) phonon peakwhich can be
explained by the Binduced tasile and/or compressive stresghe optimum
growth temperaturtor maximum Bi incorporatiowasfound to be325°C (4.7%).

The integrated PL intensity as a functiohiverse temperature confirmeao
types of defectsThe 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
GaAs.«Bix thin epitaxial layers grown at different substrate temperaturédBiy

on conventional (100) GaAwas also investigatedThis study investigates the
interaction of gamma radiation with GaABix Il -V semiconductor alloys, which
have enormous potential useigmizing radiation detectors that can be monitored
through both optical and electrical measuremdftsm Raman measurements, it
was found thatthe concentration of holes increasethen the samples were
irradiated.This result is in good agreement with ke results, which showed that

the intensity of the main peak increases after irradiation, indicating that the optical
properties have improved for all samplésirthermore,the X-ray diffraction
(XRD) data demonstrated that for irradiatedaAs.xBix sampes, their
crystallographic quality was slightly worse after irradiation. This is due to the fact
that radiation induces several types of defects, including structural défbids.
result is consistent witRL results which demonstrated th&aAs.-xBix sampls
havethelargestPL full width at half maximumREWHM) for all irradiated samples.

This finding demonstrates that irradiated samples haree qualitycompared to

nornrirradiated samples



The effects of gamma radiation dose (30 kGy and 50 k@y)=lf-assembled
InGaAs/GaAs QDg$ormedat various growth temperaturess(¥ 510°C, 482°C,
450°C) with and without exposure to bismuth flux have been investigahsiPL
results showed that for irradiation dose of 30 kGy, the QDerRission energy
exhibit a blue shift of around 10 md¥r samplegrown without Bj however, no
blue shifs aredetected irthe PL of QDs for all samplagown with Bi surfactant

at different growth temperaturenterestingly the PL emission®f QDs and
wetting layergdisappeared after the irradiatidosewasincreased to 50kGy fa
sample grown without Bi. In contrast, for samples grown w&iBi surfactant the
PL QDs emissions were still observed, however, their intensities were rdulced
factorsbetween.5 to 2. In general, gammnadiationtreatment has better effect on
the QDssamples grown under a Bi fltkan the samples grown without Bihe
particular radiation dose of 30 kGy resulted in an improvement of the optical
properties of all samples grownth Bi as a surfactant, as evidenced by a large
increase in the QDs PL intensity after radiation. Furthernaargwthtemperature

of 510°C for InGaAs QDswas found to be optimébr both asgrown and gamma

irradiated sampleis terms of optical efficiecy.
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CHAPTER 1: INTRODUCTION

This chapter will provide a brief introductioto the semiconductor materials

investigated in this workand the motivation and the outline of the thesis.

1.1 INTRODUCTION

Numerous materials, including {W compoundsemiconductors (such as GaAs or
InP), elemental semiconductors (such as Si ), dominate the modern phatahics
microelectronicamarkets respectivelyf1, 2]. Recent studies have shown that the
majority of semiconductor devices are fabricataditicon (Si)[3]. However, Si

has some fundamental limitations, including an indirect bandgap that affects photon
emission efficiency and lower carrier mobilityowever,GaAs isconsidered as

one ofthe most centrademiconductomaterialamongst the IV compounds for
research investigations dueit® superior semiconducting propertiesr example,
GaAs has a direct bandgap of 1.42 eV at room temperatndehigher carrier
mobility. These propertis providea wide range of applications in the figldf
optoelectronic devices for both light detection and light emittamgihigh-speed
transistorg4]. One of the most importaproperties of GaAs is the ability to tailor

its bandgap through the formation of ternary compounds (e.g., GBAsAlxGa.-

xAs, IGaixAs). Indeed, the IHV compound semiconductors and their ternary o
quaternary (e.g., GBni1xA1yNy) alloys provide a wide range of bayap energies,
which areespeciallyymportant when a specific bagalp energy is requiredhese
properties enable HY semiconductors to be used in photonic devices such as laser
diodes, optical detectors, and solar celis.addition, the interest in the HV
compound semiconductors has beemeasingince thée first commercialhdvent

in the early 198 $) particularly inthe norequilibrium growth techniquesuch as



molecular beam epitaxy (MBE) which offers enormous tailoring capabilities for
device fabrication by forming compound materials from these semicond{f&}ors
These compounds are usually grown in heterojunction systems as epitaxial layers
on substrates such as GaAs or |B., GaAsxBix on GaAs, or Galnix AsyN1y

on InP. The mismatch betem 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 largittice mismatch causes

dislocations in the epitaxial layer.

GaAs isalsoused as a substrate material for the epitaxial growth of madvy 1
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 ighat its bandgap energy can be tuned by introducing a small
amount of bismuth. As a result, dilute bismide GaAsBi is forndedit is welk
known,bismuth is the heaviest elementlie Group Vof the periodic tableand it

is not commonly used in devi¢abrication.Furthermorepsing 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 epitaxidayers ortheconventional plane (100)
GaAs substrageusing different growth temperatusehas generated a wealth of
information on the growth mechanisms of epitaxial layers. In fact, the use of
different growth temperatusdor the growth of epitaxiademiconductor alloys has

a major effect on their properties. In particular, the structural and optical properties
of ll1-V compound semiconductor strutures are found to change and/or improve by
growing at different temperatures. Phatolnesenceand Rama methods are

used to investigate the optical properties of semiconductor alloys. The study



presented in this thesis relates to the characterization of semiconductor alloys based
on IlI-V semiconductors, namely GaAsBi epilayend Inos:Gay.48As quantum

dots grown on (100) GaAs substraising optical and structural methods.

1.2 MOTIVATION

GaAs.xBix alloys are a new class of emergingWlIsemiconductors which have
attracted an increasing inter§@t 7] because their bandgaps can be engineered for
numerous potential applications in electronics, photonics and spintloriev
percent of Bi incorporated into GaAge. GaAs iRix with x being the Bi
composition, leaslito a giant bowing in the bagap energy (~ 88 meV/% Bji§],

as well & an increase of the spwrbit band splitting9, 10]. These remarkable
properties such as reduction of the baag make GaAsBi a suitable material for
several device applications such as rqultiction solar cell§11], photonic devices

[8] and longwavelength optoetdronic deviceqg12]. It is well known that the
growth temperature of HY alloys can significantly influence thearystalline
quality. In fact, substitutional incorporation of Bi into the host lattice oiVIll
compounds requires low growth temperasukéowever, the growth of GaAgBix

is more complicated than the growth of convention@aMlalloys. This is mainly

due to the high tendency of Bi to surface segregate during growth, which requires
the growth temper at ur[E] Epitaxiabgowth ofW¥r ed t o
compounds atow growth temperatusecauses an increased density of defects as
well as it leads to degradation of the optical quality of the a[lb§k The purpose

of this study is to investigate the effect of the groveimperature (ranging from

300 °C to 365°C) onthe opical and structural properties @aAs i Rix thin



epitaxial filmsgrown onsemtinsulating(100) GaAs substragdy MBE by using
different techniques such ascanning electron microscopy (SEMX-ray
diffraction (XRD), PhotoluminescencegPL), Raman spectracopy andhole

concentratiormeasurementhapter 5)

The secondmotivation of this workinvolves an investigation of theffect of
gammaradiation ( Jodose onthe structural and optical properties tbe above

GaAs.«Bix samples usinthe samexperimental techniqué€hapter 6)

Furthermore, selassembled InGaAs quantum dots (QB)wn on (100) GaAs

have allowed for significant advances in optoelectronic deyiek$7]. However,
further advancements in Qbased 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,
growthinterruptions, and growth raf@8-21]. 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 surfact@®®]. Bi is a good surfactant becauke targer

Bi atoms do not incorporate into the InAs QDs or the surrounding GaAs matrix. Bi
atoms, acting as a surfactant, can smoothen the GaAs sarfdoaterfaces of
heterostructures during growth. Additionally, they reduce point defects and
impuritiesin the matrix, which reduces noadiative recombination centres and
improves the optical properties of matrix materifd8]. In addition, when a
semiconductor is exposed to highergy radiation, vacancies, clusters of defects,
and dislocations are produced as lattice defects, which could modify teaahat

parameters and hence the properties of devices sudhiasdetectors and solar



cells. For exampledetectordevices arecommonly subjected to high radiation
dosesand thematerial radiation tolerance is an important factor to consider when
selectng detector materials. Therefomethis work, the effects of gamma radiation
doses (3KiloGray (kGy) and 50 kGy1Gy= J/Kg) andBi surfactanbn the optical
properties of selfassembled InxGaAsxQDs grown at different growth

temperaturesn (100) GaAssubstratefiavealsobeen studiedChapter 7).

1.3 SCHEME OF THE THESIS

The thesis is structured as follows:

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

Chapter 2 presentsaadescription of the fundamental concepts of semiconductors,
including their crystal structures and the optical procesisesconcept of the
bandgap, the natudd the energy gap and some general propesfieSaAs,
GaAsBi andnGaBi)As. Additionally, the properties of heterostructures are also

discussed

Chapter 3 offers information on the fundamental conceptdowi-dimensional
semiconductor structures, such as their fabricatiaméhgcular beam epitaxial and

characteristics.

Chapter 4 describes the experimental methods and techniques that were used in
this sty including X-ray diffraction ¥RD), scanning electron microscopy

(SEM), Ramanand phobluminescence (PL) spectroscopy techniques.

Chapter 5 presents PL,XRD, RamarandSEM results obtained on a set @aAs-
xBix/GaAs epilayers grown at different growth temperature on (100 GaAs

substrates.



Chapter 6 reports the effect of gammadiationdoseon the optical and structural
properties of GaAs: Bix epilayer growrat different growth temperatusen (100)
GaAs substrates usingKkRD, hole concentration meaeagments, Raman

spectroscopwyndPL techniques.

Chapter 7 presents the effegbf Bi as surfactant and gammadrationdoseson
the optical properties dhxGaAs xQDsgrown d 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 conceptemiconductors, such as crystal
structure and optical processesldscribeshe principles of the bandgap, the nature

of the energy gap (i.e. direot indirect bandgap), temperature dependent energy
gap and some general features of GaAs, GaAsBi a@&BiAs. This chapter
further emphasises the importance of heterostructures in understanding the optical

properties of quantum dots studied in this work.

2.1 INTRODUCTION

Semiconductors have become a popular subject for fundamental study in recent
decadesleading 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 thevads, 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 gahleased on the value tife energy

gap between thewralenceandconductiorbands. 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 aiéreferred to as metl 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 coatled 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
electronsThe dectrical conductivityof metds, 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 caitipa: elemental
semiconductors and compound semiconductors. Elemental semiconductors are
those composed of single species of atoms, such as silicon (Si), germanium (Ge),
and diamond (C)(possessesomesemiconductopropertie3, and belong tahe

group V of the eriodic Bble of elements (seegare 2.1). Some of the properties

of elemental semicaluctors are shown in Table 2.1.
i v VvV Vi

5 10811 | 6 12011 |7 14007 |8 15.999

1 B C N O

] Metal
] Motalloid Boron Carbon __Nitrogen Oxygon
[] Non-metal 13 28982 |14 28086 |15 30974 | 16 32065

2| Al Si P S

' I Aluminium Silicon Phoienor us Sulphur
30 6539 31 69723 32 7264 33 74922 §34 7896

3| Zn Ga Ge As Se

Zinc m Germanium Arsenic Selenium
48 111241 - 50 11871 |57 12176 | 52 127 6

4 | Cd In Sn Sb Te

Cadmium Indium Tin Antimony Tellurium
80 20059 |81 20438 |82 2072 |83 20898 §84 209

5 | Hg TI Pb Bi Po

Mercury Thailium Lead Bismuth Polonium

Figure 2.1 Groupll through VI of the periodic @ble of the elements
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Table 2.1 Chemical Formula, energy gap (Eg) at 300K ttiee

structure of lattice and energy gap type.

constant (a),

Materials | Chemical | Eg (eV) a (nm) Structure Type
Formula
Silicon Si 1.12 0.543 Cubic Indirect
Germanium Ge 0.664 0.566 Cubic Indirect
Diamond C 5.48 0.357 Cubic Indirect

There are, however, numerous compound semiconductor materials, which are
composed of two or more elements. For instance, elements of group Il and V are
used to provide important compound semiconductors such as GaAs which is a
combination of gallium (Ga)rém column 1l and arsenide (As) from column V.

Compound semiconductors formed with two elemearisk n o wn

compoundo

whi ch

such

have

as

mor e

GaAs,

t han

Al As

t

W o

and

as

Il nAs.

Abi

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

guaternaryfor example GalnAsP. Another important class of semiconductors is

known as HVI compound materials, which include zinc oxide (ZnO) and mercury

zinc telluride (HgZnTe). Table 2.2 lists the most commorMIitompounds as well

as their properties.
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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\llcompound semiconductof.

Material Chemical | Eg (eV) a (nm) Structure Type
Formula

Gallium GaAs 1.424 0.565 Cubic Direct
arsenide

Indium InAs 0.354 0.606 Cubic Direct
arsenide

Aluminium AlAs 2.15 0.566 Cubic Indirect

arsenide

Gallium GaN 3.44 a=0.318, | Hexagonal Direct
nitride c=0.517

Indium InN 1.89 a=0.354, | Hexagonal Direct
Nitride c=0.870

Many of the compound semiconductors have some specific electrical and optical
properties which can be controlled by (i) changing the temperétargehermal
excitation) (ii) optical excitation (i.e. excitation with photons having energies
higher than th 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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2.2 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 icdhéductiorband (n) is equal
to the number of holes in tivalenceband (p).

e n ¢ 2.1

where £ 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 photexcitation 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 energyutop from VB to CB. For
example, intrinsic Si and GaAs ha¢ »values equal to 1.5x18 cm® and 1.8 x16

cm, respectively aRT.

Extrinsic semiconductors, also known as doped semiconductors, are made by
introducing various atoms (dopant atoms) in® hlost 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.
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Donor impurity

® contributes free electrons ® Acceplor fmpuicity
P creates a hole
o (si) o f o (si) o /
o gl 0 N i S
° b 0 °
® [ ® ®
° 0 0 ® ® 0 0 ®
] Si ] ® St ®
@ 0
n-type semiconductors p-type semiconductors
Sb: Antimony B: Boron
Si: Silicon Si: Silicon

Figure 2.2: P-type and Ntype extrinsic silicon.

(1) P-type material: the dopardtoms 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 1l of the periodicable and have three electrons ire th
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 acceptiom is fixed andloes notontribute to
electrical conduction. Majority carrier holes are generated -type
materials, contributing to the hole concentration (p). The activation energy
is low atRT, therefore all of the combined acceptor atoms adgtiept one
electron from the valence band. As a result, excess free hole dessity (p

the valence band for atgpe material aRT is provided by:
16



where 0 is the acceptor ewentration.

(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 electronsand 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 the electrical onduction. 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 m rntype materialsand contribute to the electron
concentration (n). dypenmtdrdljthieexorafree at T |
electrons from dopant atoms can be thermally excited from their states
within the forbidderbandgapghat are placed slightlydbow the bottom of

the conduction band, resulting in an increase in the free electrons density
€ ).

e 0 O 2.3

where 0 is the donor concentration.
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2.3 ENERGY BANDGAP

Thebandgap, 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 (EK) relationship is commonly used to represent this region. In
general, thébandgap (EQ) in insulators and semiconductors refers to the energy
difference between the top of thalenceband (Ev) and the bottom of the
conduction band (Ec). The shape of the conduction bandaedceband at edge
neark=0 is approximately parabol{the conduction band is empndthe valence

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

calculated as follows:

' "€.C, 2.4
O I3 L, Z

TR
. ' §OXO) 25
RT3

wherehi s t he Pl ad’lar@da’ acedhe sffeciive ingss dietron and

hole, respectively.

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

0 2.6

The effective mass can be found from the second derivatOenadgth respect tcd
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GO 2.7
Q 1

rZ

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 massyhich combines their potential and kinetic energies into a single
kinetic-like energy In GaAs, as an example, the effective mass of electrons and
holesisgivenb a® T8t @g. andd” 181 0od ,whered isthe mass of

the free electrorAt 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, attte material behaves as an insulator. Above zero Kelvin,
some electrons have enough energyrémsferfrom the valence band to the
conduction bandind contribute to the electrical conduction proc@se Fermi

level is the probability of occupying energy levels in the valence and conduction
bands. The intrinsic semiconductor acts as a perfect insulativsatute zero
temperature. However, as the temperature rises, free electrons andatoles
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 pobability 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 dhe forbidden band.Figure 2.3 depicts a
simplified energyband structrte 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.
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Electron Energy Conduction band E c

bandgap

Fermi level

Ey

Hole Energy l

Figure 2.3: simplified energyband structures and Fermi levef undoped

semiconductors.

The electrorcarrier concentration in an intrinsic semiconductor is equal to the

hole-carrier concentratiorlhis can be writtenas p=n Fn

where p is the concentration of hole carriers, n is the concentration of electron
carriers, and inis the concetmation of intrinsic carriers. The Fermi level for

intrinsic semiconductor is given as,

c 0©° :
0 2.8

whereEr is theFermilevel energy.

2.4 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 conceptsimoeluced.
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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.

Bravais lattice Basis Crystal

A

’ . ) .

e

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 vectct I+ and# which allow any

point of the latticed to be acgired by a translation from any point of the lat{e
6 Y oF oF oF 2.9
wherec F0 i~ are integers.
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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 veckf+ and$ is the
smallest possible, the translation vectors are referred to as primitive.iifievpr

unit cell is the volume of a cell surrounded by primitive vectors. There is no special
method for selecting primitive vectorsyweverit is possible to identify more than

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

conveanience.

2.4.1 Types ofBasic 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 classesre defined by the relationships between the

primitive vector< ,4 and+ mnd the angles U, b, and

A cubic and hexagonal lattice are the two most important primitive cell types, and
they serve as the foundation for all semubactor structures. The lattice constant,
a, is the side dimension of the cube. There are three types of cubic lattice: simple

cubic (sc), bodycentred cubic (bcc), and facentred 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 illustratsisngle cubic lattice

formed by &, ay, and &, wherex, y, andz are unit vectors.
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Figure 2.5: A simple cubic lattice (sc) with the primitive vectors.

The body centred cubic (bcc) structusbownin Figure 2.6 can be created from
the simple cubic structurét has one lattice point at each corner and one atom
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
=|f e, =|= o ﬁ=|= T o ) 2.10

wherex, y andz are three orthogonal unit vectors.

e @
@
as Q Q
L ®

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

vectors.
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Facecentred cubic (fccdtructures 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

w 211
C

+

o %)0( o

Nle

&
<
7
‘
3
{

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

Most important semiconductor materials, such as Si@Gabave a diamondlke
structure made up of the same atom types as indicatedureRi§. 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 fcctma@slain the

case of I}V and IFVI semiconductor materials with fcc lattices, one fcc lattice is
formed from one type of element (for instance, an atom from group llI), but the
other fcc lattice is formed from thathertype of element (for instance, atom of

V group). The elements in the two fcc lattices come from dissimilar groups of the
24



periodic table. The overall crystal structure is known as the zinc blende Iattice.
Elements of the same atomic group are positioned on the same fcc lattice i ternar
and quaternary semiconductors, whereas all bonds between atoms occur between

atoms in dissimilar fcc lattices.

\/ \.v

N4

a
/
, < \ ——= \v
1 /— <
\l'/{’ - 7N 1/
Vol N e _
Silicon Atom Gallium Atom

@ Arsenide Atom

Figure 2.8: Examples of crystal structurés) diamond for SiBoth types of atomic
sites are occupied by Si. (b) Zincblende structure for GaAs. The sites are occupied
by Ga and As atong].

For example, in the GaAs crystal shown in Figuré @), all Ga atoms are
positioned on one of the fcc lattice and bonded to As atoms which are located on
the second fcc latticés a result, the interatomic distances betwaeighbouring
atoms are less than the lattice constant. The zinc blende structure is found in most

common I}V compound materials, such as GaP and GaAs.
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2.4.2 Miller Indices for Crystal Planes

In a crystal semiconductor, it is critical to understand the plageoap 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 us#te ighkl)
notation to indicate the orientation of crystal planes based on their intercepts with
crystallographic reference axe8s for directions, negative indices are often
indicated by a bar or minus sign written above the corresponding isdelx,as

Tintp 8Each 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 vectars, andc, can be usd to
describe a crystalline solid. These vectors are defined along the axis (X, y, z) so that
the crystal structure remains invariant when veRt@s translated. The translation
vectorR is defined as the sum of the integral multiples of the three reérbasis

vectors §, b, andc),

{ at o o 212

where m, n, and greintegersanda, b ,andc are the primitive vectors

This expression is then used to define the reciprocal lattice basis vattors

andc* in terms of direct lattice basis vectors:

£ fof T4 ol 213
o ot T fod 214
o ol T4 fod 215
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The position vectorg) 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
gnhk and can be defined by

I o o o 216

d s pro 2.17

where, h, k, | are integers angkds the spacing between lattice planes. Figuge 2.
shows an example of various planes in a cubic crystal and their Miller indices. The

Miller indices' method is described below.

A Z (002) 7 T Z

_/

N

(010)

Figure 2.9: Miller indices for some crucigdlanes in a cubic crystére presented.

Assuming there is a thretmensional crystal plane with three basis vectory,

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

(i) Determine the intercepts of the planes along thessts vectors.

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

(iif) Reduce the reciprocals of these intercepts to their smallest \alsiash a way

that the smallest three integers have the same ratio
27



The results of the three precedingpst are included in parenthesis (hkl) and are
referred to as Millemdicesfor 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 syrtiyin a cubic crystal, such as planes (110),
(p10), ((p1), 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 @n@ 1. Whereas planes with higher
values, such as (nl1l), where n is greater than one, are referred to-asl&xgh

planes.

2.4.3 Conventional and NorConventional Planes

Over the last decade, there has been a significant increase in interest in the growth
of GaAs on highindex planes. The tremendous improvement in the structural,
optical, and electrical properties of-M-based structures grown on high index
(n11) planegprompted this interest. The mechanism of epitaxial growth as well as
the physics of dopant incorporation can be better understood by stivilyliecular

Beam Epitaxy MBE) growth techniquedevelopment on differerdriented
substrates. The use of high Millendex 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 layershighindex planes is a step
forward in semiconductor material engineering because it allows for the
development of devices with improved properties over devigeEsvn on
conventional100) planesThe fascination with negonventional semiconductor
structures relates to growth, impurity incorporation, lasing performance, electronic
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properties, and piezoelectric effects. Nmmventional substrates, for instance,
have enabled the fabrication of highrformance InAs/GaAs quantum dot (QD)
lasers, ultrahigh mobility twadimensional hole gases, GaAs/AlGaAs
heterostructures, InGaAs QDs with improved piezoelectric effects, and GaMnAs
epilayers with altered Mn incorporation and magnetic anisotrd@ied]. 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 setfrganization, overlayer strain, and ternary alloy ordering
[5].

Several high index polarised surfaces, such as (3[@])and (311)B GaA§7, 8],

have recently received increased attention due to the structures grown on these
surfaces having unique properties that improve device perfornjfgan®g 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, implyig that the starting (311)A and (311)B GaAs surfaces are more
stable and smooth¢t0-12]. It is worth noting that in the case of the GaAs high
index planes, A and B refer to the Ga and As surfaces, respeciilelgiffererces
between (311)B and (311)A planes can be explained by considering the polarity of

the surfacg13].
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2.5 DIRECT AND INDIRECT ENERGY BANDGAP

In semiconductor physics, based on band structure, materials have either direct
bandgapor indirect bandgap Direct gap semiconductors have different optical
properties than indirect gap semiconductors. The material has aldiretgapf

the momentum of the lowest energy state in the conduction band and the highest
energy state in thealenceband are the same. Ifa do not match, the material has

an indirectbandgap In materials with a diredtandgapvalenceelectrons can be
excited directly into the conduction band by a photon with an energy greater than
thebandgapHowever, in materials with an indirdezandga the electron must pass
through an intermediate state and transfer momentuhetorystal lattice. Figures

2.10 (a) and (b) show the most common indir€st) and direct{GaAs) bandgap

semiconductors.

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

an electron from the valence band to the conduction band without changing its
momentum. In the case of indirect semiconductors, excitation abahdgap
energy should occwith a change in the electron's momentum whighravided

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 electrgvhonon dispersianFor instance, optical transitions are only
allowed if the phonons are emitted or absorbed to maintain crystal momédjum

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

optical absorption.

(& & (& 2.18
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A similar process occurs in optical emission.

(& (& (& 2.20
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Figure 2.10: Energyband structures of indirect (Si) and direct (GaAs) bandgap
semiconductorsvith electrons and holes represented by full and open circles,

respectivelyj15].

In bulk silicon for gtical transitions, phonore®nsisting oftransverse optical (TO)

(~ 56 meV) and transverse acoustic (TA) (~ 18.7 meV) m¢tiéf play an
important role. Nonetheless, it has been demaestrthat zergphonon optical
transitions are partially allowed in silicon nanostructures, such as silicon
nanoparticles and porous silicon, and that the oscillator's strength gblramon
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transitions is greatly improved. This increases the rate of nagligcombination

via direct baneo-band recombinatiofil5-17].

2.6 EFFECT OF TEMPERATURE ON ENERGY BANDGAP

The bandgapenergy in semiconductor materials has an inverse relationship with
temperature. It tends to decrease as the temperature increadagse®.1 for

Ge, Si and GaAs). The cause of this behaviour is thermal energy, which causes
atomic vibrations. When & 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 thebandgap

Material Eg(0) (eV) aleV/K) B(K)
1 6' Si 1155 7.02E-04 1108
’ Ny G 0.889 6.84E-04 308
(GaAs .

GaAs 1521 B.87E-04 572

& (e

04- 1
0 200 400 600 800 1000
T(K)

Figure 2.11: The erergy bandgap of Ge, Si, and GaAs as a function of temperature
[18]. Varshni's parameters for Ge, Si, and GaAs serdiectors 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 thetential 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 thandgap Varshni's formulg18] provides an empirical

relationship for the temperature dependence of the ebargygap

oy o | " 221
Tt T—"Y
whereEg (0) denotethebandgape ner gy at zero Kelvin. U
parameters related to the material. V a

semiconductors are showmthe inset @ble in Figure 2.12

2.7 MODIFICATION OF BAND STRUCTURE

The ability to tailor semiconductbandyapenergy is critical for the design of novel
electronic devices with superior properties. Bandgapailoring, also known as
bandgapengineering, there are two commonly used approaches. These will be

covered briefly in the following section.

2.7.1 Alloys

Saniconductor 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. Theandgapof 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., nitrog&a). A well-chosen alloy,

such as GaA®&1.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 constantbe matched to trgubstrée. Quaternary

alloys such as (bssGan.47As) and (InosAlo.48As) are used to be lattiseatched

with InP substrates, which are used as substrates for a variety of d@tices

Figure 2.2 depicts the bandgap egees of many IHV semiconductors as a
function of the lattice constant, including the Ga#&ix system[22, 23]in green
line, which is experimentally predicted over the entire alloying range. Sosxe Il
semiconductors havbandgapenergies ranging from 0.18 to 2.4 eV, and the

majority ofthem have a direct gap.

w
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Ge ~ ° 2 1
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Figure 2.12: Bandgap energy as a function of lattice constant for varioel IlI
semiconductors at room temperat[24].
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2711 Vegardoés Law

Vegard's laws an empirical rule that describes the linear relationship between alloy
crystal lattice constants and constituent component concentrations at constant
temperaturg26]. For exkample, when an alloy 81 1 (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:

« WY p OQ 222

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

G p ®C @O 2.23

Nonetheless, there is a bowing effect in some alltaigsed by an increasing
disorder due to alloying. As a result, equation 2.2 modified by taking the

bowing parameter into account (b).

. b @C @ &p G 224

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 majoofythe classified structures, the
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lattice constant does not change significantly. For example, wCABternary
compound semiconductor material, where x is the chemical composition or mole
fraction, the ARC1.x properties slowly change from AC to AB agreases from

0 to 1. The lattice constant exhibits linear behaviour with x, whereas the energy gap
exhibits nonlinear bowing. The gap energy of the compound materialCABcan

be calculated using the following equation:

Cp w WOy p w0y WP G 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 ,&aAls, is so

small that theerm(& p & ) in the previous equation is insignificant.

2.7.2 Heterostructures

Generally, there are two types of structyuresamely homojunction and
heterojunction structures. The junction of two identical semiconductor materials
produces homojunction structur¢®7]. 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 prode meansto 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 sdltdte device applications, including

semiconductor lassrand solar cel 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 23, heterojunctions can be classified into thygees of band
alignment based on how their energy bands are aligned with each other. These are
classified as straddled alignment (type 1), staggered alignment (type Il), and broken

gap alignment (type ).

2.7.2.1.1 Straddled Alignment or Type |

In this type ofalignment, thdbandgamf material B is completely contained within
the bandgapof material A, implying that the lowest energy for both electrons and
holes occurs semiconductor B (Figurz13.a). This type of alignment is common

in INnGaAs/InP, GaAs/ABaAs, and InAs/GaAs.

2.7.2.1.2 Staggered Alignment or Type I
This alignment occurs when the lowest energy of the holes occurs in semiconductor
A, however, the lowest energy of the @teas occurs in semiconductor B (Figure

2.13.b). A type Il heterojunction isypically represented by GaSb/GaAs and

GaAsSbh/GalnAs.
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2.7.2.1.3 Broken Gap Alignment or Type Il

Another option for alignment is type IIl hetemsgttures, as seen in Figure 3.4,

where the Ill and V group elements (such as Ga®lg) differ. In type Ill, one
semconductor'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

[l misaligned heterojunction.

Type | Type Il Type Il
A B A A B A A B A
Ec - Ec x ( . pr—
Bt | AE, AE,
== " E! AE,
E! b E! E? T E
VB o /"”\ \E
%
E W A\E[- v I:XE[-
v e y
a b c

Figure 2.13: Heterojunctions are classified based on their dighment, where
Ec, Bv, Ey, Ec, and k& represent the materials' conduction band, valence band,

energy gap, conduction band offset, and valence band, respef2ivgly

2.7.2.2 Ander sonods rul e

Anderson proposed an electron affinity model in 18 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 semiconductorA and B with bandgapenerges and electron
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affinitiesC andC PAT .3 and.. , respectivelythat 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, theemiconductor

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

wn . . .. 2.26

Thebandgapenergydifference betweethe two materials is presented by:

wO G © 2.27

The valence band offset is given by:

WD wh .. 2.28

The band offseis given bythe following expression:

W0 0 @0 2.29

It is important to point out tha®nderson's rule is fairly valid for some
semiconductor pairbut has some limitations for many other materials. Defect
states, dislocations, and surfacterface states are not included in this model. For
instance, using this rule, the theoretical band offset value of the AlAs/GaAs
heterostructure is 230eV, while the experimental value is close to 530meV. The
failure of Andersofs model was explainedsa result of semiconductor surface

dipoles caused by atom readjustments at the semicond@ustofacq29]. These
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dipoles have an effect on the electron affinity values and, as a result, the band offset

of the heterostructure.

2.8 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 regardedsaone of the most technologically significant and extensively
researched HV compound semiconductor material. Although Goldschrf86}
created the first GaAs material in 1920, its properties were unknown until 1952. It
is formed by combiningrsenic(As) groupV and Gallium (Ga) groupll element

from the periodic table. The crystal structure of GaAs is a zinalbléype, as
shown in Figure 24, with a facecentred 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 ditance —h-h- along the body diagonal. a istfsaAs lattice constant

givenby [31]:

W TWELOo oGP T @Y oo € & 2.30

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

The energy band structure GRAs is depicted in Figure A1According 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.

Energy

X-valley

L-valley

o

<100> 0 <111
< * Wave vector

Heavy holes
Light holes

/ \ Split-off band

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

conduction valleys (X, 04 and L).
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As a resultthe 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 GaAsbandgagps direct according to the bandgap diagram definition. This
property ensures excelle@®aAs optical properties as well as excellent electron
transport in the conduction ban@aAsbased materials, which outperform Si
materials in terms of optical and electrical properties, are widely used in
optoelectronic and photovoltaic devices. FurtheendsaAs has higher carrier
mobility than Si, making it a suitable and potential candidate for the fabrication of
high-frequency devices. At room temperature, badgapenergy of GaAs is

1.42eV, which corresponds to a wavelength of QUi125].

Many techniques have been implemented using GaAs to achieve tham &td

1.55 um emissiongequiredin optical fibres'telecommunicationAdjusting the
bandgap through aling, i.e. creating ternary/quaternary alloys such as
INnGaAs/InGaAsH32], 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 conttiee emission waveleng{B3]. Furthermore,
because the GaAs energy gap is greatertthatrofSi , (G =1.424eV >C =

1.1 eV at 300K)(GaAs devices are better suited to operating at highgpératures

than Si devices. Some additional GaAs propertigs@h temperature are shown

in Table 2.3.
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Table 2.3:Some important roortemperature properties of GaAs, where hh and |h

stand for heavy hole and light hole, respectiy84j.

Parameter GaAs
Crystal Structure Zincblende
Lattice constant (nm) 0.5653
Crystal density (g/cf) 5.360
EnergybandgageV) (300K) 1.42
Band type Direct
Electron effective mass 0.063 m

Hole effective mass 0.62m (hn), 0.087na (In)

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)

InxGaAs.x is a ternary alloy consisting of GaAs and InAs. As is well known, Ga
and In are two elements from group lll of the periodic table, whereas As is an
element from group V. As a result, alloys contairtimgsecompound are referred

to as IIFV semiconductors ith 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 oinxGaAs.xAs alloys as a higispeed and higkensitivity
photodetector, which is a good candidate for optical fibre telewomcations, has

attracted the interest of researcH8&. Pearsall et al. were the first to characterise
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singlecrystal epitaxially grown IfsaGap.47As on (111)and(100) InP substrates
[37]. The optical properties dihxGaAs.xAs can be modified by varying the
proportions of INAs and GaAsg. In1.xGaAs [36]. Single crystal epitaxial films

of InxGaAs.xAs alloy can be deposited on a single crystal substrate of\a Il
semiconductor, such as GaAs, InAs, or InP, whiahea lattice parameter similar
to that of InGaAs alloy. A good match between the lattice constants of the
substrate anthin film is required to maintain single crystal properties and avoid

strain in the epilayer.

Table 2.4:Some important properties ofolsGay sAs at 300K[36].

Parameter InGaAs
Lattice constant (nm) 0.5869
EnergybandgageV) 0.75

Light-hole effective mass 0.051
Electron mobility 10,000cm?-Vit.g't
Hole mobility 250cm?-Vit.gl

2.8.3 Dilute Bismide Materials

The GaAsxBix system hasattracteda 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 band@&pand spirorbit splitting[39].

The bandgap energy of GaAs allagssignificantly reduced by adding a small
amount of Bi (88 me\perpercent Bi)23], while the spirorbit splitting energy is

significantly increased38, 40] These remarkable properties makaAs.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 §1] achieved the first successful growth of dilute
Bismide materials using metalorganic vapour phase epitaxy (MOVPE), followed
by molecular beam epitaxy (MBIE3, 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 theoesor

size difference between Bi and A&soms. Thelarge 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 @As 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 nearhe valence band maxima @aAs.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
donorg[38], and the valence band charge carriers causes significant bowing of the
energy bands. The strobgndgapdecrease of GaAis due toa small perceiage

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 oftie Bi atom[43, 44] The Bi 6p orbitals are expected to be found near
VBM in GaAs. Consequely, thebandgapf GaAsis reduceddue to an upward
motion of heavy and light hole bands. The spfftband position changes very

little, resulting in a massive increase in spin orbit splitting en@B8}y 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 atp#h, 46] A schematic of the band structure of GaAsBi

and an analogous GaN alloy is shown in Figure 261 This illustrates that this

case isvery differentto 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 elecbnegativity of N when compared to As.

B / c8 B
Energy
AE I Bi-induced
N-induced - localised states
localised states —
A€ | R
PR HH~
o ] HH LH
LH LH 7/
VB
VB VB : SO
SO SO
K
GaAsN GaAs GaAsBi
(a) (b) (c)

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 positiolocdlized 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 IABased InGa(Al)As lasers is greater
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than the spirorbit (SO) split energy, which enhances the process of Auger
recombination including these energy bandsnd is detrinrental to device
performancel48]. It is worth pointing out that Auger recombination is a hon
radiative process where the excess energy from the eldattemecombination is
transferred to electrons or holes that are subsequently excited to higher energy
states within the same bandatead of giving off photons (the radiative procdss)

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 migdércent Bi[49]. Adding heavy Bi atoms to
InGaAs hostattice only affects the valence band, so the observed transitions are
interpreted as a ghupward of the heavy/light hole bands, while the conduction
band and the spiarbit split band were unaffected, as seerrigure 2.7. The
incorporation of Bi atoms into the InGaAs hdatice results in a decreass the
energy bandgap and an increa$the SO split energy. The incorporation of Bi in

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

emission wavelength amghotoluminescencatensity[50].

InGaAs I Bi Incorporation InGaAsBi

CB

HH i
LH
SO

Figure 2.17: Diagram of Birelated changes in the band structure of InGaAsBiI

alloys.
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2.9 Optical properties of semiconductors

Optical measurements have many unique and attractive features for studying and
characterising semiconductor properties. The optical propertiesnaitonductor
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 phatons o

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 opical spectra of semiconductor materials can be investigated, providing a

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

2.10 Absorption Processes

Excitation of semiconductor materials with photons of energy greater than the
bandgapenergy produces an electrdmle pair by optical process. In this case, a
photon excites an electron from the valence band to the empty tiomdo@nd, as
shown in Figur@.18. When the energy conservation law is applied to the interband

transiton, the following equation holds:

c T 0 231

whereQ is the energy of the initial state in th@lenceband,Q is the energy of the

final state in the iscteenpdoton erergyn Fob laukk d ,

48

al



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. Neverthelegshe upper and lower limits of tHeandsdetermine the
frequency range. Consequign interband transitions broaden the continuous

absorption spectrum from the low energy threshold, & Bn uppewalue.

Energy  Upperband

Lower band

Figure 2.18: Interband optical absorption between an initial enetgyeE; in an
occupied lower band and a final enegggteE: in an upper band. s the energy

difference between the two bands.

For the direcbandgasemiconductors such as GaAs, the absorgtione f f i ci en't

as a function of wavelength (&) can be

b o - 232
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where A is a constant determined by the material propertigs,tke energy gap

and k ¥ iident ghétan energyc Figure 29 depicts the absorption

coefficients of GaAs and Si

as a function of

incident
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Energy (eV)
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Figure 2.19: Absorption coefficient of GaAs and Si near their band edges as a

function of incident lght energy (the vertical axis is logarithmjb1].

2.11 CONCLUSION

This chaptediscussedhe fundamentals concepts of semiconductemdfocused

on the most significant properties and applicasiamf GaAs, GaAsxBix and

InkGaBi-xAs, which havebeeninvestigated optically in this thesis. Additionally,

this chapter further emphasises the importance of heterostructures in understanding

the optical proprties 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 oftlimvensional semiconductor
structures, including fabrication and properties, which are critical to understanding

the optical studiesfmuantum dots investigated in this study.

3.1 INTRODUCTION

Low-dimensional semiconductor structures (LDSS) are a relatively new field of
study in physics. Thewre defined aszerce, one, two-, or threedimensional
semiconductor structures with a small scdlrie to the effects of quantum
confinement, their optical and electrical properties differ substantially from those
of the same material in bulk form. The-salled quantum well is an example of
such a structure, in which carriers are restricted to flgwmeely in only two
dimensionsThe interest in the study and preparattdr,DSD has energised the
science of condensed matter and increased globally. These advanced LDSS enable
device engineers to create new electronic and optoelectronic devicespitémiraé
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 pracisgending orthe

specific applicatiols under consideration:

1. Structural and optical qualitgemiconductors 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 thmtefwmrgy states
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within the bandgapcauses theelectronhole recombinationprocess tooccur
through tlkese defecs which may weaken light emission. When nadiative
processes take over, the optical efficiency, or the number of photons produced for
each ingcted electron and hole decreases. For semiconductor laser applications,
nanostructures with low defect numbers are required. Carrier mobilityalsay
suffer as a result of poor structural quality.

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

in the lowest energy statinplying 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 endqgl, where ks is the Boltzman
constant and T is the temperatur@t room temperature g is 25 meV, and the

level separation must be at least three times this value (i.e., 75 fe/gnergy
spacing between statés dictated by thesize of the structure Increasig the
structure size reduces the energy spacing between the confined states. The
condition stated above establishes an upper limihi®size of the nanostructures.

3. Growth compatibility:for the mass production of electronic and eleogtcal
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 tecues can be used to create them.

4. Uniformity: devices typically contaira large number of nanostructures. To
create an ideal device, each nanostructure should be the same size, shape, and

composition.

5- Confinement potentiain LDSS, the potential wells that confine electrons and
holes should be deep. If they are not, higerhal excitation of carriers out of the

nanostructures will happen at high temperaturesldotronicapplications, either
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holes or electrons trapped or contained within the nanostruanereisually

sufficient. Both types of carriers must t@nfinedin electreopticaldevices

6- p-i-n structures: the capacity to insert a nanostructure withirm@ gtructure's

intrinsic region allows for carrier extraction or efficient injection.

3.2 QUANTUM CONFINEMENT

The nanostructured materidtgve unique electronicand 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 lagérs. 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 siecording to
Heiserberg's uncertainty principleghe relationship between thmcertainties in
position(x) andmomentum (P) o& particle confinednto a regionis given by the
following equation

Yo Yo o 3.1

wher eelkanikss constant .

3.3 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 proximifyg@ftoms 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 statfld . At an energy E, the density of states
(DOS) is the number of available electronic states per unit volume per unit energy.
The DOS governthe optical and electronic performanoédevices. The DOS is
determined by the energy and dimensionality of the system in relation to the
particle's waverector dispersion relation. The electron dispersion relationship in

bulk materials igjiven by:

2 G 3.2

whereoi s Pl ank 6 sd& and kasetthe effective elettrarass and wave
vector number, respectivellfor examplethe effective mass of electrons in GaAs

is me= 0.067m, where ma is the mass of free electron
The DOSN(E), of a threedimensional (3D) bulk material is given by:

Vica 3.3

l’-’) !C 1]
9

C

The carrier's movement is confined to a plane ttansitioning from three
dimensional (3D) structures to twadmensional (2D) structures, known as quantum
wells (QWs). Thin films, QWSs and superlattices are some of the 2D systems. The
DOS in 2D systems is modified according to the number of electroniessta

available and is given by:

a 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:

L e 35
v C > C

In the case of zerdimensional (OD) systems, such as quantuns ¢QDs),

confinement occurs along three dimensions, #edDOS is transformed into a
delta function.For QDs, the electroacan only have a limited number of distinct
energies. The shape and size of the potential dot inflteestate energy and the

number ofavailable states.
The DOSof 0D structuress given by:

60 10 O 3.6

Figure 31 illustrateshow the DOS in the conduction band varies withdbgree

of confinement.
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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 (OD).

61



34 OPTICAL PROCESSES IN LOW DIMENSIONAL
SEMICONDUCTOR STRUCTURES

Carrier dynamics and optical processes will be considered only for teeotas

quantum wells and quantudots 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 band&e absorption strength is determined by thesitgn

of states in both bandse. the combined density of staje$he 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 sy3ieen
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 statémother modification occurs because tok
effects of excitons, wibh are electrothole pairs held together by Coulomb
attraction[2]. Since the optical transition can be considered as the creation of an
electronh ol e pai r , Coul ombés attraction inc
improves the probability of formintpe electrorhole pair.Fora perfect 2D system,

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

values[3].

3.4.2 Photduminescence Process in Nanostructures

Holes and electrons in a semiconductor can be formed either eldgtincalp-n
junction or optically with incident photons with energies greater thabahdgap
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 stianer

the time required for electremole 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
bandga, with a small distribution due to the thermal energies of electrons and
holes. Figure 2 shows the effect of quick carrier relaxation in the emission
spectrum of dive QWsstructure with different widths. Although the wider wells
have a number of comfed states, only emissions corresponding to the lower energy

transition per well are shown.
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Figure 3.2: Emission spectrum of a GalnosAs/InP QW structure with five

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

transitions are depicted in the inf&it

Higherenergy 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 populatedihis can happen under highagation conditions, when low
energy states become completely occupied and carriers are prohibited from relaxing
into them due to the Pauli Exclusion Princigiggure 33 illustrates the emission
spectra of a set of sedissembled QDs for various optieaicitation powersSince

the averagaumber 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 degesfevaoyis
completely occupied, and emission from higheergy (excited) states is possible.
Because of the size namiformity 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.
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Figure 3.3: An ensemble of emission spectra from InAs-asembled quantum
dots at three different laser powdensities. At the highest power, emission from
three different transitions is detected. The numbers next to each spectrum represent

the relative intensity scale factdf.
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35 CARRIER DYNAMICS IN LOW DIMENSIONAL
SEMICONDUCTOR STRUCTURES

Carrier dynamics in QD structures are significantly more complex than in bulk
materials due to thestercinterface of two materials and the separate nature of QD
levels. Figure 3t depicts a simplified diagram of the band of the QD semiconductor
structure when excited with light, abservedn a photoluminescence experiment.
Excitation is expected tocour 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 fornvia a selfassembled growtprocessacts as an additional QW

in the structure. As a resultariousdynamic carrier processescur 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. Relaxatio of the carrier through carrier interaction (thecatled Auger effect)
or carrier phonon interaction.

5. Carrier trapping and/or nonradiative recombination as a result of carrier transfer
from the QB to nearby deep level traps.

6. Radiative recombinationniwhich the electron and ho#mnihilateeach other.

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

Furtherpotential processes include the radiative and nonradiative recombination
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of WL carriers, barrier valence/conductiondatinermal escape of holes and

electrons from QDs.

4 Carrier trapping
nonradiative recombination

8 5
Excitation —

N Radiative recombination
© Photoluminescence

Figure 34:. A simplified band diagram of a QD structure excited by light,

illustrating the various processes described above.

3.6 EPITAXIAL GROWTH OF LOW DIMENSIONAL
SEMICONDUCTOR STRUCTURES

For optoelectroic applications, precise growth of high purity crystal
semiconductors with low defect density (5 x3@r? or less) is required. The
growth of semiconductor heterostructures inchiaeechnique known as epitaxy,
which facilitates deposition and combinsmgle 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 atonfiitaxial growth of Il1-V compound
semiconductorgan 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-M materials though they can be
easily distinguished by their typical applicatorboth are commonly used as
production and research toofevertheless, 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 tBE Method, the materizl
areevaporated in ultrhigh vacuum (UHV), where epilayers crystallise when the
atoms hit the hot substrat&ince MBE operates under UHV conditions,
simultaneous characterisation of the growing film is possible, making this
techngue 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 sth 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 withkin 5
10! mbar (atmospheric pressure is around 1000 mpak) 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 sorgktal 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 monolayene layer of Ga and one layer of As for

the caseof GaAs) The growth rate is typically arount € rper 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 abilityo 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 ignudsen or molecukiiow
regime, and the furnaces are known as Knudsen-cellK. The molecules that
emerge from the Kells do not diffuse as they would in a gas, but instead form a
molecular beam that moves in straight lines without colliding thei 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. % difference in thtkness

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 tablewever Si may act as a
donor or acceptor in HV 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 actsaan acceptor by growing on a surface other than the (100)quahe

as (311)A Beryllium is commonly used as an acceptor irMIisemiconductors.
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3.6.2 MBE Growth of Bi Based Ill -V Structures

Because of the large difference in atomic size between bismutirsewic, MBE
growth of GaAsxBix requires norstandard growth conditions. In GaAs, for
example, the lowest impurity and defeetated luminescence emissions are
observed fora growth temperature (substrate temperatufe), between 550
600°C. The MBEgrowth of GaAsBi, on the other hand, requires much lower
substrate temperatures because Bi does not appear to incorporate significantly
above approximately 38G [7]. In addition, the//lll 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 {B&ASs
alloys using MBE, it has been proposed that Bi camberporated in significant
amounts: the highest reported value to date is x =[82% he ability of Bi atoms

to act as a particularly effective surfactant on théaserduring growth (Bi atoms
alter the surface chemistry and defect structlueng the I}V semiconductors
growth by MBE and MOCVDis responsible for the ability to grow GaAsBi away
from nominal GaAs stoichiometry and avoid the negative effects t{pataderved

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 [Batrix
11] and, in some cases, form-Based droplets during growth2-14] inhibits Bi
homogeneous incorporation. Excess Bi cansaffregate to the surface, where it
can group unevenly and form droplé#&re importantly, the presence of a GaAsBI
growth window provides a guide to the growfratboys with various compositions

by controlling critical parameters such\&sll 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 semiconductor structure that is
sufficiently thin to confine carrier movement on a lergtiale comparable to their
de Broglie wavelength, which is approximately 30 nm for an electron in GaAs at
room temperature. Carriers' electronic and optical propamgedefined 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 thabeamnown is shown
in Figure 3.51n this case, a GaAs/AlGaAs structure is grown on AGabstrate,
as shown in Figure 3(&). 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 wavelef@gihAs and
AlxGai-xAs are lattice matched within 0.1% for all x values, making GaA§/al
xAs materials uniqgue among M semiconductors. Because of this property, the
growth of GaAs/AlGai.xAs heterostructures is simple and free of defects. At room
temperature, the bagaps 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.

Oy G0 OO0 " p WE 0aoi 3.7
The band discontinuity ratio between GaAs angdG&l-«As is unaffected by alloy
composidainodnagfEgppEconst ant Jvariasowitnxp msghe whi |
case of a typical barrier, ag=08T4edont en

for this c¢compondi, teHE.247 eVamdd.12pEV, respectively
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[16]. An external light source with photon energy greater than the effective band
gap produces excess elecirbale pairs by excitation of electrons from the valence
band to the conduction band. Excited electrons quickly lose their excess energy and
thermalize to the suband 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 baas. Figure 3.%b) illustrates a transition of an electron between

an occupied state at i the n = 1 subband in the conduction band and an empty
state (i.e., a hole) at2En the n = 1 subband in the valence band, resulting in
emission of a photonfo e n e r aqyE:&saequired By energy conservation.
This spontaneous emission processquires external excitation such as

illumination, referred to as photoluminesceitg].
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Figure 35: (a) A single GaAs/AlGaAs QW is depicted. The QW is fornigda

thin GaAs layer sandwiched between two AlGaAs layers with a wider bandgap. (b)
Spatial variation of the valeacband and the conduction bands well as the
optical transition of an electron fromstate in thezx 1 conduction suband to an
empty state (hole) in the#1 valence sulband, resulting in the emission of a

photon with energy hv=4E;.
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3.6.4 Growth of Quantum Wires

One notable method for fabricating quantum wires or dots is to begiravgiv,
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 electrdieam lithography, followed by etching. This method
has the advantag¥ allowing the creation of any desired shape. However, because
the electron beam must be scanned seriallyusface, writing large area patterns

Is timeconsumingFigure3.6 depicts théormationof quantum wires. The standard
QW layer can be patterneohd etched to leave a freanding strip of QW using
photo or electron beam lithography. The latter may or may not be filled with
barrier material overgrowth (in this case 1G&lxAs). As in QW, any charge
carriers are still confined along the growth axisas) of the heterostructure, but
they are now confined along an additional direction, eitdeng x- or y-axis,
depending on the lithography process. Within the confinemésnbgaproximation,

the wire can still be described by a parabolic dispersadationship given by

equation 2, which is analogous to bulk andphane motion within a QW.

B

Ga: ALAs B.sn'-eV/

GaAs Q Well

Figure 3.6: Schematic diagram showing the fabricatiomafuantum wire.
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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 redearch

19]. Especiallywith 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 nexgeneration of photonics devices, such as 4pigHformance

lasers and photodetectors. Semiconductor quantum dots have unique discrete states
due to the thredimensional confinement. It is widely acknowledged that quantum
dots lasers have excellent tempera stabilityand low threshold currents due to

their higher density of states as compared to quantum Wé&lsletectors can cover

a very wide range of wavelengths due to the different separate energy states in QDs
based on their intdsand and intesubband transitions. QDs can be considasd

"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 diseomovel phenomena.

Over the last 20 years, few techniques have been used to fabricate QDs, such as
lithographybased techniques that combine higBolution 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 nonuniformity.

4. Interfaces of poor quality.
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5. Damage to the bulk crystal.

StranskiKrastanov (SK) growth in lattieenismatched systesnis a novel and
appealing method of fabricating deféte 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 i
initially accommodatedby biaxial compression in a layby-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 gywith.

In such a system, the transition between coherently strained 2D growth and the
onset of OD island growth occurs after the deposition of a "critical thickness"

epitaxial material (¢). This critical thickness is calculated as follows:

W
0 e 38
GsS
wherei s the | attice constant of the subs;
two materials which is defined as:
@  w 3.9

w

wherec is the lattice constant of the epilayer.

This critical thicknes: ‘Q decreases as the lattice mismafh-&) between the
epitaxial material and the substrate increases. The Stidrestianov growtimode
refers to the transition fromupely 2D to 3D growth during the deposition of the
straned epitaxial layer. Figure 3depicts the SK growtmodeof selfassembled

quantum dots. In the first two phases of Figur&é(d, b), a strained but uniform
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layer of InAs grows with the samattice parameter as the GaAs substrate. This
results in the formation of the ®alled wetting layer, which is a narrow QW.
Strain, as shown in Figure73c, makes it energeticalfgvourableor the formation

of InAs 3D islands beyonthecritical thickress.

(a) (b) () (d)

Figure 3.7: StranskiKrastanov selassembled QD growtimode(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 narow 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 optl characterisation.

QDs form in the case of InAs/GaAs when approximately 1.7 monolayers (MLs) of
InAs have been deposited. The critical thickneQ) (ncreases as the indium
composition decreases. Fob ¥Ba sAs/GaAs QDs, for instanc’Q is around 4 MLs.

It has been discovered that the lowest In composition that can support islanding of the
InxGa.xAs layer is 25%. One advantage of SK growth of QDs, which is aitun
technique, is that no processing is required. Because the dots are grsin the
homogeneous surface morphology is preserved, and defects are avoided. The
underlying issue with this method is the size qomiformity (about 10%) and the
position uncontrollability of the QDs. Size control and arrangement cbsgdinized

0D structures are thought to be very important for obtaining excellent structural
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properties. Modifyinggrowth parameters such as deposition rates and temperature,
the composition, size, shape and surface density of the dots can be corthaled
SK mode hadeen used to fabricate salésembled quantum dots (SAQDs) from a
variety of semiconductor materials, includingWisemiconductors (kGa.xAs/GaAs,
InxGaxAs/AlGaAs, InP/GalnP), VI materials (CdSe/zZnSe) and wide bandgap

nitrides (GaN/AlGaN).

3.7 CONCLUSION

Importantconcepts of londimensional semiconductor structuvesrepresented in
this chapter. Optical processes and carrier dynamgrsalso discussed only for
the case of quantum wells and quantum dots. In addM&t; growthtechnique,
which was used to grow all samples investigated in this thesssdescribed
Furthermorethefabrication process @felfassembleduantum dotstudied in this
thesis which is critical to understanding their optical propertieas discusseuh

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) spectroscopyray diffraction (XRD) scanning electron
microscopy (SEMandRaman spectroscopyheexperimental systembdrdware

and softwargare also presented. The growththe sampleand gamma radiation

conditionsused in this studgre described in the relevant chapters.

41 PHOTOLUMINESCENCE

4.1.1 Principles of Photoluminescence

This section will look at photons +&mitted by interband luminescence after the
semiconductor has been excited by a photon with an energy rgteatethe
bandgap (Egdf the semiconductor under investigati@ome 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, exgiéin electron from the valence band (VB)

to the conduction band (CB) and producing an eledtaa pair. Following this
optical excitation, holes and electrons develop spatially and temporally with

characteristic times based on several relaxation pragesaseshown in Table 4.1

[1].
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Table 4.1:Fundamental processes in semiconductors.

Microscopic Process Characteristic
times (sec)
Carriercarrier scattering 101°-1012

Intervalley Scattering 1014
Intervalley Scattering 1013
Carrieroptical phonon thermalization 1012
Optical phonoracoustic phonon interaction 10t
Carrier diffusion 10t
Auger recombination (when carrier density2’@n?) 1010
Radiative recombination 10°
Lattice heatiffusion 108

The electrorhole pair will then be thermalized by scatterimngchanismdbefore
recombining and emitting a photon with an energy (wavelength) corresponding to
the bandgaprhis process is known as batwdband radiative recombination, and
itis presented in Fige 4.1(a) for a direct bandgap systePhotoexcited electron

hole pairs can also recombine A@diatively via a defect state in the bandgap, as
illustrated in Figire 4.1(b). Unintentional mpurities €.g. oxygen, carbonpand
defects caused by dislocations and point deflatisig growth(clustering, vacancy

or interstitial)can cause defect stateghin the bandgapThe energy emitted by
carriers recombining via defect states is converted into crystal vibrations and heat
(phanons). As a resulthe intensity of the PL emission will be closely associated
with the density of the defects that reduce the emissfmmneover, the main PL

spectral parameters are closely related to the properties of the material, and PL
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intensities povide useful information about the efficiency of radiative
recombination. For device applications, it is importartb understand the
competition between radiative and n@udiative recombinatioprocessesThe
measurement of PL spectra at different exiditaintensities 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.

(a) (b)

Energy
A

T Emission
Excitation :‘a Excitation
E,

he ha,

Defect state

k VB VB

Figure 4.1: The basic mechanisms of recombination after plestotation are
depicted in a schematic diagram. Carrier recombination processes demonstrating
(a) bandto-band radiative recombination and (b) rawliative recombination via

defect states betwa the CB and the VB.

The Einstein coefficient A defines the rate of spontaneous emission of radiative

transitons between two levels as illustrated in Figureah@ is given by:

A 4.1
0 R

T

wheret 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:
Q0 . 4.2
Qo ov
This rate equation cére resolved to give:
4.3

00 UMQa 060 i)n'Q(L,":T—

The Einstein coefficient A is directly proportional to the B coefficient, which gives

the probability of absorptiofi2].

Yo 4.4

—0
w

5
where®is speed of ligh' frequency of radiation ar'®s Planck constant.
This equation states that transitions with a high probability of absorption also have

a high probability of emission.

Level 2:, Emcepuwlya

Spont ane

Emi ssi or

g

Level 1:, Emcepuwlys
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 equilibrivith black body radiation.
Theluminescencéntensity pcan be written at frequency)(as follows:

TH® © D QD wd QUEXHD O 1) O DD E | 45
where thdevel occupancy factoindicates the possibility that the relevant lower

level is empty and the upper level is occupied

The occupancy conditiorfer photon emission between the separate energy levels
E:1 and E are described as follows: a valence band state of enerigyenpied
(filled with a hole) and a conduction band state of energis Hlled with an

electron.

Fermi functionsfc and fy corresponding to the conduction and valence bands,
respectively, specify therobabilitiesthat these occupancy conditions are satisfie

for different values oE; and k. The probability§ 3) t hat t he emi ssi
iI's satisfied for a photon of energy hs
upper state to be full and that the lower state to be empty.

o ¢ p o 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 inthe excited state banth contrast, photons can be absorbed into
any state within the excited state band, regardless of how far above the bottom of
the band they ardén addition to radiative emission, the electron kes® energy as

heat by emitting phonons, or it camansfer energy to defects known as traps. If
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these nofradiative processes occur on a faster time scale than the radiative
transitions, only a very smalumber of photons will be releaséthe efficiency of
luminescenc= is given in this case by:
B P 4.7
P T
wheret andt are the radiative and neadiative lifetimes, respectively
Whent >>t1 , — E fBen toosmalland the light emission is not efficierts a

result, effective luminescence requires that the radiative lifetimsmadierthan

the nonradiative lifetime[3].

PL is defined as the spontaneous emission of light from a material that is being
optically excted.In 1888 Wiedemann introduced the term "luminescence" where
the | iteral transl ati on f rThenprefixaphaton o f
demonstrates that this luminescence is caused by photoexcitation. Luminescence
canhapperfor a variety of reamns and for varying lengths of tim&hen 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),
luminesence is known as fluorescenegiereas 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 thjeality of semiconductor structures containing quantum wells,
wires, or dots. In the case of PL in semiconductors, the excitaticarnged out

using an optical source with a higher energy than the investigated sample's
bandgap. The photons are absorbgdhe material, where they excite electrons

from the valence band to the conduction band, resulting in eldotiderpairs. The
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number of electroole excited pairs varies with the intensity of the incident
photons. Excitons may form when holes and ebext are relaxed to their band
edges. By the end of the process, these pairs can either radiatively recombine by
emitting photons or neradioactively recombine via defects, surface, or Auger
recombination. As a result, the photon spectrum emitted providesful
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 (Kg4.3 (a)), followed by
relaxation to the band's edge (fig4.3 (b)). After that, an electremole pair is

formed, and a photon is emitted (&ig 4.3 (c)).

Conduction band Conduction band Conductionband
hv
AN r':PL AN
Valence band Valence band Valence band
(a) (h) {c)

Figure 4.3 lllustration of the processes involved in PL (a) phetcitation from
the valence band to the conduction band, (b) dbé&rad relaxation and (c)

recombination, which leads to PL emiss[dh

A rich source of information about the photoexcited material is provided by
collecting and analysing the emitted ligitbhe PL spectrum gives the energies of
phaons emitted, which is a direct indicator of the levels of electronic eneffies.

PL intensity provides a measure of the relative rates of radiative ancadiative
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recombination. For device applications, understanding the competition between

radiative and norradiative recombination paths is important.

The PL technique is simple, versatile, and -destructive and does not require

any sample preparation or environmental cont@hcethe sample is optically
excited, no junctions or electricalontacts 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 lumineseean be examined in various
regions of the sample's surfaCehe main disadvantage of Rkechniqueis its
reliance on optical transitions: the sample under investigation should emit photons.
Some semiconductors, such as indirect bandgap semicondheteesessentially

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 onraahiative recombination processes. In general,
PL cannot be used to accurately estimate the density of traps and impurities. When
theselevel statesareradiative, 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. Mnetheless, the absolute density of these states is measured differently
[5].

4.1.2 SystemHardware Implementation

The block diagram and images of the PL system used in this study are depicted in
Figures 4.4, 4.5, 4,64.7 and 4.8 The following sections describgome key

components of the PL systemhich operates at temperatures ranging from 10K to

300K.
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4.1.2.1 Spectrometerand Detectors

Theemittedphotoluminescence 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 (S&e5Figure

4.4). The Shamrock 508ipectrometer, which is fitted with a CCD caméeatures

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 aret@mchangeable indexed triple turret with three distinct
gratings (300 grooves/mm at 3000 iaze 600 grooves/mm at 2000 nofaze

and 1200 grooves/mm at 500 rnfazg. The slit widths for entry and exit can be
manually or motorised adjusted from i to2.5 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 wavelengték

InGaAs CCD
Camera

Spectrometer

Figure 4.4: Photograph of the Andor Shamrock 500i spectrometer and InGaAs

CCD camerditted to the exit of the spectrometer
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The InGaAs and SLCD detectors used in the PL system é&igh sensitivity and
can cover optical wavelength ranges of 600-ritr/ um and 300 nm 1000 mn,

respectively (see Figure 4.5n this study only thénGaAs detectowas used

100

70 |

Quantum efficiency (%)

0.6 08 1 1.2 14 1.6 1.8
Wavelength (um)

| Si Detector

Quantum efficiency (%)

[+ 1 l ! 1 1 |
200 300 400 500 600 700 800 900
Wavelength (nm)

1000 1100 1200

Figure 4.5 The efficiency response curves(aj InGaAsCCD detector an@b) Si
CCDdetector.
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4.1.2.2 Lasers ad Optics

To excite the sample, the PL systasesthree types of laser sourcédie, green,

and red lasenwith wavelength®f 473 nm, 532 nm and 655 nm, respectivélye

laser power incident on the sample is controlled um#y using aneutraldensity

filter. A beam splitter is used to shine the laselodhe sample and direct the PL
signal to the appropriate spectromefene fitted with an InGaAs CCD and the
other with a Si CCD). In addition, a long pass filter is insthin front of each
monochromator entrance slit to eliminate undesirable-brder lines of the laser

light. The PL setup also includes a number of optics, such as lenses and mirrors, to
focus the PL signal d@a the entry slit of the selected spectrometrd the laser

light onto the sample. Figuresoand 4.7 depicthe setup configuration of the PL

system used in thisork.

Spectrometer
Temperature controller
(lakeshore 331)
CCD Camera
Long Pass Filter
Sample ——
’ CCD Camera
o Lens
/ Beam splitter
g B — i FAMi
J=k 4 g Emigsion light | l',_l_.,\hm)r n I
= T v —{
Lens
Cryostat Long Pass Spectrometer
(Janis-CCS-150) w256 line filter Filter
e é\
: O O
— + -
Power Supply

Figure 4.6 A schematic diagram of the photoluminescence apparatus.
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Figure 4.7: Photograph of the photoluminescemgparatus.

4.1.2.3 Cryostat and Temperature Controller

A stateof-the-art cryostat, model Janis CEa30, was used for temperature
dependent PL measurements. A temperature controller, model Lake Shore 331, and
a cryostat have been installed to control the teatpex of the samples.
Furthermore,liermal sensorand a builkin sample holder are also includéske

Figure 4.8).The refrigeration principle is based on a clesgdle flow of helium

gas (He) through a compressor, which produces temperatures raogintOK to

300K.
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(a)

Figure 4.8: Photograph ofa) sample holder, (b) cryostaodel Janis CC350.

4.1.2.4 Computer Interface

The spectrometer and CCD cameras are connected to a computer via USB ports

andusedWindows 10platform

4.1.2.5 System Controlling Software

The equipmentof the PL systemis remotely controlled using Andor'Solis
software It hasseveralfeatures 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, shutt€GD cameras and

spectrometey.

4.1.3 Photoluminescence Measurements

This section provides some key details about the PL measurements performed for
the study described in this thesid.ow-temperature photominescence
measurements were carried out at temperatargging from 10 K to 300 Kising
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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 Halaoted cryostat. The PL
system's excitation light was generated by a ssiade green laser with a
wavelength of 532 nm and an energy of approximately 2.33 eV over a wide power
outputrange It is important to note that trenergyof the green laser usestceeds

the band gap ohe materiad investigated and only small excitation laser powers
(few mW) were usedo produce goodL signals.However, the signalo-noiseis
determinedalso bythe quality of the material and detector sensitivitin this
experiment)nGaAs detector wieh cowers the infrared range was usethally, the

spectrum igecorded and stored the computer.

4.2 STRUCTURAL CHARACTERIZATION

X-ray diffraction (XRD) scanningelectron microscopy SEM) and Raman
spectroscopyechniques were used in order to obtain important informatiaut
the epitaxial layers such as cowosfion, thickness, and strainlwlk materials and

quantumdots.

4.2.1 X-ray Diffraction

4.2.1.1 Principle of XRD

X-ray diffraction (XRD) is one of the most commonethods for characterising
epitaxially grown semiconductor layers. XRD provides a measure of the material's
long-range order. Xays can penetrate the depfithesample surface and provide
valuable information about material composition, thicknesslitgyuatrain, and
relaxation (mismatch). Xays are appropriate for this purpose because their

wavelength (= B4 A produced by a Cu source) is comparable to the distance
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between the atoms in the crystah incidentX-ray beam on a crystal lattice will

be diffracted and interfere with itself, resulting in constructive and destructive
interference. The diffraction of af-ray beam by crystal lattice planes is shown in

Figure 49.In case ofthex ays of wavelength & inciden
atoms, with a spamg d between the planes, the peaks of Bragg (constructive

interference) occur when the law of Bragg is satisfied:

where¢ is an integer— represents the angle of Bragg ¢(XQdre Miller indices

for the set of planes analysed.

2dsm0

Sample Surface . . 23'. . .

00
Diffraction Planes  @--- @ -0 0
o 060606060

Figure 4.9 A geometrical diagram depicting the diffraction ofXamay beam by
crystal lattice planes. Orange arrowheads represeay Xeam wave fronts, where
deeper penetrating-rays returning from diffraction planes have shifted viaore.

To undergo constructive interference for the diffractech)beam, the difference
in distance travelled by the diffracted waves must be an integer multiple of
wavelengthsDiffraction 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 peawidth. Pe& 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 pRamkagram of the
posgble strain states in a compressively strained film is shown in Figd 4.
Using equation 4.8the layer with the larger lattice parameter will diffract at a
smaller angle, resulting in negative peak splitting (with respect to the substrate),
whereas théayer 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 [d@ly which describes the
relationship between composition and an alloy lattice parameter,saitovan

accurate assessment of the composition of ternary alloys (such as<BiaAs

Epilayer

Substrate

Full}v" Partia-lly Fully

strained relaxed relaxed

Figure 4.1Q A diagram showing the various biaxial compressive strain states for a
cubic epitaxial film with a lattice parameter larger than the substrate mg8grial
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4.2.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a powerful technique for-regblution
analysis of a wide range of materials. An SEM is a typdemftron 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 magnihage up

to 2 million timesIn 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 speciffilea.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 Xrays.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 imaffls

Important components of all SEMs are shown in Figurd 4id includes the

following [10, 11}

1. Electron source (or gun) that generagectrons 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 l@@a@hdetermines
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 lenswhich 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.

Electron Source

[ | Anode

) Condenser lens

Electron beam —»

Scan coils

V) Objective lens

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 scattefiRgman

scattering), in which the scattered light has a different wavelength thantidhent
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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 Aribtokes scattering. Both types contain information about the

material and its molecular composition.

1. Stokes scattering: the photon transfers energy to thlecule. 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, elasscattering can also appear. Elastic
scattering at the same energy as the incident radiation is named Rayleigh scattering.
Light scattering is a twphoton process in which one photon is absorbed and
another photon is emitted at the same time. Figure #d®&ssthat 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 fég.12a). In Rayleigh sdatring,

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 arStckes
scattering, are inelastic processes in which molecular electrons oscillate in response
to photon excitatiorfl12, 13] The previous and the resulting electronic ground
states are distinct. The emitted photon is frequeshifged, and the difference from

the incident frequency reflects energy that cgpomds to specific molecular
vibrational frequencies (Fige 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 applioatitn general, only
a small part from about every®a0° photons is inelastically scatterfi®, 14]

(a)

Incident light

sample
| |I Ravleigh scattering
HILIIWW  Stokes scattering
. Anti-stokes scattering
Resulting bands ‘ b
I | l 1
+2 +1 0 -1 -2

frequency shift

(b) Virtual energy level

F 3 F 3

Stokes Vibrational level

r 4

Rayleigh Anti-stokes

ground electronic state

Figure 4.12 Types of light scattering. (a) Raleigh, Stokes, and-%iukes
scattering and the resulting frequency shift relative to the incident light. (b)

Molecular energy levels corresponding to tyyee of light scattering
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CHAPTER 5: THE EFFECT OF GROWTH
TEMPERATURE ON THE STRUCTURAL AND
OPTICAL PROPERTIES OF DILUTE GaAsi-xBix
EPILAYERS GROWN BY MOLECULAR BEAM
EPITAXY

This chaptepresents a detailed analysisioé effect othe growth temperaturen
the structural and optical properties GBAs 1 Bix epitaxial layersgrown by
Molecular Beam Epitaxf{MBE) on conventional X00) GaAs substratessing
various techniques such as-r&y diffraction (XRD), Scanning Electron
Microscopy SEM), Ramarspectroscopgnd its associatetble concentratioand

photoluminescence (PLIn addition, a brief literature review is presented.

5.1 INTRODUCTION

Dilute 1l1-V bismide semiconductors materials suctGa#\s : Bix alloys display
strong reductiomm 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. GaAs: Bix with x being the Bi composition, leads to a giant bowing in
the band gap energy (~ 88 meV/%Hi}, as well as @ increase of thepii orbit

band splitting which helreduce the nomadiative Auger recombinatiof®, 3]. In
addition,the electron spin properties, which depend critically ospieorbit (SO)
interaction, can be tuned in dilute bismides, making them suitable candidates for
spintronic applicationdt is important to nte thatthe conduction band is barely
affected by the Bi atom$hese remarkable properties such as reduction of the band
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gap makeGaAs : Bix a suitable material for several device applications such as
multi-junction solar cells[4], photonic devices[1l] and longwavelength
optoelectronic devicefp]. It is well known that the growth temperature ofVl

alloys can significantly influence their crystalline quality. In fact, substitutional
incorporation of Bi into the host lattice of M compounds requires low
temperature growth. However, the growth of GaMsx is more complicated than

the growth of conventional IV alloys. This is mainly due to the high tendency of

Bi to surface segregate during growth, which requires the growth temperature to be
| ower ed t ¢6]. Low grdw@hQtempeyrature of GaAs causes an increased
density of defects as well @isleads to degradation of the optical qualitytio¢

alloys [6]. For instance, growing GaAs at temperatures lower than the optimal
growth temperatures (~586 0 O ) |l eads to the creatio
such as Asntisites (Ascs), As-interstitials (Ag) and Ga vacancie$?, 8]
Additionally, it is found that as the growth temperature decreases deep level defects
are generated in GaAs and their concentrattwasnhanced7, 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 stippress
formation of traps in GaAs. However, iBaAs 7 \Bix epilayers where Bi is
substituting an arsenic atom, Bi related defects are credtegpromote the Bi
incorporation, the alloy needs to be grown using comparatively lower temperatures,
and modified VI flux ratios [10, 11} By growing at 206C using MBE, Lewis et

al. reporteda record Bi concentratioof 22% [12]. However, the growth at low
temperature can generatemore defects and inferior surface qualiyhich
deteriorateslevice efficiency. In the case ofetalorganic vapouphase epaxy

(MOVPE) growth the Bi concentration is lower3(5 3.7%) for an epilayef13,
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14], and 14%in structures with compositional inhageneity [15] since a
comparatively higher growth temperature is required to decompose the organic
precursomolecules. Recently, Jacobson etsaiggested 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 stfdié]. This concept
allows increasing the Bi content withogbompromising theoptimal growth
temperature and provides an opportunity to grow an epilayer lattice matched to
GaAs substrate. So far, the concept has been demonstrated for GalelPBI
grown byMOVPE[17, 18] Forghani et al showed that the quaternary alloy can be
pseudomorphically grown on @a substrate witlreduced band gap of 1.01L11

eV, while Nattermann et al reported the first photoluminesceresgsuremeruf

the quaternary alloj18]. However,one of thekey parameterthat limitsthe Bi
incorporation is the growtkemperature. 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 klvaland deep electronic states in the
band gad19]. An order of magnitude increase in the hole wapcentration in
GaAs1 1 Bix was reported when the growth temperature was decreased from 370
°C to 330°C [9]. Hence the optimization ofGaAs 1 Bix growth conditionsto
enhance the optical and electrical quality of the alloy is still a challenge.-An in
depth study of the fundamental propertie&aRs 1 Rix is strongly needed in order

to explore its potential for commercial usgdgé This work reports a systematic
study of the effect of the growtlemperature oGGaAs ;Rix epilayersgrown on

semtinsulating (100) GaAs substrateby MBE on ther structural andoptical
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properties by usinggRD, SEM, photoluminescence, hole concentratmal Raman

measurements.

5.2 EXPERIMENTAL DETAILS

The GaAs.xBix thin layes weregrownby ShutQing Yu (Departmenbf Electrical
Engineering, University of Arkansas,Fayetteville, AR 72701, USA). In the
following sectionghe effects of different growth temperatsiom thestructuraland
optical properties of GaAsBix thin films grown on seminsulting GaAs (100)

substratewill be reported.

All GaAs..xBix thin film samples investigated in this work have been grown by
solid-source MBE on semnsulating (100) GaAs substratender identical growth
conditions to explore the effescof growth temperatur@ g, on thestructural and
optical properties of the samples. For this purpasset of sevenGaAsgi-xBix
epilayerswere grownat Te= 300°C, 310°C, 320°C, 325°C, 340°C, 345°C and
365°C and labelled as A, B, C, D, E, F aBdrespectivelyas shown imable 5.1.

The samples were first heated to a temperature of&16r 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 gtowth temperature of
580°C 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 & and the growth rate lowered R0.1 monolayer per second. After
tha, a 300 nnGaAs 1 Rix layer was deposited using a relatively large Bi toat
wastwice 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 oGaAs iRix is reported in Ref[20]. The Raman
measurements were performed by employing akddd_ab RAM Evolution micro
spectrometer at room t e mp elaset excitationu s i n g
powers of 5.35 mW and 0.107 mW, were used to olotaia abouthe correlation

of Bi concentration with PL results aride hole concentratignrespectively.In

addition,SEM data was acquired usingdalios Nano lab 650, FEI Company.

GaAs; yBi, Bulk

(300nm)
Tg (300 °C, 310 °C, 320 °C, 325 °C,
340 °C, 345 °C and 365 °C)

GaAs Buffer layer

Semi-insulating (100)
GaAs Substrate

Figure 5.1 Schematic structure tfie GaAs.xBix epilayers grown on (100) GaAs

substrates.

Table 5.1: GaAs.xBix thin film samples investigated in this study.

Samp A B C D E F G

Ts (°C) 300 310 320 325 340 345 365

106



5.3 RESULTS AND DISCUSSION

5.3.1 Structural Characteristics

5.3.1.1 X-ray Diffraction (XRD)

Figure 5.2 shows the XRD pattern feample E (Te=340 °C) with a Bi
concentration of 4.4%. The XRD pattern shows thvek defined peaks located at
31.62, 65.53 and 66.08which are associated with the diffraction planes of (002)

and (004) ofGaAs 1 Rix and (004) ofGaAs, respectively.

=
%

©0a) N

GaAsB}\ U

— Sample E
(340C)

[EEY
Q

o [ gy}

k {j GaAs substrate

=
Q,

10°
10°
10*
10°

XRDIntensity(a.u.)

20 30 40 50 60 70 80
2q Degree

Figure 5.2 Diffraction patterninthefli2ds can of X ray diffract
for sampleE doped with Bi concentration of 44 The inset shows the diffraction

pattern in the region betweed 2 65.5°and 6P, where two peaks are associated

with GaAs 1 Rix and GaAsand the other two additional peale due to the copper

k U briginaingfrom 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 sh

oOWwSs t

he

XRD

patterns

65%and 67. It is clearly seen that there is a displacement op#iak between 65.5°

and 66%s a function of the bismuth concentration/growth temperdtigare 5.4

illustrates the shift of the characteristic peak of XRD as a function of the

concentration of Bilt is important to point out the linear trend®&As  Rix (004)

peak displacement as a function of Bi concentration.

1E9-§
] GaAsBi
1E8—§
1E74 \ 1
1000000_; sample D

100000

=
o
o
o
<|3

XRDIntensity(a.u.)

GaAs Substrate

4.7%
4.4%

4.3%
4.2%

1
1
isampleB ! 3.1%
1
100+ . 2.8%
10?4'" : 2.3%
sample A
l T T T T T
65.0 655 66.0 66.5 67.0
q 2q(Degreg
Figure 5.3:XRD patterns obtained fand6fPal | samp
66.0+ S
?»
~
65.94 N \§
~ ¢
o~ 65.8 S e
= ~
(a) S e
65.7 ~
~
~ Lo
65.6 AN
~
~
65.5- § <
2.0 2I.5 3I.O 3I.5 4I.O 4I.5 5.0

Bi Concentration (%

Figure 5.4 Displacement otharacteristic 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 @afls.«Bix samplegrown

on (100) GaAs substrates at different growth temperatures.

Figure 5.5 SEM images othesurfaces o6GaAs. xBix samplegrown on (100) GaAs
substratega) sample A(Tc=300 °C), (b) sample B(Tc=310 °C), (c) sample C
(Te=320°C), (d)sampleD (Tc=325°C), (e)sampleE (Tc=340°C ), (f) sampleF
(Te=345°C), (g)sampleG (Te=365°C). The A (a) and B (b) samples exhibit many
droplets, while the samples C (c) to G (g) both droplets anchbgifed trailing

nanotracks are present.
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The scanningelectron microscopy (SEM) data was acquired usinbletios
Nanolab 650, FEI Comparfigure 5.5 shows the SEM images of the surfaces of
GaAs i Rix samples where droplets are clearly obser¥é@. growth mechanism

of these droplets has been the object of study in many y@ik2] These Bi
droplets, which are formed during the MBE growth of @@As i Rix epilayer, are

in general associated with the roniformities of thehickness andomposition of

the growing layer In fact, as expected, the samples wille 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 temperatardswer concentration of Bi was
incorporated ird the GaAs host lattice. On the other hand, sample D, which was
grown at 329C, 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
selfaligned trailing nanotracks. Especially for sample G, as shown in Figure 5.5
(9), the seHaligned trding 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 4@Gp% among the
samples haalso a lowconcentration bbismuth(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
c har ge c aentratioe in seticoadwuatocs, 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 damageAhematively,
Raman spectroscopy is a versatilel that can be used to determine the hole
concentrationsin Bi-doped GaAs samples without electrical contadtke
generation of hole carriers (BaAsxBix is due to theact thatBi atomscreatea
localised state nedhe valenceéband Theseresonantocalized Bi statesnteract

with the valence band of GaA# 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
phonorhole-plasmoncoupled (LOPC) modeg&igure 5.6shows the characteristic
Raman spectra @aAs 1 Bix at room temperaturd@he spectra displays the Raman
typical bands of GaAs in the range of 2B80 cm! [23]. The bottom of Fjure 5.6
shows the deconvolution using Lorentzimmctions, which display the Raman
bands associatesith the transverse optical (TO) phonand longitudinal optical
(LO) phononlocated at ~263 crhand ~286 cm, respectively24]. In addition, a
broader asymmetric band around 269 tdue to the LOPC modes overlaps the
TO phonon peak @267 cm?®. Furthermore, a vibrational mode R285 cm?

near the LO phonon peak is obser{28]. Previous studies showed that the Raman
scattering signals from thg) and LOPC phonon follow the same Raman selection
rules, indicating that the observed LOPC modes are also phigeofR25].
Interestingly, as the content of Bi increases first there is a slight redstithen a
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blueshift of the LO phonoffor guide to the eyes, see the two black vertical dashed
lines in Figure5.6a), which can be explained by the-Biduced tensile and/or
compressive stress [4]. Besides, as Bi concentration increases, the intetisty o
phonon mode located B287 cm?® becomes larggde3]. Figure5.6b also shows a

very interesting resultwhere Ramanintensity 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 Frohlich [26d27]

~285cmt LO
\- -/ 350
' (a Raman | (0)
~ integral /1 A
> intensity 200 Q
" at~285¢it | [ 3
>

= |sample D / o)
P 4.49 / 5
c ['sample E / - 250 5
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. ®
. / 200 5
: / 0
o [ / -
o |sample <
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. 287 ™
/ c
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———r————ie 1100

200 220 240 260 280 300 320 24 36 48
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Figure 56: (a) Raman spectra frodaAs iRix samples having different Bi
concentrations. (b) Raman intensity from peak at ~283 am function of Bi

concentration shows a linear dependence.

112



Figure 5.7(a) shows the hole concentrations as a function of bismuth concentration
of the GaAs 1 Rix samplesThe results indicate that the concentration of holes in
the GaAs 1 Rix samplesincreases proportionally until bismuth content reaches
4.2%, then decreases and increageda In Figure 5.7b) are plotted the Raman
shift of LO mode from th&aAs 1 Rix samplesAs can be seen iRigure 5.7(b),

an evident frequency shift of the LOonhe 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 phonohole-plasmoncoupled(LOPC) phonon modes using

the followings equationg4, 25]

U= - | % 5.1

Qaep

where- is the vacuum permittivity- is the static dielectric constar*,is the
absorption coefficient ar%- is the surface potential barri@8]. Sincethe values
of U - and%- for GaAs i Rix are not available, those#f GaAswere useg-
p@% mevVandU & 2 Bei'? forkth@ excitation wavelenigtof 532 nm
[24, 29, 30] - O 70O is the ratio of the integrated intensity of the
unscreened longitudinal opticalLO modeand thelongitudinal optical phonon
hole-plasmoncoupledLOPC)mode in the Raman spectru— ™ ¥ isthe
relative Raman scattering efficiencies of the pongitudinal optical LO) phonons
and the coupled mode in a volume elem&ytcomparing the efficiencies of the

mode<™ and™  at different excitation energies, one can ob—  2[23, 24]
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content forGaAs 1 Rix epilayersamples (b) Raman shifts of LO mode versus Bi

concentratiorfor all GaAs 1 Rix thin films samples.
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5.3.2.2 Photoluminescence

5.3.2.21 Low-Temperature Photoluminescenc®f GaAsi-xBix Thin Film
Samples

This section will report on the optical properties of Gafsx thin films grown on

the conventionall00) GaAs substrateat different growth temperatuse namely

A (Te=300°C), B (Te=310°C), C (Te=320°C), D (Te=325°C), E (16=340°C), F
(Te=345°C) andG (Te=365°C). The effecs of growth temperature on the optical
properties of GaAs iRix layers were investigatedby photoluminescence
spectroscopy measurements at various temperatures and excitation pdwers. P
measurements are performed using a green laser (532 nm) with pumgs power
ranging from 0.5mW to 65mW. The samples are mounted within a Janis closed
loop helium cryostat where the temperatuias controlledfrom 10K to 300 K.

The PL spectra arebtainedusing a higkresolution spectrometer and an InGaAs
CCD detector. ThePL intensity provides a measure of the radiative and

nonradiative recombination relative rates.

Figure5.8 (a) shows the PL spectra at low temperatirg0 K for all GaAs.xBix
samples grown orl(Q0) GaAs substrates at different growth temperataredat a
laser excitation powerdRc= 16 mW (0.91 W/crf). Overall, the PL peakat 1.30
eV, 1.23 eV 1.14V, 1.09eV, 1.12 eV, 1.13 eV and 1.26 eV are reladshAs-
xBix sampledA, B, C, D, E, F and Gespectivelylt is worth noting that th&aAs-
«Bix PL emission of the sample A ¢¥300°C) is the weakest and the broadest
amongst all sample€onsequently, Gaussian fitting was appliedtifiics samplen
order todeterminghe pealenergy Figure5.8 (b) illustrates the Gaussian fitting of
the PL spectra afample Aat 10K and a laser excitation powex®=60mW. The

Gaussian fitting shows three peaks with emission energies aV1134eV and
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PL Intensity (a.u)

1.38eV. The PL emission energy found at &\3 (seegreen peak inigure 58.b)

is related tdGaAs.xBix and the peaks between 1.34 eV and 1.4 eV could be due to

some defects

—— Sample A Pexc=16mw Sample A
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15— Sample C P, =60 MW
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Figure 5.8 (a) 10 K PL spectra of the GaAgBix epilayersgrown on (100) GaAs
substrates for samples A, B, C, D, Bgrid G, using a green laser (532 nm) witixe=
16 mW and (b)Gaussian fittingof PL spectraof sample A(GaAs.-xBix epilayer
grownon (100) GaAs substratest Tc=300°C. Measurements were takenltkK

and Rxc=60 mW.

A small increase of 18C in the growth temperature from 38D (sample Axo 310

°C (sample Bimproved 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 @dAg.xBix PL
intensity was observed by further inasing the growth temperature above %10

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 €1400630 °C), native defects which

are attributed to nonradiative energy states such as Ga vacancies amiisikes

are typcally created in the materigd1, 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 ep8ir and Bicluster formation.
These localized states behave as trapping centres for bound holes, which can
recombine radiativelyAt 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 usefd1]. One mechanisniecreases the carrier loss by
nonradiative centres for samples A and B (whenOT 3°C)) and the other
mechanisms improve the efficiency of the PL (whes OT @°€) for samples C,

D, E, F and G. In this work, sample A which was grown at the lowest growth
temperature of 306C has higher density of defects than the other samples as
evidenced by the lower PL intensitffigures 5.9 and.B50 show that at low
temper&ure (10 K) and a laser excitation power of 16 mW, the PL spectra exhibit
two different behavioursiepending on the growth temperatures: (i) a red shift of
21 meV of the PL peak from 1.3 g¥c=300°C) to 1.09 eV (£=325°C) was
observedvhen the growth temperature was incregsedFigures5.9aand 5.10§

(ii) ablue shiftof 17 meVof the PL peairom 1.09eV (Tc=325°C) to 1.26eV
(Te=365°C) was notechs thegrowth temperature increabsas shown in Figures

5.9b and 5.10bThesefindings are in good agreement with Raman results which
showed thaas the content of Bi increasdisst there is a slight redshift and then a
blueshift of the LO phonon, which can be explained by thendiced tensile

and/or compressive stress [4].
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Figure 5.9: Normalised 1K PL spectra of the GaAsBix epilayers growron (100

GaAs substrate$or (a) samples A, B, C and;b) samples D, E, F and. @ green
laser (532 nm) with Bc= 16 mW (0.91 W/crf) was used.
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These resulténdicatethat even a very smakkhange inthe growth temperature
affects thePL emission energymeaning that theismuth incorporationnto the

host lattice of GaAs is very sensitive to the growth temperailre PLresults
evidencethat thegrowth temperaturef GaAs.xBix thin films plays arimportant

role in the Bi incorporation and the optical quality of the samplesletermine the
effective Bi composition (x) incorporatad eachGaAs 1 Rix sample grown at
different growth temperaturegt is assumed thahe substitutional Bi causes a
reduction of the bandgap of GaAs at room temperature by 88 meV per %34{.Bi

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 ThePL peak energy as a functiongrbwth temperaturat 10K and
estimated PL peak energy at 300 K (RT= room temperatoregll GaAs-xBix

samples investigated in this study.
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Figure 512 illustrates the Bi compositioas a functiorof growth temperaturéor

all samples investigated in this study usklgtechnique The Bi concentrations

were determinettom PLmeasurements and the calculasiarepresented in Table
5.2.In PL measurementemissionoccursbetween the conduction band (CB) and

the vacant state at the maximum of the valence band (MBas observed that the
percentage of Bi incorporation increases as the growth temperature increases from
300°C to 325°C. However, for & > 325°C, the percentage of Bi incorporation
decreases. Theptimum growth temperaturéor maximum Bi concentration
(x=4.7% wasfound to be for sample D §E325°C), whereas sampl& (Tc=300

°C) has the lowedBi concentration and optical quality
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Figure 5.12: Bi compositionas a function ofgrowth temperature foGaAsBi
samplesnvestigated in this studiWleasurementweretakenat 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 concentration for all GaAsxBix epilayersamplesas determined
from PL &k is the difference between the bandgap of GaAs (1.42 eV) and the

estimatedsaAs.xBix PL peak energy at room temperature.

Sample Growth PL Peak | EstimatedPL | Bi concentration
Labelled Temperature | Energy at | PeakEnergy from PL
0,
C) 10K (eV) | at 300K (eV) X (9%) =
S"ﬁT 8
A 300 1.30 1.21 23
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 28

The PL emissions at low temperatuwesreobserved in an energy range distinct of

the expected bandgap reduction. Therefore, other contributions such as strain
andbr Bi-defect levelband related transitiencould explain the observed
differences in PL peak position for different growth tempeestof GaAs.-«Bix
samplesThe giant reduction in the band gap energy of GaBs alloys has been
described using a valence band (VB) amtssing interaction between the Bi level

and the host GaAs VB. Additionally, the low temperature PL peak is gierted

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
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expected bad gap of GaAg$35] . On the other hand, the presence ofdated
localized states close to th@® edge also causes a redshift in the PL peak since the
exciton localized recombination changes the PL line shapexhibitng an
asymmetric characteristic with a low energy tail, which usually dominates the
excitonic recombination processes at low terapges. The origin of these
localized states is attributedth the formation of Birelated complexes and alloy
disorder inGaAs.xBix. Figure 513 shows the PL spectra &faAs.xBix thin films

with various Bi concentratiaet 10 K and excitation power of T6W.
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Figure 5.13: PL spectra of GaAsBix thin films having various Bi concentrations
grownon (100 GaAs substrate3he measurements were carriedaiutOK using
a green laser (532 nradPexc= 16 mW (0.91 W/crf).

The PL peak shifts to lower eneézg(redshift of PL pealenergy) with incresing
Bi concentration from 2.3% to 24’ evidenng areduction of the bandgap with Bi

content as expecte#ahrettin et al36] reported thathte bandgap oBaAs1-x)Bix
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PL Intensity (a.u)

red shifts with increasing Bi compositi@due to the stronger interaction between

valence bandnd localized Bi level

5.3.2.2.2

Excitation Power Dependencef Photoluminescenceof GaAsq-

x)Bix Epilayers Grown at Different Growth Temperatures

Figure 514 shows the PL spectra at KOas a function of laser excitation power

The results show no blue shifts was observed for all samples.
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epilayers grown onlQ0 substrates at different temperatures.
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To study theeffects of carrier localizatigrthe laser power dependence of PL
spectra ofall samplesgrown at different temgratures was investigated and is
shown in Figure 5.15. The results shthat no shift of theéGaAs.«Bix PL peaks

was observed wheregt increased from 1 mW to 30 mW.

s Sample G
3 B k=0.95

(9)

F Sample F /././H/l’."'..a_
k=0.93

El " U

CU -

2 f a SampleE i

g pB—""" (e)

s F

= Sample D ///.///./*],HJI...—

s F " e k=1.01

8 b (d)

U) -

€ [ u SampleC ’H/.I:T)l%"

- F ///I/'/ =0.
—— (c)

, s Sample B ./'/./rrl*"'_
k=0.95

= ) (b)
__ S le A .//t/./././rll"—
F ® campe k=096 (o)
1 10 100
Excitation Power (mW)

Figure 5.15: 10K Integrated PL intensity £l) as a functiorof Pexc for GaAs.
xBix sampleggrown atdifferent temperatuse The solid lines illustrate the fitting

curves using equatioi® 1 0

At low temperatures, the PL fror@aAs.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 thedhaviour of the PL intensity as a function of the excitation

power[38]. To analyse the emission froBaAs.xBix epilayers grown at different
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temperatures, the integrated PL intensity)(lvas plotted as a functioof Pexc

from 1 mW b 65 mW as shown in Figures 5.(5g). The fitting curves using the
power law™ 1 0 [37] are also shown as red solid lines.is the integrated

PL intensity and b and k are fitting
luminescence intensitygl) of the NBEPL emission lines is proportional t§ L
where L is the power of the exciting laser radiation. For exciton likesitrans,

and freeto-bound and doneacceptor pair transitions 1 < k < 2 and k < 1,
respectively{31, 39] As shown in Figure 53, all GaAs.xBix thin film samples
show a linear dependence™ versus Bxcover the whole excitatiopowers range

1 mWi 65 mW, indicating one process for carrier radiative recombination as a
function of Rxc. Table 5.3 summarises the obtained k values for all samples.

generalk values oP 1 wereobtained for most samples.

Table 5.3: k values obtaing for all GaAsxBix 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 (°C) k
A 300 0.9¢ 0.02
B 310 0.9t 0.02
C 320 0.9¢ 0.06
D 325 1.01 0.05
E 340 0.9¢ 0.01
F 345 0.9¢ 0.02
G 365 0.9t 0.01
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5.3.2.2.3 Temperature Dependenceof Photoluminescence ofcaAsi-xBix
Thin Films Grown at Different Temperatures

In order to gain additional information about the propertigsahs.-xBix thin film
grown on(100) GaAs planes differenttemperatureghe temperature dependence
of the PL spectraverealso studied oveihe temperature range 10 K td@®K. The
excitation energy was 2.33 eV (532 nm), and the excitation powsekea at 10

mW to avoid any locatied states saturation.

The GaAs.xBix PL peaks of samples A and B were not detected at temperatures
above 40 K (not shown in Figure 5.16). Thessults are consistent with the SEM
data which demonstrated tisaimples ATc=300°C) and B c=310°C) 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 lowThe PL spectra o5aAs.xBix samples C, D, E, F and G

are shavn in Figure 5.16 (a), (b), (c), (d) and (e), respectively.

The results show that the PL intensityGaAs-xBix samplesggrown atdifferent
growth temperatureguenches at different temperatures. It is clearly seen that there
is a redshift of PL peak erggr because of the bandgap energy decsaaik the
increase of temperature 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 Bignalcould be detected in samples

C, D, E, F and G above temperatures dd R) 170 K, 190 K 200K and B0 K,
respectively Furthermore, the monotonowedshift with increasing temperature

can be observed and the PL spectra gets broader for all samples.

126



PL Intensity (a.u)

PL Intensity (a.u)

Sample C
P Tg=320°C Safple D Te=325'C
P_,=10mwW — %8 ﬁ P_,=10mW
~ 60K
2 80K
N 100K
2 — 120K
¢ 140K
E 160K
2 — 170K
o
T T T T T T T T T T T T T (b') T . T T T T
07 08 09 é‘o (13) 1213 14 g7 08 09 10 11 12 13 14
nergy (e
v Energy (eV)
Sample £ T=340°C Sample F Te=345°C
40K
5 | —60K
)
S | —
® | —120K
g | — 140K
S | 160K
7 | — 180K
200K
@
07 08 09 10 11 12 13 14
Energy (eV) Energy (eV)
Sample G
— 10K
20K
= — 40K
8 — 60K
2 —80K
2 — 100K
g 120K
= — 140K
o — 160K
190K
(e) r— 1 T+ T T T T
07 08 09 10 11 12 13 14

Energy (eV)
Figure 5.16: Temperature dependence of PL spectraGalAs. xBix thin films
grown on (00) GaAs substrates at different grovimperatures for a laser power
excitation Rxc =10 mWw.
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Representative plebf the measured temperature dependent PL spaeisaown
in Figure 517 (a) and (b)for incident excitation poweof 5 mW and 15 mW,

respectively.
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Figure 5.17: (a) PL peak energy as a function of temperature and Varshniditting
for samples A, B, C, D, E, F and ©he solid green lines are calculated according
to the Var s h2nBaddgap engrgyaversus température of GaAs is
calculated from Ref40]. All measurements were taken at an excitation power of 5
mW; (b) PL peak energy as a function of temperatusaaiples C, D, E, F and G

All measurements were taken at acigation power of » mWw.

As clearly seen in Figurg17(a), the PL intensity of th&aAs.xBix samplesA and

B quenchesit 40K for laser powers of 5mWrIhe peak luminescence energy as a
function of temperature is highly dependent on the incident excitatiaer [41].

For a 5mW laser excitation power, no evidence of the characteristiafe is seen
under this low power condition due to the quenching of@a\s.xBix PL peaks
that occurs at a temperature of ~¥aQJsually the Sshape behaviour is observed
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at high temperaturdsetween (150 K200 K). Thereforethe PL peak energy versus
temperature platan be fittedusingthe empirical Varshni relatiorfrigure 517 (a)
presents theemperature evolution of the band gap energy with the Varshni model
fitting of thin films GaAs.«xBix sampleggrown atdifferentsubstratéemperatures.
The symbols in Figur&.17 (a) are the experimental results, and the solid curves

are the fitting obtained by using the empirical Varshni equation:

0" 0 | 5.2
Tt W

where U (eV/K) iekctrenpbhonbat edt wi abtitboe,
temperature, &O) is the bandgap energy akK0 T is the measured temperature.

The constant values used tbe fitting shown in Figure %7 (a) are based on Ref

[401: U = 0. 44 n ore2®4KK. Generally, these results asinilar to those
reported previously on the PL GlaAs.xBix quantum wellsQWs) grown on (100)

GaAs substratdg 2, 43] FurthermoreBlakemorecalculated30] thetemperature
dependency of the direct energy bandggpfE>aAsas shown in Figure 57 (a),

according to the equation

OCpPpd ¢, v T™ T'XT Y o1 QW 53

where Eg idirect energy band gap of GaAs in axd T absolutéemperature in

K.

Figure 517 (b) shows that for amcident laser excitation power ob InW, the
well-knownS-shape behavious observe for samples C, D, E, F and Bhe origin

of this characteristiced-blue shift (Sshape 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 temperaturg both deep and shallow localised staées occupied by
electronhole pairs and chargearrierswhich have a small thermal energy remain
trapped until they are able to recombine. As the temperature increases dletgron

pairs in the shallow energy states close to the valence band edge gagh en
thermal energy to escape and become trapped by deeper level localised states. This
behaviour results in a rapid red slifthe PL peak energy and can be seen in Figure

5.17 (b) between temperatures of KO- 140K. 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 the peak emission energy between temperatures of 150

K- 200K. The Sshape relates to the existence of localized states in the epitaxial
layer, thus, the evolution cannot be fitted ofly usingVar shni 6 Forequat i
temperature above200 K, the PL intensity is completely quenchdthese results

are similar to those reported previously on the PL of l&#fAs.xBix grown on

(100) GaAs substrat¢41] .

Figure 5.18 shows the plots of the PL full width at half maximum (FWHRich

is a fgure of merit of thegquality of the samples, as a function of temperature for
the temperature range 10-KR00 K and excitation power of 15 mW. The FWHM

for samples C, D, E, Fand G are 111 meV, 108 meV, 103 meV, 115 meV and 125
meV, respectively. In this investigation, alhgales have similar behaviour which
does not change appreciably at low temperatures (18KK). However, at high

temperatures, a monotonous increase of the FWHM with temperature is observed.
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SampleG (Tc=365°C) has the highest FWHM, whereas sanpl@c=340°C) has

the lowest FWHM indicating a higher Bi uniformiaynd optical quality
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200+
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Figure 5.18: FWHM as a function of temperature f@&aAs.-xBix epilayersof
sample<C, D, E, F and GAIl measurements were taken at excitation poefek5
mW.

In order to investigat&urther thenonradiative recombination procesin GaAs.

xBix epilayers for sample§, D, E, F and Gthe integrated PL intensityp() as a
function of reciprocaltemperature is plotted in FigurelS. 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 Refs[32, 44] The fit is performed using equatios

@ [ 54

NN tmTp 3Qd " owY 6Qd T oY
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where b (T) and I(0) are the PL integrated intensity at temperature T aRd O
respectively C; and G are constants and are related to the density of nonradiative
centres, £and E are the thermal activation energies of these centres,tie
temperature ankk is the Boltzmann constant. Experimental data were well fitted
for all samples as shown in Figurd% The & and E valuesare reported in Table
5.4. The activation enerdy is derived from the slopes of the straijjhe portion

of the curves in the high temperature region.
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Figure 5.19: Arrhenius plos of integratedPL intensity (IPL) of GaAs.xBix
epilayerggrown on (00) GaAs substratdsr sample<, D, E, F and GSolid lines

illustrate the fit to the experimental data using equatidn 5.
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As discussed previously, GaARix alloys tend to form localized pairs and
clusters, which have different configurations and ligcenergieg32, 34] alloy
disorder, and potential fluctuation. These states are usually associated with two
groups with different activation energies in undoped GaBs« 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 disof@dr 44]. As shown inTable5.4,

the E1 energies rangg betweerd meV and 25meV are attributed to Bi clusters

and Bi pairs as expectedowever, the Evalues ranging from 118eV to 194

meV indicate that the epilayers have some potential fluctuations, which is
consistent with the observedsBape evolutionindeed, the presence of localized
energy levels in the band gap, white associated with alloy disordgt5], was
reported earlier with a comparatively lower activation energyn@&¥%)[34, 45]as
compared tdhe samples investigated in this work @ngingfrom 118 meV to

194 meVj.

Table 5.4 Arrheniusés parameters obtained

the total integrated PL peak intensity@AAs 1 Rix 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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54 CONCLUSION

The optical properties dbaAs.xBix epilayersgrown on (100) GaAs substratiey
Molecular Beam Epitaxy at different growth temperasusere investigated by
using SEM, XRD, PL and Ramarnechniques.The influence ofthe growth
temperature onthe optical properties ofGaAsxBix has been examined
systematically The PL measuremenshowed that the PL spectra exhibit two
different behaviours depending on the growth temperahamely,red and blue

shift were observedsthe growth temperature increases from 3@Dto 325°C,

and from 325°C to 365°C, respectivelyThe observed differences in PL peak
position for different growth temperatgref GaAs.xBix samples mayndicate
contributiondrom strainandbr Bi-defect levelband related transitiesnMoreover,

the Bicompositionn the studied samples were determined and calculated™tom

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 3 - 325°C and 325°C - 365 °C,
respectively. This is evidenced byhe red shift of the PL peakenergywith
increasinggrowth temperaturd his resulis consistent with Raman measurements
which demonstrated thasthe content of Bi increases first there is a slight redshift
and thena blueshift of theLO phonon peakwhich can be explained by the-Bi
induced tasile and/or compressive streSampleA (Te= 300 °C) hasthe lowest

Bi concentration and optical qualityue higher density of defects than other
samples These results are consistent with SEM data which demonstrated that
samples ATc=300°C) 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 la@ic¢he other
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hand,the optimum growth temperate for maximum Bi incorporatiof#.7%)was
found to be 328C (sample D) which is in good agreement with SEM data which
showedthat this sample has a lower number of both surface droplets and self
aligned trailing nanotrack3 he temperature dependerafethe PL spectran the
range 1K-200K wasalsostudied It was found thatite peak luminescence energy
as a function of temperature is dependent on the incident excitation paveab

mW laserexcitationpower,no evidence of the characteristisBape was observed
under such lowower condition, ands behaviour wasvell approximated by the
empirical Varshni relation. Howevethe temperature dependence of PL peak
energy at excitation tensity of 5 mW hasshown apronounced $hape
characteristicwhich is also typical of the highly mismatched alloys. Tk&h8ped
temperature dependence also originates from the PL of localized st&aAsn

xBix in the temperature rae@f 150K - 200K. The integrated PL intensity as a
function of inversegemperature confirmetivo processes that govern the carrier
thermal quenching in the low and high temperature regimes with two activation

energieE: and E 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 GaAsixBix
EPILAYERS GROWN AT DIFFERENT GROWTH
TEMPERATURE SBY MOLECULAR BEAM EPITAXY

This chapter reports the effect of gamma radiation dose @trttetural anaptical
properties of diluteGaAs.«Bix epitaxial layers grown at different substrate
temperaturedy Molecular Beam Epitaxy (MBE) on conventiondl0(Q) GaAs
substrates usingfRD, hole concentration determined from Raman spectroscopy
and PL technique&sa mma r a d)iwastfoura to influence the electrical and
optical properties ofGaAs.xBix epitaxiallayers.From Raman measurements it
was found thatthe concentration of holes increasethen 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 propertibave improved for all sampleBurthermore,

the XRD data showed that for irradiatédAs «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 diefemcluding structural defect$his
result is consistent with the resultstbé PL measurementahich demonstrated
thattheGaAs.xBix samples exposed to 50 kGy dose hatteelargestPL full width

at half maximum FWHM) for all irradiated sampleslhis finding demonstrates
that irradiated samples hawerse qualit)compared to noirradiated sample§he
decrease in FWHM confirma betteruniformity of GaAs-xBix thin films for the

nornrirradiated samples.
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6.1 INTRODUCTION

Electrical and optical properties of-M semiconductor materials can be altered by
intentionally incorporating impurities into the host latticand these may
significantly influence the performanoéelectronic and optoelectronic devichks.
general defects can be creatén semiconductomaterials either intentionally or
unintentionally through ionizing irradiation. Radiatieamduced defects can be
divided into two typeghat aremodified by ionizingirradiation: those created
initially during growth of the crystal by substitution & lattice atom withan
impurity atom (extrinsic defect) and those created by atomic displacements of a
standard lattice site element during irradiation (intrinsic defect). lonizing radiation
creates ions and free electronshich in turn may be stabilized/trappédxy
radiationinduced defects before recombination can occur at normal latticEl$ites
Gammaradiationis 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 leadto the development of new dosimeters and/or more efficient radiation
detectors. Thus, a deep understanding of the effegamimaradiation on new
materials is essential for the improvement of dosimeters. Furthermore, due to
radiation in spaceand the useof electronic devices in satellites, considerable
amount of defectgan beinduced in semiconductors which, in tuegn cause

degradation and decreaskthe average lifetime of the devidey.

Several groups have studied the effect of radiation treatmient
metal/semiconductor Schottky diodes usingvariety of radiation sources,

including electror{3], neutron[4], swift heavy iong5], and gamma radiati®,
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7]. However, the effects of gamma irradiation on GaRs thin films grown at
different temperatures have not yet been investig@@acthma irradiation of dilute
GaAs.«Bix 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 thstructural andoptical properties of GaAsBix samples
grown by MBE on (100) Ga#\substrates is investigated in depth using a vaofety
methods such as XRD, Raman spectrocopy, hole concentramoin PL

measurements

6.2 SAMPLE DETAILS

The samplestudied inthis work areGaAs.xBix epilayers growrby solid-source

MBE on semiinsulating (100) GaAs substratat a range of different growth
temperature3 c= 300°C, 310°C, 320°C, 325°C, 340°C, 345°C and 36%C and
labelled as A, B, C, D, E, F and G, respectively, as shov@mapter 5Table 5.).

The layer structure of theGaAs.xBix sampleswas illustrated in Figure 5.and
discussed in Chapter 5 (section 5.EQthermore, the surface of &aAs. 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 (nhon
irradiated) and IRirradiated). The gamma radiation dose WakGy. Theoptical
characterizationeichniques used to investigate theaeplesare similarto those
presented in Chapter The samples were then irradiated with a gamma cell Cobalt
Irradiator (dose rate of 1.3 kGy/h) at dose of 50 kGy imxbpartment of Nuclear

Energy at the Federal Unversity of PernambugoBrazil. PL spectra of all
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GaAs i Rix samples were investigated as a function of laser power and temperature
using a Janis closddop helium cryostatA green laser with a wavelength of 532

nm (2.33 eV) was used to excite threamples. Before subjecting the samples to
gamma irradiation, each sample was evaluated using PL measurements to
determine whether or not they were unifoffhe PL signal was collected in a 0.5

m Andor monochromator fitted with an InGaAs detectdhe Raman
measurements were performed using a Horiba Lab RAM Evolution micro
spectrometer at room t e mpHEelaserexceation si n g
powers 0f5.35mW and 0.107mW wereusedin orderto obtainthe correlation of

Bi concentration with PL rests andthe hole concentratiomespectively.

6.3 RESULTS AND DISCUSSION

6.3.1 Structural Characteristics

Figure 6.1 shows XRD patterns obtained for all samples investigated in this work
between & = 65° and 67 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 tNéR samples as presented in Chapter 5
(section 5.3.1.1). However, tle&ception 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 sevgyiaés of defects, including structural
defects. It is important toote that the signal to noise ratio shown on the XRD plot

of thelR samplesis less than that shown by tNéR samples.
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Figure 6.1: XRD patterns obtained for all samples investigated in this study

betweer2d = 65°and 67 for (a) NIR and (b) IR samples.

6.3.2 Optical Properties

6.3.2.1Raman Measurements

As discussed in Section 5.3.2.1 of ChaptédR&mnan spectroscopgan sometimes

be consideredsanalternative to Hall effect techniquehich providesa different
approach for thedetermiration of charge carrieconcentrations withoutising
electrical contactbut the hall measurements alsmvide a determination of the
mobility. In the following,the effect of gamma radiation &daman spectra and
hole concentrationef GaAs.xBix sampledrradiatedwith a 50kGy dose will be
presentedIt will be also shown thaRaman spectroscopy has proved to be a
versatile tool for studying defects (BaAs-xBix sampleslt is important to point
out that low laseexcitationpoweswere usedo perform all Raman measurements.

This procedure was adopted because high lageitadion powers may give

146



incorrect hole concentration valu@. 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)Jare shown Raman spectra that walbéainedusing 0.107

mW as the excitation power for the IR and NIR GaAsBi samples
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Figure 6.2: Raman spectra fronGaAs.xBix samples having different Bi
concentratioa The measurements were performed using 0.107 mW as the
excitation power (a) neirradiated (NIR) samples and (b) Irradiated (IR) samples.
(c) The hole concentration (calculated from equationid.Chapter % versus Bi
content for IR and NIR samples. (d) Raman shifts of LO mode versus Bi content

for the NIR and IR samples.

147



When carefully comparing the spectra, subtle differences are obsemed are
evident in the analysiselow. The Raman spectra from NIBaAs.-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.

Figure6.2 (c)shows the hole concentrations as a functidnisshuth concentration

of the NIR samplesb{ackstars) and IR samples (red balls). Note that initially the
hole concentratiom NIR samples increas@roportionally until reaching 4.2% of
bismuth,thendecreasgand finally increaseagain It is very important to note
from Figure 6.2 (c)that the concentration of holes increased for all sangftes
radiation.Furthermore, the holeoncentrations of the IR samples show a similar
behaviour, i.e. increase/decrease/increlagewith a more pronouncedrendthan
the one displayelly the NIR sampleslThese findingshow that these results are
consistent with the PL resulisat will be dscussed latesinceall 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 -phioiEn
coupling. Associated with this, the incorporation of Bi into Ga#sst latticealso
produces a strong effect on the carrier recombination prdcest an increase in

the density of localized statd9, 10]. Compressive strain is also commonly
observed in GaAs due to bismuth incorporafi®h These effects caused in the
crystal lattice of GaAs due to threcorporatiorof Bi causes disorder and/or residual

strains which alter the frequencies of phonond #heir lifetime, and can be
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identified by means of Raman spectrosc¢py]. In fact, the GaAs LO Raman
mode frequency shiftare deeply related to the compressive and tensile strains,

resultingin positive and negative frequency shifts, respectifi2y 13}

In Figure 6.2 (d) are plotted the Raman shift of LO mode from the NIR (black
squares) and IRs6lid red circleg samplesAs canbe seen irFigure6.2 (d) an
evident frequency shifof the LO mode is observed as a function of Bi
concentration. Interestingly, whemmparing NIRand IR samples, gositive or
negative frequency shifttn LO mode maybe oBerved depending on the
concentration of BiRemarkably, 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 irradiah. On the other hand, samples with Bi concentrations

of 4.3 and 4.4% showedpositive 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 wit.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 propertiesG#As.xBix thin films grown on
conventional {00) GaAs substrates differentgrowth temperatured = 300°C -

365°C). Photoluminescence spectroscopy measurements were carried out at a range
of temperatureg10 K - 240 K) and excitation powersf 15mW in orderto
investigate the effects ofagima radiation on the optical propertiedhs GaAs-

xBix epilayers.To verify the effect of ionizing radiation on optical properties of
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GaAs.xBix samples, power dependent PL measurements were carriddgures
6.3(a) and 6.3(kJisplay the PL spectiat 10K for all GaAs.xBix samplesnamely

asgrown andirradiated with a dose of 50 kGys ugia laser excitation power of

16 MW (0.91 W/crd).
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Figure 6.3: 10 K PL spectra of GaAsBix 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 GaAsxBix samples. The measurements were carriedsiog a green laser

(532 nm) and Bc= 16mW.
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The PL peaks energies of bdiifiR andIR samples have the same energies, as can
be seen irFigures 6.3 (a) and (bThe PL peaks enesat 1.30eV, 1.23 eV 1.14
eV, 1.09 eV, 1.12 eV, 1.18V and 1.26 eV areelated toGaAs.xBix for samples
A, B, C, D, E, F and (respectivelyTheeffects of gamma radiatioon GaAs.xBix
thin films is clearly demonstrated in Figeré.3 (b), (c) and (d) byhe following
observations(i) no blue shift of th&aAs1-xBix thin film PL peakemission energy
was observed (see Figure 6.3 (b) and (c)),tifigre 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 safies
C, D, E, F and GrespectivelyseeFigure 6.3d).The latterobservation supports
the Raman hole concentratioesults whicldemonstrated an increasehecarrier
concentratiorfor all IR GaAs.xBix samplesat 50 kGy dosén comparison with

the NIRsamples

Furthermore, the Bi concentration afsiaction 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 5.3.2l8hg wth 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 increas 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 GaAs.xBix undergoes a red shift as the composition of Bi increases. This is
because of the increased interactbetween the valence band and the localized Bi

level [14].
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As can be seen in Figure €3} there is also amcreasen the PL intensity o#ll
samples however, this enhancement is largest for tsample with aBi
concentratiorof 4.3% Gample Fr. 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 irradiatiomdicatesthat the iradiation
caused a compressive strain in the matddalvever, 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 concentratiéh3% €ample A, 2.8% 6ample

G), and 3.1% gsample B. These results are consistent with the findings obtained
from the Ramameasurementsvhich demonstrated a decrease in the frequency of
the LO mode. After being exposed to ionising radiation, tresm/e samples
demonstrated signs a@énsile strainin addition, these results are also in good
agreement with SEM data (discussed in Chapter 5), which showdhlelsamples

with the highest surface concentrations of droplets are those with the lowest
concentrations of B{see SEM imagegdlistrated inFigure 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 rangef 10 K to 240 K in order to gain additional information about

the characteristics dR GaAs.xBix thin films grown on the (100) GaAs plane at
various temperaturesihe excitation energy was 2.33 eV (532 nm), ang th
excitation power was set to 1BW to avoid saturation of localized stat@he PL

peaks ofR GaAs.xBix samplesA and Bwere not detected at temperatures above
40K (not shown in Figure 6.4). Howevéng PL spectra ofR GaAs.-xBix samples

C, D, E, F and Gre shown in Figuss$6.4 (a), (b), (c), (d) and (e), respectively.
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Figure 6.4: Temperature dependence of PL spectrédRoGaAs «Bix thin films
grown on (00) GaAs substrates at different growth temperatures for a laser power

excitation Bxc =15mW.
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