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ABSTRACT 

This thesis reports an investigation of the strutural, electrical and optical properties 

of dilute bimuth (Bi) containing semiconductors materials, namely GaAsBi grown 

by Molecular Beam Epitaxy (MBE) on GaAs substrates at low temperature. It is 

well known that the addition of a few percent of  Bi in GaAs compound 

semiconductors has been shown to dramatically reduce the energy bandgap of host 

material. This remarkable bandgap reduction has several applications in long-

wavelength lasers, solar cells, and photonic devices. However, the insertion of these 

impurity atoms causes defect levels in the bandgap of semiconductor materials. 

These can have serious effects for the quality of the material, for example, they can 

reduce charge carrier lifetime and reduce optical efficiency. Indeed, determining 

the nature and features of the defects existing in the materials, which is critical for 

many device applications, will improve and help in understanding their 

implications on the quality of materials and devices performance. In this work, an 

investigation will be reported on the effect of the orientation of the substrates on 

the structural, electrical and optical properties of dilute GaAs1−xBix epilayers 

structures having a Bi composition x = ~5.4%, grown by MBE on (100) and (311)B 

GaAs planes. The results of this study show that the detected defects affected 

significantly the electrical and optical properties of semiconductor structures and 

devices. In particular, X-ray diffraction results revealed that the in-plane strain in 

the Ga(As,Bi) layer of the samples grown on (100)-oriented substrates is 

significantly larger than that of the samples grown on (311)B-oriented substrates. 

Deep Level Transient Spectroscopy (DLTS) measurements showed that the number 

of electrically active traps were different for the two GaAs substrate orientations. 
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In particular, three and two electron traps are detected in samples grown on (100) 

and (311)B GaAs substrates, respectively, with activation energies ranging from 

0.12 to 0.41 eV. The observed traps with small activation energies are attributed to 

Bi pair defects. The photoluminescence (PL) and Raman spectra have evidenced 

different compressive strain which affects considerably the optical properties. In 

addition, a further investigation was carried out to study the effect of gamma 

radiation dose on the electrical and optical properties of dilute GaAsBi layer  grown 

by MBE on a highly doped (100) GaAs substrates. The DLTS revealed that after 

irradiation the number of electrically active traps decreased. Four, three and two 

electron traps were detected in as-grown and irradiated samples with 50 kGy and 

100 kGy doses, respectively. The PL intensity of the main peak was found to 

increase with the irradiation dose, evidencing an enhancement of the optical 

properties and annihilation/contributions of Bi- related traps, and supporting the 

electrical results. Additionally, this thesis reports the structural and optical 

properties of n-type Si-doped and p-type Be-doped GaAs1−xBix thin films grown by 

MBE on (311)B GaAs substrates. The experimental studies demonstrate that, the 

composition of Bi incorporated in both n-type and p-type doped GaAsBi was 

similar, despite that the samples present remarkable differences in the number of 

Bi related defects, non-radiative centers and alloy disorder. Particularly, the results 

evidence that the Bi-related defects in n- and p-doped GaAsBi alloys have 

important impact on the differences of their optical properties. 
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CHAPTER 1: INTRODUCTION 

1.1 INTRODUCTION 

After the invention of the transistor in 1947, which was made for the first time from 

the elemental semiconductor polycrystalline germanium (Ge), a revolution in 

semiconductor materials industry followed in a large scale. For over a decade, Ge 

was regarded as the most practical technological material. In the late 1950s, 

research on the purification of silicon (Si) produced material appropriate for 

semiconductor devices, and new silicon-based devices began to be produced 

around 1960 [1]. However, its applicability is limited for electrical devices 

operating at high temperatures and high frequencies, and for light emitting 

optoelectronic devices in the visible range [2], due to the nature of its small bandgap 

and low carrier mobility. Gallium arsenide (GaAs), a III-V compound 

semiconductor, was considered as a potential candidate in semiconductor industry 

due to its versatile properties such as band gap, its capability to emit light 

effectively and operate at high frequencies. One of the most interesting properties 

of GaAs is that the formation of ternary compound (e.g. GaAs1-xBix) allows 

tailoring the bandgap. Indeed, the set of III-V compound semiconductors and their 

ternary (e.g. GaAs1-xBix)  or quaternary (e.g. GaxIn1-xA1-yNy) alloys deliver a wide 

range of band gap energies, which is particularly important when a specific band 

gap energy is necessary. These properties lead to applications of III-V 

semiconductors in photonic devices such as laser diodes, optical detectors, and 

solar cells. Furthermore, the importance of III-V compounds semiconductors has 

expanded since the introduction of non-equilibrium growth techniques such as 

Molecular Beam Epitaxy (MBE) in the early 1980s. MBE,  which is now widely 
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used in the manufacture of semiconductor devices, has several important 

capabilities including the formation of atomically flat and abrupt heterointerfaces 

and the growth of high-purity epitaxial thin-film semiconductors. Fig. 1.1 shows 

the bandgap energy of the most common semiconductors materials as a function of 

their lattice constants.  

 

Fig. 1.1: Bandgap as a function of lattice constant of various III-V compound 

semiconductors materials. The dashed line represents the effect of adding Bi into 

GaAs. 

 

Another property of GaAs is that the bandgap energy of this material can be tuned 

by introducing a small fraction of bismuth. This leads to the formation of dilute 

bismide GaAsBi.  

Bismuth is the heaviest element in Group V of the periodic table, and generally it 

has not been used in device fabrication. Incorporating a small amount of Bi into 

GaAs reduces its band gap significantly without causing much lattice mismatch 



 

3 
 

strain, making the materials suitable for multi-junction solar cells [3], photonic 

devices [4] and in long-wavelength optoelectronic devices [5], where a large 

mismatch between the epitaxial layers and substrate leads to the formation of 

dislocations in the layers. However, to grow such GaAs1-xBix alloys, special growth 

conditions are required, including a very low substrate temperature and an As/Ga 

flux ratio near stoichiometric ratio [6] . Therfore, the creation of deep level defects 

due to those non-standard growth conditions is a major concern. 

Additionally, the growth of epitaxial layers on GaAs substrate with different 

orientation than the conventional plane direction (100) has generated a wealth of 

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

conventional substrates for the growth of epitaxial semiconductor alloys has a 

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

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

improve by growing the alloys on non-(100) planes. Indeed, semiconductors grown 

on high index substrates (n11) exhibit unique properties not found in identical 

structures formed on (100) oriented substrates, such as optical anisotropy [7], high 

hole mobility [8], and improved optical efficiency [9]. Moreover, although most 

reports of GaAs1-xBix thin films and devices have been carried out on standard (100) 

GaAs substrates, there have been few studies on growth on high-index planes, 

which can have a significant impact on Bi incorporation as well as structural, 

electrical, and optical properties [10-14].  

Furthermore, semiconductor materials are known for their susceptibility to defects, 

whether they are native due to crystal imperfections or due to foreign impurities 

induced during incorporation. Therefore, one of the interesting technologically 

useful features of semiconductors is the possibility to change their electronic and 
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photonic properties by introducing small amounts of impurities in their crystal 

strutures. This process is known as doping. Defects introduce deep levels in the 

bandgap of semiconductors and have detrimental effects on the performance of the 

devices since they act as efficient recombination centres. Consequently, several 

research efforts have been directed towards understanding, improving and 

controlling the perfection of semiconductor crystals. Deep level transient 

spectroscopy (DLTS) is one of the most effective techniques used for characterising 

and identifying deep levels defects. Additionally, photoluminescence and Raman 

methods are routinely used to investigate the optical properties of semiconductor 

alloys.    

The study presented in this thesis relates to the characterization of semiconductor 

alloys based on III-V semiconductors, namely GaAsBi grown by MBE on both 

(100) and (311)B GaAs substrates using strutural, optical and electrical methods.   

 

1.2 MOTIVATION 

Deep defects states in semiconductors materials play an essential role in the 

electrical and optical properties of III-V semiconductors, as well as in the 

performance of electronic and optoelectronic devices. Therefore, the main 

motivation of this thesis is to study the defects present in doped n-type and p-type 

GaAsBi epilayer devices grown by MBE. 

Current-Voltage (I-V), Capacitance-Voltage (C-V), conventional DLTS, Laplace 

DLTS, X-ray diffraction (XRD), Raman and Photoluminescence characterisation 

techniques are employed to study the strutural, optical and electrical properties of 

n-GaAsBi layers grown on (100) and (311)B GaAs substrates. The motivation is to 

investigate the effect of substrate orientation on the Bi incorporation in n- and p-
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type doped GaAsBi because most studies focussed mainly on undoped GaAsBi. It 

is important to mention that the growth of epitixal layers on high index planes 

represent a step ahead in materials engineering, as it allows an additional degree of 

freedom in the development of advanced devices with enhanced properties than 

those fabricated on conventional (100) plane. Additionally, I-V, C-V, conventional 

DLTS, Laplace DLTS and PL are used to investigate the effect gamma radiation 

on the electrical and optical properties of dilute n-GaAs1-xBix grown on (100) GaAs 

substrates. Moreover, XRD, Raman and PL are employed to examine the structural 

and optical properties of n-type and p-type GaAs1−XBiX thin films grown by MBE 

on (311)B GaAs substrates.   

 

1.3 SCHEME OF THE THESIS  

The struture of this thesis is organised as follows: 

Chapter 1: discusses the research motivations and structure of the thesis. 

Chapter 2: presents the fundamental concepts of semiconductors, crystal structure, 

energy band gaps, the principles of heterostructure devices. This chapter also 

covers the properties of GaAs and GaAsBi materials, as well describes the optical 

properties of semiconductors. 

Chapter 3: provides details on the crystal defects as well as the theoretical 

background of carrier kinetics. The most well known defects in GaAs and dilute 

Bismuth materials are also discussed.  

Chapter 4: describes the experimental techniques used in this thesis including 

DLTS, Laplace DLTS and PL. Furthermore, the hardware and software needed for 

implementing these methods are also discussed. 
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Chapter 5: provides information on the samples studied in this thesis, as well as  

gives a brief description of the measurements set up.    

Chapter 6: discusses the effect of substrate orientation on the structural, electrical 

and optical properties of n-type GaAs1-XBiX layers grown by MBE using XRD, I-

V, C-V, DLTS, Laplace DLTS, Raman and PL measurements. 

Chapter 7: presents the effect of gamma radiation on the electrical and optical 

properties of dilute GaAs1-XBiX grown by MBE.  

Chapter 8: describes the structural and optical properties of n-type and p-type 

GaAs1−XBiX thin films grown by MBE on (311)B GaAs substrates.   

Chapter 9: presents an overview of the research work done in this thesis and 

provides suggestions for future work.  
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CHAPTER 2:  FUNDAMENTAL CONCEPTS OF 

SEMICONDUCTORS 

This chapter describes some basic concepts of semiconductor materials such as 

doping type by the addition of impurity atoms into the host lattice, different 

structures and orientations of the crystals, energy band gaps and density of states. 

Heterostructures and their properties including lattice mismatch and band 

alignment are also discussed. In addition, the electrical and optical properties of 

semiconductors in general and III-V materials in particular will be highlighted. The 

properties of selected compounds such as GaAs and GaAsBi are given including 

the role of bismuth impurity in the modification of the bandgap of GaAs. 

2.1. SEMICONDUCTORS  

Semiconductors can be defined as materials that have an electrical conductivity 

value between that of a conductor (e.g., metals) and insulators (e.g., ceramics). The 

resistivity of semiconductors ranges from ~10-2 to ~109 Ω-cm.  

Semiconductors, which are essential in the development of various electronic and 

optical devices, can be found in computers, mobile phones, light emitting diodes, 

lasers, solar cells and optical fiber telecommunication systems [1] .  

There are two families of semiconductor materials, namely elemental and 

compound semiconductors. Elemental semiconductors involve a single element, 

such as silicon (Si) and germanium (Ge) which belong to the group IV of the 

periodic chemical table. 

Compound semiconductors that are made from a combination of elements in the 

periodic table are labelled as compound semiconductors. Semiconductors with two 
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and three elements are known as binary (e.g. GaAs and GaP ) and ternary (e.g. 

InGaAs, GaAsBi) compounds, respectively [2]. 

 

2.1.1 DOPED AND UNDOPED SEMICONDUCTORS 

Undoped semiconductors, which are also referred to as intrinsic or pure 

semiconductors, do not contain a significant amount of impurities that can alter 

their electrical and optical properties. In intrinsic semiconductors, the number of 

electrons in the conduction band is equal to the number of holes in the valence band. 

Since the valence band is fully filled with electrons and the conduction band is fully 

empty, then these semiconductors behave as insulators at low temperatures (0 

Kelvin) because there is no flow of charge carrier to contribute to their conductivity.  

Doped semiconductors, known as extrinsic semiconductors, have impurities (called 

dopants) incorporated into their host lattice in order to change their electrical 

properties.  The type of electrical conductivity, namely n-type and p-type, depends 

on the dopant atoms since their incorporation changes the concentration of 

electrons and holes at thermal equilibrium. The dominant charge carrier 

concentration in n-type and p-type semiconductors are electrons and holes 

(deficiency of electrons), respectively. For example if arsenic (As: group V) and 

boron (B: group III) are incorporated in Si (group IV element), n-type and p-type 

conductivities can be achieved, respectively. The As and B atoms, in this case, are 

known as donor and acceptor dopants [2,3], respectively. For As and B doped 

silicon an excess of electrons and holes is achieved, respectively. Similarly, if Si 

and Be atoms are incorporated substitutionally into GaAs host lattice, n-type and 

p-type conductivities can be achieved, respectively. 
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2.2. CRYSTAL STRUCTURE AND PROPERTIES 

The performance of semiconductor devices is influenced by the crystal structure, 

which is determined by the atoms' arrangement in the crystals. A crystal structure 

formation occurs when atoms or molecules are placed in an arrangement, which 

forms a three-dimensional periodic array structure without any impurities added in 

the course of the process of developing the structure. The performance of a 

semiconductor is very dependent on the crystalline structure. The smallest set of 

atoms or molecules that can be replicated to form a crystalline structure is the unit 

cell. Crystal structures can be found in different forms. For example, a simple cube 

where all corners contain atoms, a body centred cube (bcc) where there is an atom 

at the center of the cube, and a face centred cube (fcc) where the atoms are located 

on each face of the cube. These models represent the unit cell [4]. Fig. 2.1 describes 

the simple cube (a), body-centered cube (b), and face-centered cube (c), 

respectively [2]. 

 

Fig. 2. 1: Crystal structure (a) simple cubic, (b) body-centred cubic and (c) faced-

centred cubic. 

 

The crystal structuring in semiconductors can be classified into several types of 

structures. Examples of these structures are zinc blende structure (e.g. GaAs, GaSb 
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and InAs), and diamond structure, which has one type of element atoms (e.g. Ge, 

Si and C). In addition, both structures can be made by interpenetration of two fcc 

lattices, one of which is one-quarter of the distance along the body diagonal. The 

atoms are grouped as a tetrahedron in both forms, and each atom is covalently 

connected to four neighbouring atoms. The two structures are very important in the 

semiconductor industry. Fig. 2.2 shows a diamond structure and a zinc blende 

structure of some important semiconductors, namely Si and GaAs.  

 

Fig. 2. 2:  (a) diamond structure for Si. (b) Zincblende structure for GaAs [2]. 

 

The orientation of crystal planes is also important as they are crucial in the 

fabrication of semiconductor devices. Hence, to define the crystal planes, Miller 

indices are commonly used. Miller indices of a plane can be identified by the 

intercepts of a plane along with the x, y and z directions, then take reciprocals of 

the intercepts and ultimately reducing them to the smallest integers [5]. A crystal 

surface is determined by a set of h, k and l as follows: 

a 

Silicon Atom 

a 

Gallium Atom 

Arsenic Atom 

(a) (b) 
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I) Direction of (hkl) for a plane that has intercepts at 1/h, 1/k and 1/l on 

the x, y and z axis, respectively.  

II) (ℎ̅𝑘𝑙) for a plane that intercepts the negative x axis. 

III) {hkl} for a collection/set of planes.  

IV)  [hkl] for crystal directions e.g. [100] for the x axis. 

V) <hkl> for a full set of directions. 

Fig. 2. 3 shows some planes in Miller indices cubic crystal. 

 

Fig. 2. 3: Miller indices of some planes in a cubic crystal. 

 

The crystalline structure will be the same under any relocation through a direct 

lattice vector (R) which is the sum of primitive vectors (a, b, c) as follows: 

        𝑹 =  𝑚𝒂 +  𝑛𝒃 +  𝑝𝒄         (2.1) 

where m, n and p are integers. 

Primitive basis vectors can define the reciprocal basis vectors (b*, c* and d*) which 

are given by:  
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𝒂∗ = 2𝜋
𝒃 x 𝒄

𝒂 ∙ 𝒃 x 𝒄
                                                  (2.2) 

       

𝒃∗ = 2𝜋
𝒄 x 𝒂

𝒂 ∙ 𝒃 x 𝒄
                                         (2.3)

        

𝒄∗ = 2𝜋
𝒂 x 𝒃

𝒂 ∙ 𝒃 x 𝒄
                                          (2.4)

        

where 𝒂 ∙ 𝒂∗ = 2𝜋, 𝒂 ∙ 𝒃∗ = 0, and so on. 

It can noted that the denominators are identical because 𝒂 ∙ 𝒃 x 𝒄 = 𝒃 ∙ 𝒄 x 𝒂 = 𝒄 ∙

𝒂 x 𝒃 and they define the volume enclosed by the vectors (a, b and c) with the 

general reciprocal lattice vector (G) given by: 

𝑮 =  ℎ𝒂∗  +  𝑘𝒂∗ +  𝑙𝒂∗              (2.5) 

where h, k and l are integers. 

The relationship between the direct lattice vector (R) and the reciprocal vector (G) 

is given by [5]. 

G.R= 2 x integer.                              (2.6) 

It is worth pointing out that the planes of the crystal are classified as high and low 

depending on the orientation of the plane. The planes such as (100), (110) and (111) 

are called low index planes. While high index planes have an index higher than 

zero and one e.g. (311)A/B.  
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2.3. ENERGY BAND GAPS 

Insulators, semiconductors, and metals are the three categories of materials 

classified in solid state physics. The size of the energy bandgap (Eg), which is the 

difference between the energy of the highest valence band (VB) and the energy of 

the lowest conduction band (CB), determines this classification. In particular,  the 

energy bandgap for a III-V semiconductor ranges from ~ 0.17 eV (InSb) to ~ 6 eV 

(AlN) [3]. The energy-wave vector (E-k) relationship is commonly used to 

represent the band gap of a semiconductor, as shown in Fig. 2.4. In direct bandgap, 

when k=0, the conduction band minima and valence band maxima have roughly 

parabolic forms, and their energy is given by:  

𝐸𝐶 = 𝐸𝑔 +
ℎ2𝑘𝐵

2

8𝜋2𝑚𝑒
∗  , 𝐸𝑣 = 𝐸𝑔 −

ℎ2𝑘𝐵
2

8𝜋2𝑚ℎ
∗                        (2.7) 

where ℎ is the Planck's constant, kB is Boltzmann constant, 𝑚𝑒
∗  and 𝑚ℎ

∗  are the 

effective mass of electron and hole, respectively. 𝐸𝑐 and 𝐸𝑣 are the energy of 

conduction and valence bands, respectively   

The electrons in the valence band do not have enough energy to be excited to the 

conduction band at very low temperatures (~ 0 K), thus they are confined in the 

valence band. As a result, at this low temperature, an intrinsic semiconductor 

behaves as an insulator [6].  

 

2.3.1. DIRECT AND INDIRECT ENERGY BANDGAPS 

The energy bandgap of a semiconductor can either be direct or indirect. This 

depends on two factors which are the position of the lowest energy of the 

conduction band and the highest energy of the valence band with respect to the 
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wave vector (k). If the minimum of the conduction and the maximum of the valence 

band occur at the same k value, i.e.  k= 0 then the semiconductor has direct bandgap. 

An example of a direct energy bandgap is GaAs, otherwise the semiconductor is an 

indirect bandgap. An example of an indirect bandgap is silicon.  

 

Fig. 2. 4: Energy-band structures of (a) Si has an indirect band gap (b) GaAs has a 

direct band gap [2].  

 

2.3.2.TEMPERATURE DEPENDENT ENERGY BANDGAPS  

The properties of  semiconductors are temperature dependent. For example, as the 

temperature increases the band gap energy decreases. At zero Kelvin (0 K), the 

bandgap energy of GaAs and Si are 1.52 eV and 1.17 eV, respectively. However, 

at room temperature, the bandgap decreases to 1.42 eV and 1.12 eV for GaAs and 

Si, respectively [5]. The reduction of the band gap energy was attributed to the 

dilation of the lattice constant to be the primary cause. As thermal power is applied 

to a semiconductor, the inter-atomic spacing increases as the thermal vibration of 

the atoms increases, resulting in a drop in the potential observed by electrons and 

hence a reduction in the bandgap occurs. Another contributor to temperature 
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influence on semiconductors energy bandgaps is the electron lattice  interaction 

(electron – phonon) [7]. Varshni [8] proposed an empirical relationship for the 

temperature dependence of the energy band gap  𝐸𝑔(𝑇), which is given by: 

𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

𝑇+𝛽
                   (2.8)

    

where 𝐸𝑔(0) is the energy of the bandgap at 0 K, 𝛼 and 𝛽 are constants and 

represent empirical parameters related to the material e.g. 𝛼 = 0.49 meV/K and 

𝛽 = 655 K ,  𝛼 = 0.5 meV/K   and 𝛽 = 220 K for Si [5] and GaAs [9], 

respectively.  

 

2.4. DENSITY OF STATES 

Distribution of carriers and their concentration in a semiconductor are vital in 

determining the number of electronic states at a certain energy level that available 

for carriers to occupy. The density of states N(E) is given by the number of states 

in a unit volume across a single unit energy that are available per carrier occupation. 

The interaction between atoms due to the close space between them cause the 

quantified energy levels to split into a finite number of energy states [10] . 

As atoms interact there are high probabilities of breaking the energy levels into a 

number of energy states. Since the electrons tend to settle in the lowest energy 

levels available, the highest two occupied energy bands can be identified as the 

conduction and valence bands. The two bands are separated by a bandgap, a range 

of energy levels where no states exist. At the lowest temperature (e.g. 0 K), the 

valence band is totally filled with electrons, while the conduction band electronic 

states are empty. However, electrons in the valence band can be excited to the 
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conduction band if they gain enough energy to overcome the bandgap. As a result 

of this process, a hole is formed in the valence band due to the formation of a local 

positive charge known as vacancies (holes). These electrons need accessible states 

in the conduction band for occupation. The allowed states at certain energy levels 

are defined as density states. The density of states is highly reliant on the 

confinement of carriers (e.g. electrons) and their degree of freedom which in turn 

depends on material structure. Semiconductors can be classified into four types 

according to their dimensions: 3D (three-dimension), 2D (two-dimension), 1D 

(one-dimension) and 0D (zero-dimension). The density states D(E) of 3D (bulk 

material), 2D (quantum well), and 1D (quantum wire) is ~E1/2, constant 

(independent of E but follows a step like function), and ~E-1/2, respectively. D(E) 

of 0D (quantum dot) material is represented by a delta function. Fig. 2.5 shows the 

density of states as a function of energy for these systems [5] . 

 

Fig. 2.5: Density of states for (a) bulk material (3D), (b) quantum well (2D), (c) 

quantum wire (1D) and (d) quantum dot (0D) [5]. 
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2.5. HETEROJUNCTION STRUCTURES 

Semiconductors can be categorized into homojunction and heterojunction 

structures. A homo-junction structure is formed when two layers of the same 

semiconductor materials are deposited on top of each other (e.g. p-n junction). 

These materials normally exhibit the same band gap with varied doping. However, 

when two different semiconductor materials are stacked, then the resulting structure 

is called a heterojunction. These materials differ in terms of lattice constants, 

energy bandgaps etc. [4]. 

 

2.5.1. LATTICE MISMATCH 

A lattice-matched structure is one that is made up of two materials with the same 

lattice constants (Fig. 2.6 (a)). A lattice-mismatched structure, on the other hand, is 

formed when two materials with differing lattice constants are grown on top of each 

other. This mismatched structure has defects occurring at the interface due to strain 

and dislocations caused by lattice constants disparities. The lattice mismatch can 

be expressed as [5]:  

 
∆𝒂

𝒂
=

𝒂𝒔𝒖𝒃−𝒂𝒍𝒂𝒚𝒆𝒓

𝒂𝒔𝒖𝒃
                             (2.9)

       

where 𝑎𝑙𝑎𝑦𝑒𝑟 is the lattice constant of the epitaxial layer and 𝑎𝑠𝑢𝑏 is the lattice 

constant of the substrate. Strain can either be compressive or tensile in a 

mismatched structure. When 𝑎𝑙𝑎𝑦𝑒𝑟 > 𝑎𝑠𝑢𝑏 compressive strain occurs. However, 

when 𝑎𝑙𝑎𝑦𝑒𝑟 < 𝑎𝑠𝑢𝑏 tensile strain is achieved. Fig. 2.6 shows a lattice matched and 

mismatched system.  
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Fig.2.6: Schematic diagram showing (a) lattice matched system; (b) and (c) lattice 

mismatched system with compressive and tensile strain, respectively.   

 

2.5.2. ATOMIC SIZE AND ELECTRONEGATIVITY 

The size of the atoms in the two different semiconductor materials that make up a 

heterojunction is an important factor in the growth process of heterojunction 

structures, in addition to lattice matching. The discrepancy in atom size can also 

create strain in the structure. Indeed, since strain has been proven to have a 

significant impact on the properties of a heterostructure [11] , the size of atoms that 

form a heterojunction is important in the development of heterojunction structures.   

The characteristic of atoms and molecules to attract electrons to themselves and 

form chemical bonds is termed electronegativity (χ).  χ was first introduced by 

Linus Pauling [12] and is also referred to as Pauling’s electronegativity scale. χ 

,which is a unitless quantity, plays an important role during the growth process [5]. 

The electronegativity scale, which gives the difference between two materials A 

and B that form a heterojunction, is given by: 
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𝜒𝐴 − 𝜒𝐵 = [(𝑒𝑉)−

1

2]√𝐸𝐷(𝐴𝐵) −
[𝐸𝐷(𝐴𝐴)+𝐸𝐷(𝐵𝐵)]

2
                    (2.10) 

where 𝜒𝐴 and 𝜒𝐵 are the electronegativity of material A and B, respectively. 

𝐸𝐷(𝐴𝐵), 𝐸𝐷(𝐴𝐴) and 𝐸𝐷(𝐵𝐵) are the dissociation energies in eV between the 

atoms AB, AA as well as BB, respectively. The factor [(𝑒𝑉)
−1

2 ] is used to make the 

value of electronegativity unitless. 

 

2.5.3. BAND ALIGNMENT 

The alignment of the energy bands between two semiconductor materials play a 

major role in the operation of heterojunction devices. A model to construct the 

energy band diagram of semiconductor heterostructures was proposed by Anderson 

in 1962 [13]. Band alignment is particularly important in the transport of charge 

carriers. Anderson's theory is based on the electron affinity of the materials that 

make up the heterojunction. Anderson's rule states that if two semiconductors (A 

and B) are utilised to construct a heterojunction, their vacuum levels must be 

aligned. As a result, the difference in the electron affinities of A and B (𝜅 𝐴 − 𝜅 𝐵) 

leads to the offset of both the conduction band (∆𝐸𝑐) and valence band (∆𝐸𝑣) as 

expressed below [10]:  

𝜅 𝐵 − ∆𝐸𝑐 − 𝜅 𝐴 = 0      (2.11)

      

∆𝐸𝑐 = 𝜅 𝐵 − 𝜅 𝐴 and ∆𝐸𝑣 = ∆𝐸𝑔 − ∆𝜅  (2.12)

    

Heterojunction structures are classified into three categories based on their band 

alignment (i.e. type I, II and III). Type I heterojunctions also referred to as 
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straddling are formed when the bandgap of semiconductor A is larger than that of 

semiconductor B. GaAs/InP and AlGaAs/GaAs structures are two common 

examples of such alignment. Type II heterojunctions, also known as staggered 

heterojunction, are formed when both the valence band edge and conduction band 

edge of semiconductor A are lower than the corresponding valence and conduction 

band edges of semiconductor B. InAIAs/InP is one of such example of type II 

alignment. Type III heterojunctions, labelled as misaligned type II or  broken-gap, 

is formed when the conduction band of one type of material lies below the valence 

band of the other type of material as in the case of GaSb/InAs [10]. Fig. 2.7 shows 

a schematic diagram of type I, II and III heterojunctions [5]. 

 

Fig. 2.7: band alignment of (a) type I (straddling), (b) type II (staggered) and (c) 

type III (broken-gap) heterojunctions [5]. 

 

 

2.6. GENERAL PROPERTIES OF SELECTED 

SEMICONDUCTORS 

In this section some of the important properties of the semiconductors investigated 

in this thesis will be reviewed, namely gallium arsenide (GaAs) and dilute bismide 

(GaAsBi). 
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2.6.1. GALLIUM ARSENIDE 

Gallium arsenide (GaAs) was first produced in 1920 by Goldschmidt, and its 

properties later studied in 1952 [14]. It is one of the most explored compound 

semiconductor material in the technological arena. GaAs has a face centred cubic 

lattice (fcc) made up of Ga (Group III) and As (Group V) atoms from the periodic 

table. As shown in Fig. 2.2 (b), GaAs possesses a zincblende structure of As with 

Ga atoms positioned on the body diagonals at the coordinates (
𝑎

4
,

𝑎

4
,

𝑎

4
 ),  where a is 

the GaAs lattice constant given by [14]: 

 a = 0.565325+3.88x10-6 (T- 300K) nm               (2.13) 

where T is the temperature in Kelvin. 

Fig. 2.8 illustrates the energy band structure of GaAs. It can clearly be seen that the 

conduction band minima and the valence band maxima lie at the same value of 

wave vector at k = 0. As a result, the transition of electrons from the valence band 

to the conduction band need a change in energy but without a change in momentum 

as it is conserved. Hence, the GaAs bandgap is referred to as direct. This is an 

important property for devices used in optoelectronics applications.  
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Fig. 2.8: Energy bandgap diagram of GaAs showing three different conduction 

valleys (X, Γ and L). 

 

GaAs has higher electron mobility than Si. This makes it ideal for devices operating 

at high frequencies. In addition, the bandgap energy of GaAs (1.42eV) at room 

temperature is higher than Si (1.12 eV), making GaAs devices more suitable for 

operations at high temperatures [15]. GaAs is also used as a semi-insulating 

substrate in integrated circuits because it has a very high resistivity (~ 108 Ω-cm) 

compared to Si (~ 6.4×102 Ω-cm). Moreover, optical fibre telecommunication 

requires lasers operating at specific wavelengths, namely 1.30μm and 1.55μm. 

Ternary and quaternary semiconductor alloys and different structures such as 

multiple quantum wells (MQWs) and quantum dots (QDs) have been used to 

achieve these emissions [16–18] which are not accessible by the use of Si-based 

structures and devices. Table 2. 1 summarizes some important properties of GaAs.  
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Table 2. 1: Selected GaAs parameters where m0 is the free electron rest mass.  

Parameter GaAs 

Crystal Structure Zincblende 

Lattice constant (nm) 0.5653 

Crystal density (g/cm3) 5.360 

Energy band gap (eV) (300K) 1.42 

Bandgap type Direct 

Electron effective mass 0.063m0 

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

Dielectric constant (static) 12.85 

Specific heat(cal/gK) 0.08 

Electron affinity (eV) 4.07 

 

 

2.6.2. DILUTE BISMIDE MATERIALS 

Dilute bismide semiconductors alloys, particularly GaAs1-xBix are promising 

candidates for long wavelength optoelectronics devices [19], infrared emitters, 

detector and spintronic related devices [20–22]. The following are some of its well-

known properties which make it very attractive to users in devices applications. 

GaAs1-xBix materials have optical and electrical properties that distinguish it from 

other materials. For instance, the incorporation of small amounts of Bi atoms into 

the GaAs host lattice can dramatically affect the bandgap energy of GaAs [22]. For 

instance, the bandgap of GaAs is reduced by ~88 meV per % Bi, and the spin–orbit 

(SO) splitting energy (Δso) is increased significantly. It is worth pointing out that if 

the splitting is greater than the band gap (Δso> 𝐸𝑔),  the Auger recombination 

process which involves the split off band is suppressed [21,23]. Because of these 

unusual properties, such alloys are promising materials for making GaAsBi-based 

structures suitable for both optoelectronic and spintronic applications [22,24].  
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 The first effective incorporation of Bi into GaAs was achieved using metalorganic 

vapour phase epitaxy (MOVPE) [25] and molecular beam epitaxy (MBE) 

techniques [26,27]. Bi atom is the heaviest of the group V elements. The atomic 

radius of Bi atom is much larger than that of As atom, and it has a lower 

electronegativity. Because of the significant size difference between Bi and As 

atoms, a compressive strain develops surrounding the atoms. 

The huge variation of atomic potential energy induced in the GaAsBi band structure 

creates a localized state level near the GaAs valence band maxima, attracting holes 

from the valence band. The localised potential energy of Bi atoms and the 

surrounding lattice relaxation significantly disturb the GaAs electronic band 

structure, resulting in a variety of qualitative effects comparable to those seen in 

the dilute nitride GaAsN material system. While energy states arise at the valence 

band maxima in GaAsBi materials, in GaAsN energy states appear near the 

conduction band minima. It is worth noting that in dilute bismide/nitride GaAs, As 

atoms are substituted with Bi and N atoms. Further, as predicted by virtual crystal 

approximation (VCA), these localised energy states behave like isoelectronic 

impurities [22] and interact with the valence and conduction band of GaAsBi and 

GaAsN, respectively. The interaction between acceptor-like (GaAsBi) and valence 

band, and donor-like (GaAsN) and conduction band energy states causes the energy 

bands to bow significantly, resulting in a substantial reduction of the band gap of 

GaAs for a small amount of Bi and N. The large drop in GaAs bandgap due to Bi 

incorporation into the host lattice is thought to be related to the disruption of the 

valence band maximum (VBM) and 6p state of Bi atom [28]. In GaAs, the Bi 6p 

orbitals are expected to be close to VBM. As a result of this upward motion of 

heavy and light hole bands, the substantial band gap reduction occurs. In addition, 
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the shift/change of the split-off band position results in a large increase of the spin-

orbit splitting energy [21]. However, a resonant interaction between the conduction 

band minima and the 2s state of the N atom is thought to be responsible for the 

substantial decrease in the bandgap of GaAs when N substitutes As [29,30]. The 

band structures of GaAsBi and GaAsN alloys with respect to GaAs are shown 

schematically in Fig. 2.9. It is important to mention that arsenic (As) has a higher 

and lower electronegativity than Bi and N, respectively. This difference in 

electronegativity could explain the energetic behaviour of Bi and N isoelectronic 

impurities [31].   

 

Fig. 2. 9: Band gap structure of (a) dilute GaAsN, (b) GaAs, and (c) dilute GaAsBi. 

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

split off bands, respectively. The position of localized energy states in Bi and N are 

shown by solid blue lines.  
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2.6.2.1 INCORPORATION OF BISMUTH ON HIGH INDEX 

GaAs PLANES  

The substrate surface orientation plays a major role in the growth of III-V 

semiconductors. Layer formation on high Miller index surfaces, i.e. surfaces 

orientated differently than the conventional (100) orientation, provides a major 

degree of freedom in the epitaxy of III-V GaAs semiconductors. In fact, the 

incorporation of Bi into high index GaAs substrates grown by MBE was shown to 

be substantially higher in the (311)B epilayers than in the (100) orientation [32,33]. 

In addition, the growth of epitaxial layers on high index substrates, i.e. non-(100), 

can influence growth, impurity incorporation and electronic properties [33].  

 

2.7. OPTICAL PROPERTIES OF SEMICONDUCTORS. 

The incidence of a photon onto a semiconductor material's surface can follow a 

variety of optical processes, including reflection from the surface, transmission 

through the material, and absorption in the material. If the incident photons have 

enough energy, they can excite an electron from the valence band to the conduction 

band. As a result, the created electron-hole pair may interact with lattice vibrations 

and localised defects within the band gap. Hence, the optical response (i.e. optical 

spectra) of a semiconductor subjected to photons can provide useful information 

about the properties of semiconductor materials.   

 

 2.7.1. ABSORPTION PROCESS 

The operation of optical semiconductor devices depends on the transition of 

electrons and holes between the energy levels. Generally, the illumination of a 
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semiconductor material with a photon with energy hυ (the photon energy) is equal 

or greater than the band gap energy Eg (energy band gap) can generate an electron-

hole pair. This process which is called absorption is illustrated in Fig. 2.10, where 

an electron is excited by a photon from the valence band to the conduction band 

leaving a hole in the valence band. Absorption also occurs when an electron makes 

a transition by absorbing a photon from the valence band to an empty impurity 

(neutral acceptor) or from an impurity atom (neutral donor) to the conduction band. 

An absorption transition can also occur between two impurity atoms. Furthermore, 

the fundamental absorption process is strongly affected by whether the energy gap 

is direct or indirect. In a direct semiconductor, e.g. GaAs, an electron at the valence 

band maximum can execute a vertical transition to the conduction band minimum 

directly without changing its wavevector (k). Energy is conserved according to the 

following equation:   

             hυ = 𝐸𝑓 − 𝐸𝑖                        (2.14)                                                               

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

in the upper band. hυ is the photon energy. h is the Planck’s constant, υ  is the 

frequency.  

For indirect band gap material, e.g. Si, the excited electron between the energy 

bands needs additional momentum to reach the conduction band. The electron gain 

this momentum by interacting with a phonon. In this case, the energy conservation 

is: 

      hυ = 𝐸𝑓 − 𝐸𝑖 ±  hΩ                                             (2.15)      

where hΩ is the energy of the phonon.  
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The bulk semiconductors have a continuous series of energy states within lower 

and upper bands, hence the interband transitions are possible over a continuous 

range of frequencies. Moreover, the range of frequencies can be determined by the 

upper and lower energy limits of the bands. As a result, interband transitions give 

rise to continuous absorption spectrum from low energy levels at Eg to an upper 

energy level.  

The absorption spectrum of a material is related to its band structure and in 

particular to the density of states for the transition.  

                

Fig. 2.10: The interband optical absorption between the initial energy states Ei in a 

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

hυ is the photon energy.    

 

The absorption coefficient (α) as a function of wavelength (λ) for a direct band gap 

semiconductor (e.g. GaAs), can be expressed as follows [34]:  

             𝛼(𝜆) = 𝐴(hυ − 𝐸𝑔)
1

2                                                           (2.15) 

𝐡𝛖  Eg 

Ef 

Ei 

Energy Upper band 

Lower band 
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where 𝐴 is a constant and depends on the properties of the material, 𝐸𝑔 is the band 

gap energy and hυ is the incident photon energy. 

 

2.7.2. EMISSION PROCESS 

In absorption process transitions, photon absorption creates an electron-hole pair. 

However, in emission transitions, an electron recombines with a hole resulting in 

the emission of a photon. The emission process involves transitions that are the 

inverse of the absorption process. Moreover, emission of photons occurs when an 

electron in a high energy state make a transition to a lower empty energy state by 

releasing energy as photons. The released energy in the form of electromagnetic 

radiation is defined as the difference between two energy levels. One of the 

important radiative transition is band to band transition. In this recombination 

transition a free electron from the conduction band and a hole from the valence 

band recombine radiatively with high probability, if the semiconductor has a direct 

band gap. However, for indirect bandgap, as in absorption, a phonon must be 

involved. It is worth mentioning that, the indirect process is less probable than 

direct recombination. For example, the probability for a radiative transition in 

silicon is very small, and the life time for an excited electron in indirect gap material 

is much longer compared to direct materials. This explains why indirect gap 

material like Silicon is a poor light emitter [34]  
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CHAPTER 3: SEMICONDUCTOR DEFECTS 

AND THEIR PROPERTIES 

In this chapter, various types of defects are discussed. The effect of defects and 

their role as trapping and generation recombination centres will be presented. A 

classification of  deep level defects in semiconductors and their carrier kinetics 

processes are also highlighted. In addition, the presence of defects in GaAs, and 

dilutes GaAsBi, with their properties will be covered. 

 

3.1 CLASSIFICATION OF DEFECTS 

A perfect crystal is created by repeating a basic unit cell along the three 

crystallographic orientations. However, in a real crystal, the lattice is not perfect 

and no crystal has such regularity, thus all crystals contain various types of defects. 

The defects range from point, complexes, and extended defects, all of which cause 

the crystal to be  imperfect. In this section, an overview of the most important 

defects will be discussed. 

 

3.1.1 POINT DEFECTS 

A point defect, also known as a zero dimensional defect, occurs when an atom is 

missing or is located in an unusual site in the lattice structure. As a result, a point 

defect disrupts the crystal arrangements at an isolated location. Therefore, a point  

defect can be found in different forms such as vacancy, substitutional, interstitial 

and antisite impurities. A vacancy defect is normally caused by a missing atom at 

a certain crystal lattice site in a crystal structure, as shown in Fig. 3.1 (a). Another 

form of defect is the substitutional impurity, as depicted in Fig. 3.1 (b). It is created 
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when a foreign atom impurity replaces and occupies a regular lattice site of the host 

atom. Similarly, an antisite defect is a special type of substitutional defect, which 

occurs in compound semiconductor materials like GaAs, and it is formed when a 

host atom occupies the site of another host atom. In GaAs, an example of an antisite 

defect is shown in Fig.3.1 (c), where an As atom occupies a Ga site [Ga antisite 

(AsGa)] or a Ga atom occupies an As site [As antisite (GaAs)]. The fourth form of a 

point defect is known as an interstitial impurity. This impurity is formed when an 

atom occupies the space between regular lattice sites. The interstitial impurity is 

divided into two categories: if this atom is the same as the host crystal then it is 

called self-interstitial, and when the atom is a foreign or impurity atom then it is 

called foreign-interstitial, as can be seen in Fig 3.1 (d). These point defects not only 

disrupt the crystal's periodicity, but also change the material's electricalproperties, 

e.g.  they can significantly influence its conductivity.  

 

 

Fig. 3.1: Schematic diagrams of different kinds of point defects in crystalline 

semiconductors: (a) vacancy impurity; (b) substitutional impurity; (c) antisite 

impurity; and (d) interstitial impurity. 
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3.1.2 COMPLEXES OF POINT DEFECTS  

When at least two or more point defects interact with each other, they form pairs 

known as point complex defects. There are different types of complex point defects, 

for example, a split-interstitials defect is a type of complex point defect and it is 

formed when two interstitials atoms create a pair in the lattice, as shown in Fig. 3.2 

(a). These kinds of defects are formed by either a pair of two interstitial atoms from 

the same host material (self-interstitials), or by a pair of two impurity interstitials 

atoms (foreign interstitials). Furthermore, vacancy defects can also create a variety 

of complex defects in a crystalline material as shown in Fig. 3.2 (b). Particularly, 

when two vacancies form a pair, the resultant complex defect is referred to as a Di-

vacancy. In addition, another kind of complex point defect, referred to as Frenkel 

defect, is formed when a vacancy and a self-interstitial atom form a pair. A pair of 

a vacancy and a foreign-interstitial form a vacancy-impurity complex. A split 

vacancy is created when two vacancies and an interstitial atom form a pair. Finally, 

an impurity pair complex defect occurs when a substitutional impurity atom forms 

a pair with an interstitial impurity atom, as shown in Fig. 3.2 (c).  
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Fig. 3.2: (a) spilt-interstitials, (b) vacancy complexes, and (c) complexes of 

impurity-pair. 

 

3.1.3 LINEAR DEFECTS 

One of the most common defects in semiconductor is the linear defects, often 

known as dislocations or one-dimensional defects. These kinds of defects normally 

occur when an entire line of atoms (row) is missing from its normal lattice site in 

the crystal. Edge dislocations and screw dislocations are the most common types of 

linear defects. As shown in Fig. 3.3 (a), edge dislocation is formed when an extra 

half plane of atoms is inserted into the crystal lattice, causing distortion of nearby 

atoms. The screw dislocation is formed when one part of the crystal lattice is shifted 

with respect to the other crystal part, as shown in Fig. 3.3 (b).  
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 Fig. 3.3: Linear defects: (a) edge dislocations and (b) screw dislocations. 

 

3.2 DEFECTS AND THEIR CARRIER KINETICS 

The classification of defects based on their enegy and the mechansims of the 

generation-recombination processes will be thoroughly discussed in this section.  

 

3.2.1 SHALLOW LEVELS AND DEEP LEVELS DEFECTS 

Defects tend to have a significant effect on the electrical and optical properties of 

semiconductor materials. These defects or impurities, which introduce energy 

levels within the band gap of the material, are classified according to their energetic 

position. In particular, shallow levels impurities, which are intentionally introduced 

as dopant atoms, are located near the valence band (EV) or conduction band (EC) as 

shown in Fig. 3.4. If they contribute with electrons to the conduction band and holes 

to the valence band, these defects are known as shallow donors and acceptors, 

respectively [1]. Shallow levels have low ionization energy (< 0.025 eV) and easily 
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ionized at room temperature,  causing an increase of the electrical conductivity of 

semiconductor materials.  

 

Fig. 3.4: Schematic diagram of (a) shallow donor level, and (b) shallow acceptor 

level. Ec, Ev and EF represent conduction band energy, valence band energy and 

Fermi level, respectively.  

 

As can be seen in Fig. 3.5, deep level defects are situated far from the edges of 

conduction and valence bands  and have energy levels greater than 0.1 eV. These 

energy levels are also known as recombination-generation centres and have a large 

impact on the electrical and optical properties of semiconductors. The conduction 

mechanisms, which involve these impurities levels, will be presented in the 

following section. 

 

Fig. 3.5: Schematic diagram of deep level defects in semiconductors. ED and EA 

represent shallow donor level and acceptor donor level, respectively. 
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3.2.2 SHOCKLEY-READ-HALL THEORY 

In 1952, the Shockley-Read-Hall (SRH) model was proposed to describe the 

statistics of recombination and generation of holes and electrons in semiconductors 

by the trapping mechanism [2]. When electrons are excited from the valence band 

to the conduction band, electron-hole pairs are formed (pair-generation process), 

creating free electrons and holes in the conduction band and valence band, 

respectively. These can contribute to the charge current. The equilibrium 

concentrations of electrons and holes stay constant with respect to time at 

thermodynamic equilibrium, resulting in a balance of generation and recombination 

processes rates. When an external source of energy such as light is applied, the 

carrier concentration will rise, and therefore the generation and recombination 

processes take place at different rates. As a result, non-equilibrium conditions will 

prevail in the system [3]. 

The emission and capture rates of charge carriers must be considered in order to 

calculate  the occupancy of recombination-generation centres (G-R centres) at 

equilibrium. According to the theory, if ET is considered to be the energy of a defect 

within the forbidden bandgap of a semiconductor, then four sub-processes can 

happen involving traps levels [3]: 

(i) Electron capture, cn: in this process an electron in the conduction band 

can be trapped in the deep center (Fig.  3.6 (a)).  

(ii) Electron emission, en: in this process an electron can be emitted into the 

conduction band from the trap level ET (Fig.  3.6 (b)). 

(iii) Hole capture, cP: in this process a hole from the valence band can be 

captured by the deep centre  (Fig. 3.6 (c)). 
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(iv) Hole emission, ep: in this process a captured hole from trap level ET can 

be emitted into the valence band (or an electron from the valence band 

is trapped by a trap level ET leaving a hole in the valence band) (Fig. 3.6 

(d)). 

 The capture and emission processes of an electron and hole are shown in Fig. 3.6, 

where n is the density of electrons, p is the hole density, cn is the electron capture 

coefficient, en is the electron emission rate, pT is a G-R centre occupied by a hole, 

nT is a G-R centre occupied by an electron, cp is the hole capture coefficient and ep 

is the emission rate of hole. 

 

 

Fig. 3.6: Schematic diagram of capture and emission processes: (a) electron 

capture, (b) electron emission, (c) hole capture, and (d) hole emission [3]. 

 

The state nT is neutral and the state pT is positively charged, when a G-R centre is 

a donor. Alternatively, the state pT is neutral and the state nT is negatively charged,  

when G-R centre is an acceptor. The total density of G-R centres (NT), occupied 

either by electrons (nT) or holes (pT), is given by: 

 

𝑁𝑇 = 𝑛𝑇 + 𝑝𝑇         (3.1) 
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When an electron or hole is generated by a centre or recombine in a centre, the 

electron density in the conduction band (n), the hole density in valence band (p) 

and charge states of the centres nT and pT change with time.  The following relation 

describes the rate of change of n with respect to time:   

𝑑𝑛

𝑑𝑡
|𝐺−𝑅 = (𝑏) − (𝑎) = 𝑒𝑛𝑛𝑇 − 𝑐𝑛𝑛𝑝𝑇                           (3.2) 

where (a) and (b) are the electron capture and electron emission processes, 

respectively. 

From Equation 3.2, the only parameters that affect the electron emission are the 

emission rate, (en: number of electrons per second emitted by G-R center to the 

conduction band) and the concentration of the traps that are occupied by electrons, 

(nT). It is clear from equation 3.2, that the electron capture process depends only on 

the presence of electrons in the conduction band, n, the electron capture rate, cn, 

and the concentration of hole occupied traps  pT. 

Similarly, the change in holes density (𝑝) over time can be described by equation 

3.3: 

𝑑𝑝

𝑑𝑡
|𝐺−𝑅 = (𝑑) − (𝑐) = 𝑒𝑝𝑝𝑇 − 𝑐𝑝𝑝𝑛𝑇                             (3.3) 

where (𝑐) and (𝑑) are the hole capture and hole emission processes, respectively. 

 Since the electron capture coefficient cn determined by the electron thermal 

velocity ʋth and the electron capture cross-section of the G-R center σn. cn can be 

defined as: 

𝑐𝑛 = 𝜐𝑡ℎ𝜎𝑛                                                                              (3.4) 

The hole capture cofficient is given by: 

𝑐p = 𝜐𝑡ℎ𝜎𝑛p                                                                            (3.5) 
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The density of the G-R state changes as a function of time during the emission or 

capture process of electrons and holes. Equations 3.2 and 3.3 can by used to 

calculate the rate change. This rate is determined by: 

 
𝑑𝑛𝑇

𝑑𝑡
|𝐺−𝑅 =

𝑑𝑝

𝑑𝑡
−

𝑑𝑛

𝑑𝑡
= (𝑐𝑛𝑛 + 𝑒𝑝)(𝑁𝑇 − 𝑛𝑇) − (𝑐𝑝𝑝 + 𝑒𝑛)𝑛𝑇               (3.6) 

In the steady state condition, the density is , 
𝑑𝑛𝑇

𝑑𝑡
= 0.  Equation 3.6 can then be 

rewritten as: 

    𝑛𝑇 =  
𝑒𝑝+𝑐𝑛𝑛

𝑒𝑛+𝑐𝑛𝑛+𝑒𝑝+𝑐𝑝𝑝
𝑁𝑇                                                       (3.7) 

When semiconductors are at thermal equilibrium, the rate of emission and capture 

are the same according to the detailed balance principle:  

     𝑒𝑛𝑛𝑇 = 𝑐𝑛𝑛𝑝𝑇                                                          (3.8) 

By substituting the electron capture coefficient cn using Equation 3.4 into Equation 

3.8,  the following equation is obtained: 

    𝑒𝑛𝑛𝑇 = 𝜐𝑡ℎ𝜎𝑛𝑛𝑝𝑇                                                                 (3.9) 

In the case of holes, a similar equation is found: 

    𝑒𝑝𝑝𝑇 = 𝜐𝑡ℎ𝜎𝑝𝑝𝑛𝑇                                                                (3.10) 

The total density of deep levels considering the function of Fermi-Dirac 

distribution, 𝑓, is given by 

   𝑁𝑇 = 𝑛𝑇 + 𝑝𝑇 = 𝑁𝑇𝑓 + 𝑁𝑇(1 − 𝑓)                                            (3.11) 

where 𝑓 gives the probability of an electron occupying the energy level ET and is 

given by 

   𝑓 = [
1

1+exp(
𝐸𝑇−𝐸𝐹

𝑘𝐵𝑇
)
]                                                                          (3.12) 

where 𝐸𝐹 is the energy of the Fermi level, kB is Boltzmann constant and T is 

temperature. 
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Substituting Equations 3.11 and 3.12 in Equation 3.8, reults in the following 

equation. 

   𝑒𝑛 = 𝜎𝑛〈𝜐𝑛〉𝑡ℎ𝑛 exp (
𝐸𝑇−𝐸𝐹

𝑘𝐵𝑇
)                                                             (3.13) 

 

where n is the electron density in conduction band and is given by 

   𝑛 = 𝑛𝑖exp (
𝐸𝐹−𝐸𝑖

𝑘𝐵𝑇
) = 𝑁𝑐exp (−

𝐸𝑐−𝐸𝐹

𝑘𝐵𝑇
)                                   (3.14) 

where 𝑛𝑖 is the intrinsic carrier concentration of the material, 𝑛𝑖 = 𝑁𝑐exp (
𝐸𝑖−𝐸𝑐

𝑘𝐵𝑇
).  

Subsequently, by combining  Equation 3.14 and Equation 3.13, the following 

equation is obtained: 

   𝑒𝑛 = 𝜎𝑛〈𝜐𝑛〉𝑡ℎ𝑁𝑐 exp (−
𝐸𝑐−𝐸𝑇

𝑘𝐵𝑇
)                                                   (3.15) 

where Nc is the density of states in the conduction band, 𝑁𝑐 = 2 (
2𝜋𝑚𝑒

∗𝑘𝐵𝑇

ℎ2 )
3

2⁄

and 

〈𝜐𝑛〉𝑡ℎ is the thermal velocity of electrons, 〈𝜐𝑛〉𝑡ℎ = (
3𝑘𝐵𝑇

𝑚𝑒
∗ )

1

2
 and 𝑚𝑒

∗ is the effective 

mass of electrons. 

Similarly, in the case of holes, substituting 𝑝 = 𝑁𝑣exp (−
𝐸𝐹−𝐸𝑣

𝑘𝐵𝑇
) in Equation 

(3.10), gives: 

   𝑒𝑝 = 𝜎𝑝〈𝜐𝑝〉𝑡ℎ𝑁𝑣 exp (−
𝐸𝑇−𝐸𝑣

𝑘𝐵𝑇
)                                            (3.16) 

where 𝑁𝑣 is the density of states in the valence band, 𝑁𝑣 = 2 (
2𝜋𝑚ℎ

∗ 𝑘𝐵𝑇

ℎ2 )
3

2⁄

and 

〈𝜐𝑝〉𝑡ℎ is the thermal velocity of holes, 〈𝜐𝑝〉𝑡ℎ = (
3𝑘𝐵𝑇

𝑚ℎ
∗ )

1

2
 and 𝑚ℎ

∗  is the effective 

mass of holes. 
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Equations 3.15 and 3.16 can be substituted with values of  〈𝜐𝑛〉𝑡ℎ and Nc, and 〈𝜐𝑝〉𝑡ℎ 

and 𝑁𝑣, respectively, and can be written as:  

   𝑒𝑛 = 𝐴𝑇2𝜎𝑛 exp (−
𝐸𝑐−𝐸𝑇

𝑘𝐵𝑇
)                                                                      (3.17) 

    𝑒𝑝 = 𝐴𝑇2𝜎𝑝 exp (−
𝐸𝑇−𝐸𝑣

𝑘𝐵𝑇
)                                                            (3.18) 

where A is a constant, given by: 

  𝐴 = 2 (
2𝜋𝑚𝑒

∗ 𝑘𝐵

ℎ2 )
3

2⁄

(
3𝑘𝐵

𝑚𝑒
∗ )

1
2⁄

= 4𝑚𝑒
∗ √6𝜋3(𝑘𝐵)2

ℎ3  

The Arrhenius plot of (
𝑒𝑛,𝑝

𝑇2 ) versus (
1000

𝑇
) provides a straight line graph, from 

which the activation energy of the deep level can be calculated using the slope of 

this plot.   

 

3.3 DEFECTS IN COMPOUND SEMICONDUCTORS 

Because semiconductor materials are used in almost all modern electronic devices, 

the semiconductor industry has seen considerable expansion. However, the key 

challenges and problems in these industries are the production of perfect crystals 

and structures. In fact, all crystal structures have imperfections due for example to 

foreign atoms being incorporated unintentionally into the host lattice of 

semiconductors and/or some atoms can be missing in the crystal due to fabrication 

processes [1]. Generally, the presence of defects in electronics devices affects 

significantly their performance by altering their electrical and optical properties. 

Therefore, identifying and characterising the defects formed during the growth and 

processing of these materials and devices is critical to understanding their 

performance [3]. A brief literature overview of defects in GaAs and GaAsBi 

materials will be discussed in the following section.  
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3.3.1 DEFECTS IN GaAs 

GaAs is widely employed in a variety of electronics and optoelectronics devices. 

Indeed, different forms of native defects, such as vacancies, interstitials, and 

antisite defects, can be found in GaAs strutures as a result of the growth process. 

One of the most common and well-known intrinsic defects in bulk and epitaxial 

GaAs grown by different techinques is EL2. This deep level defect typically has an 

energy level in the range of 0.70 eV to 0.85 eV [4]  with trap concentrations ranging 

from ~1014 cm-3 to ~1016 cm-3 [5]. The origin of EL2  is assigned to the isolated 

Arsenic antisite defect (AsGa) [6–8] or to a complex defect involving AsGa and 

arsenic interstitial (Asi) [8,9]. In addition, EL2 defect plays a significant role in 

controlling the resistivity of GaAs to produce semi-insulating GaAs substrates, 

which are important in integrated circuit technology [10]. Another common deep 

level trap in GaAs is EL3. This trap has an activation energy range from ~0.408 eV 

to ~0.575 eV [11]. This trap is commonly associated with complexes of Asi and 

Arsenic-vacancy (VAs) [12]. The presence of EL5 (~0.43 eV) in GaAs was 

attributed to complexes involving As interstitials-Ga vacancies (AsiVGa) [13]. 

Another common intrinsic defect in GaAs is EL6 (~0.35 eV) [10] whose origin was 

associated with native pair defects involving two point defcets, namely: AsGa and 

VAs [14]. Furthermore, trap EL10 with small activation energy  of ~0.18eV, 

commonly found in bulk GaAs [11],  was assigned to a complex defect involving 

VAs and  an impurity [15,16]. 
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3.3.2 DEFECTS IN DILUTES GaAsBi 

GaAsBi materials are very important alloys due to their unique properties 

including: (i) the incorporation of Bi into GaAs affects the valence band maxima 

of GaAs rather than the conduction band. Thus, due to the strong carrier scattering 

at localized states created by the incorporation of Bi, the hole density and  mobility 

in GaAs are mainly affected [17]; (ii) Bi reduces the band gap of GaAs to low 

energies more than four times, when compared to Sb or In for the same alloy 

content [18]; (iii) Bi causes a large spin- orbit splitting in band gap structure which 

can suppress Auger processes [19]. Indeed, the substantial reduction in the band 

gap of GaAs (~84 meV /% Bi) [19] due to the incorporation of Bi is of great interest 

for devices that operate in the long wavelength region [20,21], as well a promising 

candidate for optoelectronic devices [22].  

Due to the large difference in the radii between Bi and As atoms, the substitution 

of As atoms by Bi atoms in GaAs causes a compressive strain which affect 

considerably the band structure of GaAs. Furthermore, the localised potential of Bi 

and the surrounding lattice can as well change the electronic band structure of 

GaAs. Therefore, incorporation of Bi causes structural defects in GaAs, which can 

degrade its crystal quality. Furthermore, because Bi tends to surface-segregate at 

standard GaAs growth temperatures, incorporation of Bi into GaAs necessitates 

lower growth temperatures, which leads to the creation of defects that can act as 

non-radiative recombination centers. However, because of the large disparity in 

atomic potentials and electronegativity between As and Bi,  localised states are 

created at the valence band maxima of GaAs which can also act as trapping centres 

for the bound holes that could reduce the number of non-radiative centres.   
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Electrically active defect states in dilute bismide materials have not been 

thoroughly investigated. However, G. Giatto et al. [23] examined the spatial 

distribution of Bi atoms experimentally using x-ray absorption spectroscopy, and 

found that at 1.9%Bi, Bi spread randomly, whereas at 2.4%Bi, it formed pairs and 

clusters, affecting its electrical and optical properties. The following are some of 

the defects and properties associated to Bi in GaAs. Bismuth antisite defects (BiGa) 

were reported in GaAsBi layers by M. Kunzer et al. [24]. They observed that a large 

quantity of Bi, roughly 10%, occupied Ga sites rather than substituting As in Bi-

doped Czochralski-grown GaAs.  Using electron spin resonance (ESR) technique, 

they determined an energy level of 0.35-0.5 eV, and observed an increase in both 

the resistivity and carrier trapping rate in GaAsBi. Furthermore, it is worth noting 

that the DLTS (Deep Level Transient Spectroscopy) technique has been used by a 

number of researchers to characterise electrically active defects in GaAsBi alloys. 

For example, P. M. Mooney et al. [25] have performed DLTS measurements on n-

type GaAsBi layers having Bi composition ranging from ~ 0 ≤ x ≤ 0.011 and grown 

by MBE at substrate temperature ~ 330 ℃. In this study, they reported that the 

incorporation of Bi into GaAs suppressed the formation of an electron trap with 

energy level 0.40 eV, by decreasing the total trap concentration in GaAsBi by a 

factor of 20 as compared to GaAs. They also found that trap “A” with activation 

energy of 0.12 eV was observed only in GaAsBi sample with 0.7 % Bi, and 

suggested that this trap may involve Bi as constituent. In addition, P. M. Mooney 

et al. [26] investigated the electrically active defects in n and p-type GaAsBi 

epilayers grown by MBE under UV illumination under similar experimental 

conditions using DLTS measurements. They detected two hole traps, namely H6 
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and H4, which were observed only in samples containing Bi, and not in p-GaAs. 

They attributed these defects states with Bi pairs or clusters. 

 Recently, Ł. Gelczuk et al. [10] employed DLTS to investigate the electron deep 

level defects in n-type GaAs1−xBix alloys having 0<x<0.023 grown by MBE on 

conventional (100) n+ GaAs substrates. They found that the incorporation of Bi into 

GaAs suppresses the formation of electron traps observed in GaAs by reducing 

their total trap concentrations to more than two order of magnitude as compared to 

trap concentrations in GaAs grown under the same conditions. In addition, they 

reported that the two levels labelled as ET0 and ET1 with activation energies 

ranging from 0.07 to 0.19 eV in GaAsBi with Bi compositions of 0.8%-2.3%, are 

Bi- related traps. They suggested that the origin of these defects could be related to 

Bi pair defects. More recently, M. Fregolent et al. [27], presented a detailed analysis 

of the properties of defects in n-type GaAsBi grown by MBE at low temperature (~ 

390 ℃), having Bi compositions ranging from ~ 1% - 3%). In this study, they 

detected two traps related to defects involving Bi. One is an electron trap, named 

as E2 with activation energy varying from 0.32 to 0.48 eV. E2 was assigned to an 

antisite complex defect (VGa+ BiAs)
2-/3-. The other one is a hole trap labelled as H0 

with energy level of 1.44 eV. This hole trap, which was comparable to trap HT2 

observed by Fuyuki et al [28], was suggested to be a point defect related to AsGa or 

BiGa antisites. It is worth pointing out that the well-known defects in bulk GaAs, 

EL2, EL3, and EL6 were also detected in GaAsBi layers.          
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CHAPTER 4: EXPERIMENTAL TECHNIQUES 

Semiconductor materials form the basis of several types of electronic and 

optoelectronic devices, which require electrical contacts. Such contacts can include 

semiconductor-semiconductor contacts (e.g. p-n junction), where a p-type 

semiconductor is brought into contact with an n-type semiconductor, and  metal-

semiconductor contacts, known as Schottky junction/diode or Schottky barrier, 

where one of the doped side (p-type or n-type) in a p-n junction is replaced by a 

metal [2]. The main difference between a p-n junction and a Schottky barrier is in 

the depletion region. A depletion region formed in a p-n junction spreads to both 

sides where electrons in the n-type region move towards the p-type region and 

combine with the holes. In this process, fixed negative ions are left on the p-type 

region, while fixed positive ions are left on the n-type region. These ions of opposite 

polarity will cause an electrical field on both sides of the junction within the 

depleted area, preventing further electrons transfer. In the case of a Schottky 

barrier, the entire depletion region is on the semiconductor side since the depletion 

layer on the metal side is not existent. Both of these types of electrical contacts are 

favoured for deep level transient spectroscopy (DLTS) measurements. In this 

chapter, a Schottky junction will be discussed. The characterization techniques, 

namely current-voltage (I-V), capacitance-voltage (C-V), DLTS, Laplace DLTS 

and Photoluminescence (PL), which have been used to investigate the samples 

presented in this thesis, are reviewed. 
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4.1 SCHOTTKY DIODE 

A Schottky diode is formed when a metal with a work function Фm is brought into 

contact with a semiconductor having a work function Фs < Фm. If Фs > Фm  an 

Ohmic contact is formed. Prior to the metal and semiconductor being brought into 

contact, their Fermi energy levels are different. However, for a semiconductor, once 

the two materials are into contact, the Fermi levels line up due to the flow of 

electrons from the conduction band (CB) of the semiconductor, to the metal side of 

the junction [2]. Fig. 4.1 schematically shows the band diagram of isolated metal 

and semiconductor, while Fig. 4.2 displays the energy band of the Schottky diode 

under equilibrium conditions.   

 

Fig. 4.1:  Metal and semiconductor energy band diagrams. 
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Fig. 4.2:  Band diagram of a Schottky contact 

 

 Фm is the work function of the metal representing the energy required to remove 

an electron from the metal to vacuum, EFm  is the metal’s Fermi level, Фs is the 

semiconductor work function, EC, EV and EF are the energies of the conduction 

band, valence band and Fermi level, respectively. The electron affinity χ is the 

energy required to extract an electron from the conduction band (EC) to the vacuum. 

For an ideal Schottky diode, the barrier height (𝜙𝐵) is the barrier that electrons face 

when they move from metal to semiconductor, and is equal to:  

 

𝜙𝐵 = Ф𝑚 − χ       (4.1) 

 

On the other hand, in the semiconductor side the change of Fermi level and the 

depletion region, creates what is called a built-in potential (Vbi) which prevents the 
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flow of further electrons from the semiconductor to the metal side of the junction. 

The built-in potential is given by the following formula: 

 

𝑉𝑏𝑖 = Ф𝑚 − Ф𝑠     (4.2) 

 

4.1.1 DEPLETION REGION  

Once a metal and an n-type semiconductor are brought into contact, some electrons 

from the semiconductor side start to migrate to the metal side until a balance in the 

Fermi levels for both the metal and semiconductor is reached. The migration of 

electrons leaves behind positively charged ions in the semiconductor, which creates 

a region with no free charge carriers called a depletion region. This depletion region 

is formed on the semiconductor side near the interface with the metal [1]. The width 

of the depletion region (W) can be affected by the applied voltage, built-in potential 

(Vbi) , and the doping concentration. If ρ(x) is the charge density of the depletion 

region,  W can be obtained by using Poisson‟s equation. 

 

V =
1

Ԑs
∫ 𝑥 ρ(𝑥)d𝑥 

W

0
     (4.3) 

 

where V is the net potential across the Schottky junction, Ԑs and 𝑥 are the dielectric 

constant and the distance from the junction to the semiconductor, respectively.  

 

When ρ(x) is considered uniform, it can be written as;  

 

ρ = qNd     (4.4) 
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By using Equations 4.3 and 4.4, the width of the depletion region can be given as   

 

W = √
2ԐsV

qNd
     (4.5) 

 

where Nd is concentration of donor ions in the depletion region and q is the charge 

of carrier. In an ideal situation, the depletion region is completely free of carriers. 

This is called the depletion region approximation and assumes sharp boundaries 

between the neutral and depletion regions. However, in reality, it is difficult to have 

a sharp boundary due to the existence of some charges in the depletion region close 

to the neutral region. This region of charges in the depletion region is called the 

Debye length (LD) and is given by: 

LD = √
Ԑs𝑘𝐵T

q2Nd
     (4.6) 

 

where kB and T are the Boltzmann constant and temperature in Kelvin, respectively. 

When using a low-doped semiconductor or when a large reverse bias is applied, the 

width of the depletion region will be much larger than the Debye length. In this 

case, the depletion region approximation is considered to be satisfied [3]. 

 

4.1.2 SCHOTTKY DIODE UNDER BIAS CONDITIONS 

The Schottky diode at equilibrium condition has been presented in Fig. 4.2. The 

diode will no longer be in this condition if an external voltage is applied. A current 

will flow through the junction and will depend on the polarity of the voltage applied 

across metal/semiconductor. If a forward bias VF is applied (VF >0; + to the metal 
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and – to the semiconductor), the potential barrier on the semiconductor side (Vbi) 

decreases by VF to (Vbi - VF). The reduction in the built-in potential is due to the 

increase of the semiconductor Fermi level by VF, as shown in Fig. 4.3. On the other 

hand, if a reverse bias is applied (VR < 0), the Fermi level of the semiconductor 

decreases by the applied voltage, which is shown in Fig. 4.4. Therefore, the built-

in potential will be increased by the amount of applied voltage to (Vbi + VR) [1,3]. 

The width of the depletion region is affected by the applied voltage. Under forward 

bias, the depletion region is reduced, and Equation 4.5 is given by: 

 

W = √
2Ԑs(Vbi−VF)

qNd
     (4.7) 

 

However, if a reverse bias is applied, the depletion width will get wider and is given 

by: 

 

W = √
2Ԑs(Vbi+VR)

qNd
     (4.8) 

 

Fig. 4.3:  Energy band diagram of a Schottky diode under a forward bias. 
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Fig. 4.4:  Energy band diagram of a Schottky diode under a reverse bias. 

 

4.2 CAPACITANCE – VOLTAGE (C-V) MEASUREMENTS 

The capacitance of a Schottky diode can be compared to the capacitance of a 

parallel plate capacitor, which is given by: 

C =
dQ

dV
      (4.9) 

 

where dQ is the change of the charge in the depletion region, and dV is the applied 

voltage. The expression of the capacitance for the parallel plate capacitor can be 

used as the capacitance of the Schottky diode. Therefore, C can be written as:   

 

C =
AԐs

W
     (4.10) 

 

where A is the area of the diode and W is the width of the depletion region [4]. 

When a reverse bias is applied, Equation 4.10 can be rewritten by using Equation 

4.8 as: 



 

64 
 
 

C =
dQ

dVR
=

A

2
√

2ԐsqNd

Vbi+VR
     (4.11) 

 

As can be seen from above equation, the capacitance decreases with increasing 

reverse bias. In Fig. 4.5, it can be shown that by plotting (1/C2) versus (VR), the 

doping concentration (Nd) and the built-in potential (Vbi) can be obtained from the 

slope and the intercept at 1/C2 = 0, respectively. If a linear relationship between 

(1/C2) and (VR) is obtained, the doping concentration is uniformly distributed 

throughout the depletion region. However, Nd is non-uniform in the case of a non-

linear relationship. 

 

 

Fig. 4.5:  Typical plot of 1/C2 versus reverse bias VR. 

 

4.3 CURRENT – VOLTAGE (I-V) MEASUREMENTS 

For an ideal Schottky or p-n junction, the I-V characteristics could be described by 

the thermionic emission model [5] that includes series resistance (𝑅𝑠) as: 
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𝐼 = 𝐼0[𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝐵𝑇
) − 1]      (4.12) 

 

where q is the elementary charge, V is the applied voltage, n is the ideality factor, 

kB is Boltzmann’s constant, T is the temperature and I0 is the saturation current, 

which is given by: 

 

𝐼0 = 𝐴𝐴∗𝑇2 𝑒𝑥𝑝 (
−𝑞𝜙𝐵

𝑘𝐵𝑇
)      (4.13) 

where A is the effective diode area, A* is the effective Richardson’s constant for the 

semiconductor material and 𝜙𝐵 is the barrier height. It can be noted that I is the 

current due to the thermionic emission of majority carriers from the semiconductor 

to the metal. The saturation current (𝐼0) is the current flow from the metal to the 

semiconductor and it is independent of the applied voltage. 

 

When a forward bias is applied, (𝑉 − 𝐼𝑅𝑠)  >> 𝑘𝐵𝑇 and hence Equation 4.12 can 

be rewritten as: 

 

𝐼 = 𝐼0 𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝐵𝑇
)                (4.14) 

 

Taking the first derivative of I with respect to V results in the following equation:  

 

𝑑𝐼/𝑑𝑉 = 𝐼0 (
𝑞

𝑛𝑘𝐵𝑇
𝑒𝑥𝑝 (

𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝐵𝑇
) −

𝑞

𝑛𝑘𝐵𝑇
𝑒𝑥𝑝 (

𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝐵𝑇
) 𝑅𝑠

𝑑𝐼

𝑑𝑉
)   (4.15) 
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Note that  𝑑𝐼/𝑑𝑉 = 𝐺 , where 𝐺 is the conductance. Equation 4.15 can be rewritten 

as: 

 

𝐺 =
𝑞

𝑛𝑘𝐵𝑇
𝐼0 𝑒𝑥𝑝 (

𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝐵𝑇
) (1 − 𝐺. 𝑅𝑠) =

𝑞

𝑛𝑘𝐵𝑇
𝐼 (1 − 𝐺. 𝑅𝑠)   (4.16) 

 

𝐺

𝐼
=

𝑞

𝑛𝑘𝑩𝑇
−

𝑞𝑅𝑠

𝑛𝑘𝐵𝑇
 G    (4.17) 

 

By plotting 𝐺/𝐼 versus 𝐺, a straight line is obtained, as shown in Fig. 4.6. The 

ideality factor (n) and RS could be extracted from the y-intercept and the slope, 

respectively. This method of extracting n and RS experimentally is known as 

Werner’s method [6].  

By taking the logarithm of Equation 4.14 and plotting 𝑙𝑛 (𝐼) versus (𝑉 − 𝐼𝑅𝑠), I0 

could be extracted from the y-intercept. By taking the logarithm of Equation 4.14, 

equation 4.18 is obtained: 

 

𝑙𝑛 (𝐼) = 𝑙𝑛 (𝐼0) +
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝐵𝑇
      (4.18) 

 

Then, by substituting I0  expressed in Equation (4.13), ∅𝐵 can be calculated. 

 

∅𝐵 =
𝑘𝑩𝑇

𝑞
𝑙𝑛 (

𝐴𝐴∗𝑇2

𝐼0
)                                                                      (4.19) 
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Fig. 4.6:  Plot of G/I versus G. 

 

4.4 DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTS) 

In 1974, D. V. Lang [7] introduced a novel technique, the so-called deep level 

transient spectroscopy (DLTS), to investigate the electrically active defects in 

semiconductors materials. This technique is based on the change of capacitance of 

a Schottky or a p-n junction diode associated with the space charge region 

(depletion region). The carriers emission process from the deep levels can be 

monitored by measuring the capacitance as a function of time and sample 

temperature. This can be then used to determine different parameters of the defect 

such as activation energy and capture cross-section.  

 

4.4.1 CAPACITANCE TRANSIENTS 

The DLTS technique is based on the concept of capacitance transient that occur in 

the depletion region of a Schottky or a p-n diode following a reverse bias voltage 

pulse. If the Schottky is made with an n-type semiconductor, only electrons play a 
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significant role in normal operation of the device. So, the Schottky diode is called 

majority carrier. Fig. 4.7 illustrates a schematic diagram of the energy band of a 

Schottky junction under reverse bias (VR) and the corresponding capacitance 

transient during a filling pulse (VP).  

 

 

Fig. 4.7:  The charge occupancy of deep level ET is shown in a plot of energy band 

diagram of a Schottky junction as (a) emptying traps at steady applied reverse bias 

(V=VR), (b) filling traps during filling pulse (V=VP), (c) traps thermally emitting 

electrons at steady applied reverse bias (V=VR) and (d) DLTS pulses and 

corresponding capacitance transient. 

 

At first (Fig. 4.7 (a)), the device is under a steady reverse bias state, in which a 

depletion region is formed, and traps above the Fermi level are empty. Then, a 

filling pulse is applied (Fig. 4.7 (b)) with duration tP which leads to the reduction 

of the width of the depletion region and hence allow the traps to capture electrons 

(filling traps). The rate at which the traps capture electrons is given by: 

 

𝑑𝑛𝑇

𝑑𝑡
  = 𝑐𝑛(𝑁𝑇 − 𝑛𝑇)       (4.20) 
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where 𝑛𝑇, 𝑐𝑛 and 𝑁𝑇 are the number of trap states occupied by electrons, capture 

coefficient of the electrons, and the total number of available trap states. The 

capture coefficient of electrons (𝑐𝑛) is given by the following equation: 

 

𝑐𝑛 = 𝜎n 〈 𝑣𝑡ℎ〉 𝑛     (4.21) 

 

where 𝜎n and 〈 𝑣𝑡ℎ〉 are the capture cross-section and thermal velocity of electrons.  

𝑛 = 𝑁𝑑 − 𝑁𝑇 ≅ 𝑁𝑑 is the effective doping concentration.  

The reverse bias is then restored (Fig. 4.7 (c)) and the depletion region is back to 

its initial width (steady state). In this case, the traps start thermally emitting the 

electrons back and the corresponding emission rate is given by: 

 

 
𝑑𝑛𝑇

𝑑𝑡
  = 𝑒𝑝𝑁𝑇 − (𝑒𝑝 + 𝑒𝑛)𝑛𝑇    (4.22) 

 

where 𝑒𝑝 and 𝑒𝑛 are hole and electron emission rates, respectively. 

Assuming that the traps are electron interacting centres, the solution of Equation 

4.20 (capture process) and Equation 4.22 (emission process) are given by 

exponential functions, as shown below [2]: 

 

𝑛𝑇   = 𝑁𝑇(1 − 𝑒𝑥𝑝(−𝑐𝑛𝑡)), 𝑐𝑛 >>  𝑒𝑛 , 𝑒𝑝  𝑎𝑛𝑑 𝑐𝑝   (4.23) 

 

𝑛𝑇   = 𝑁𝑇 𝑒𝑥𝑝(−𝑒𝑛𝑡) = 𝑁𝑇 𝑒𝑥𝑝 (
−𝑡

𝜏 
) , 𝑒𝑛 >>  𝑐𝑛 , 𝑒𝑝  𝑎𝑛𝑑 𝑐𝑝   (4.24) 
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where  𝑐𝑝 is the hole capture coefficient and 𝜏 =
1

𝑒𝑛 
  is the inverse of the electron 

emission rate (also known as the time constant of the carrier emission). 

From the above equation, it is clear that the decrease in the filled trap concentration 

follows an exponential trend with a time constant 𝜏 and hence, this process leads to 

a capacitance transient as shown in Fig. 4.7 (d).  

The occupancy change of trap can be measured indirectly by monitoring the change 

in capacitance. Thus, by adding the filled traps contribution, 𝑛𝑇  in the space charge 

region, Equation 4.11, could be rewritten as:  

 

𝐶 =
𝑑𝑄

𝑑𝑉𝑅
=

𝐴

2
√

2Ԑ𝑠𝑞𝑁𝑑
∗

𝑉𝑏𝑖+𝑉𝑅
     (4.25) 

 

where 𝑁𝑑
∗ = 𝑁𝑑 − 𝑛𝑇    

 

For  𝑛𝑇 <<  Nd , Equation 4.25 can be expanded as follows: 

𝛥𝐶 = 𝐶∞(1 −
𝑛𝑇

2𝑁𝑑
)     (4.26) 

where ΔC is the amplitude of the capacitance transient and  𝐶∞ =
𝐴

2
√

2Ԑ𝑠𝑞𝑁𝑑

𝑉𝑏𝑖+𝑉𝑅
 is the 

steady state capacitance.  

From Equation 4.24 and 4.26, the following equation can be obtained to determine 

the time dependence of majority carrier traps:   

 

𝛥𝐶 = 𝐶∞ (1 −
𝑁𝑇

2𝑁𝑑
𝑒𝑥𝑝 (

−𝑡

𝜏 
))    (4.27) 
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It is worth point out that the minority carrier traps can also be derived using the 

same process as majority carrier traps. However, for minority carrier traps, the 

capacitance transient is opposite to that of majority carrier traps.  

 

4.4.2 CONVENTIONAL DLTS 

The DLTS technique is based on the rate window concept, in which the capacitance 

of a Schottky diode or a p-n junction’s depletion region is changed between two 

interval times,  t1 and t2 (t1 < t2). The signal of DLTS is expressed as S(T), which 

is basically the difference of capacitance (∆𝐶 = 𝐶(𝑡1) − 𝐶(𝑡2)) as a function of 

temperature,  given by: 

 

𝑆(𝑇) = ∆𝐶 = 𝐶(𝑡1) − 𝐶(𝑡2) = ∆𝐶𝑜[𝑒𝑥𝑝(−𝑒𝑛𝑡1) − 𝑒𝑥𝑝(−𝑒𝑛𝑡2)]         (4.28)  

Equation 4.28 can be rewritten using the inverse of emission rate (𝜏) as:  

 

𝑆(𝑇) = ∆𝐶 = 𝐶(𝑡1) − 𝐶(𝑡2) = ∆𝐶𝑜[𝑒𝑥𝑝(
−𝑡1

𝜏 
) − 𝑒𝑥𝑝(

−𝑡2
𝜏 

)]               (4.29) 

where ∆𝐶𝑜 is the maximum change in the capacitance, which corresponds to the 

maximum amplitude of DLTS signal and is given by: 

 

∆𝐶𝑜 =
𝐶∞𝑁𝑇

2𝑁𝑑
                  (4.30) 

 

It is worth noting that the trap concentration can be calculated using equation 4.30:  

 

𝑁𝑇 = 2𝑁𝑑
∆𝐶𝑜

𝐶∞
                  (4.31) 
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where 𝑁𝑇 and 𝐶∞ are the trap concentration and the capacitance at maximum 

reverse bias (the capacitance when a trap is completely empty), respectively. 

Equation 4.31 shows that the trap concentration is directly related to the peak 

amplitude of the DLTS signal.  

In DLTS measurement, S(T) will be maximum when 𝜏 ≈ (𝑡1 − 𝑡2). However, in the 

case of  𝜏 ≫ (𝑡1 − 𝑡2) or 𝜏 ≪ (𝑡1 − 𝑡2), the DLTS signal will be relatively small, as 

shown in Fig. 4.8 (a) [7]. The DLTS signal will reach a maximum when 
𝑑𝑆(𝑇)

𝑑𝜏
= 0 

(see Equation 4.29) for: 

𝜏𝑚𝑎𝑥 =
𝑡2−𝑡1

𝑙𝑛 (
𝑡2
𝑡1

)
                  (4.32) 

 

Equation 4.32 is known as the rate window. By changing the values of 𝑡1and 𝑡2, the 

value of the rate window can be changed. Using different rate windows will 

produce different peaks in the DLTS spectra at different temperatures as shown in 

Fig. 4.8 (b). The trap activation energy is calculated using an Arrhenius plot of the 

emission rates (from DLTS peaks) as a function of temperature, as depicted in Fig. 

4.8 (c). Furthermore, the activation energy can be extracted from the slope of the 

Arrhenius curve, and the apparent capture cross-section can be calculated from the 

y-intercept. Equations 4.29 and 4.32 demonstrate that the DLTS signals are reliant 

on the ratio between (
𝑡2

𝑡1
) but not on the absolute values of 𝑡1and 𝑡2  . 
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Fig. 4.8:  schematics diagrams illustrating (a) the generation of DLTS peaks for 

one rate window, (b) DLTS peaks for different rate windows and (c) Arrhenius plot 

obtained from different rate windows [8]. 

 

4.5 LAPLACE DLTS SPECTROSCOPY 

DLTS is a powerful tool for the investigation of deep-level defects, but it has some 

drawbacks. For instance, DLTS is a thermal scanning technique and therefore it is 

difficult to measure the sample temperature accurately during the scan. Since the 

temperature of the sample is continuously increased or decreased, the activation 
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energy of traps cannot be obtained with high accuracy. Another disadvantage is the 

poor resolution of the time constant, meaning that conventional DLTS is unable to 

separate closely spaced defects that have similar emission rates. This poor 

resolution results is reflected in the broad peaks  observed in standard DLTS spectra 

[9]. A more advanced variant of DLTS, namely the Laplace DLTS method, is used 

to overcome the limitations of conventional DLTS. Laplace DLTS is an isothermal 

technique, where during the measurements, the diode is kept at a constant 

temperature. In Laplace DLTS, the quantitative description of the capacitance 

transients uses a mathematical approach given by: 

 

𝑓(𝑡) = ∫ 𝐹(𝑠)𝑒−𝑠𝑡𝑑𝑠
∞

0
      (4.33) 

 

where 𝑓(𝑡) and 𝐹(𝑠) are the recorded transient and the spectral density function, 

respectively. Equation 4.33 expresses the transient capacitance as the Laplace 

transform of the actual spectral density function 𝐹(𝑠). Fig. 4.9 (a) shows the 

capacitance transient obtained from Laplace DLTS. The real spectrum of emission 

rates within the transient is obtained by applying an appropriate mathematical 

algorithm which performs an inverse Laplace transform for the recorded transient 

𝑓(𝑡)  [10]. The Laplace DLTS technique employs three main algorithm routines, i.e. 

FLOG, CONTIN and FTIKREG, to solve Equation 4.33 [11]. A spectrum of delta-

like peaks is obtained as a result of using these algorithms, as shown in Fig. 4.9 (b). 
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Fig. 4.9:  (a) Laplace DLTS capacitance transient and (b) a spectrum of delta-like 

peaks [8,12]. 

 

4.6 DLTS HARDWARE SETUP 

The main experimental setup utilised for conventional DLTS and Laplace DLTS 

measurements is covered in this section. The DLTS system includes the following 

equipment: 

I. A Janis cryostat. 

II.  Temperature controller.  

III. Capacitance meter (Boonton 7200). 

IV. Current-voltage source meter (Keithley). 

V. Data acquisition and BNC connector box for analogue Input (I)/Output (O).  

All these equipment are controlled via a computer through a GPIB interface. Fig. 

4.10 shows an experimental photograph of the DLTS system. The block diagram 

of the DLTS configuration is shown in Fig. 4.11.  
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Fig. 4.10:  Photograph of the DLTS system used in this thesis. 

 

    

 

Fig. 4.11:  Schematic diagram of the DLTS system. 
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4.6.1 CRYOSTAT AND TEMPERATURE CONTROLLER 

One of the most important factors in the DLTS measurement is to measure the 

temperature of the sample accurately because the emission of carriers from energy 

levels depends on the temperature. Therefore, to control the temperature of the 

sample, a cryostat JANIS CCS-450 and a temperature controller Lake Shore 335 

models are used.  The cryostat is based on a helium (He) closed-loop refrigeration 

system, where a high efficient and flexible six feet cryogen transfer line is used for 

the flow of Helium. The cryostat can operate over a temperature range from 10 to 

500K with a stability of ±1K. Fig. 4.12 shows a picture of the cryostat which 

comprises the following components: 

I. Lightweight aluminium vacuum shroud.  

II. Radiation shield. 

III. A cold finger attached to a sample holder. 

IV. Electrical ports for sample contacts. 

 

It is important to point out that, to monitor accurately the temperature of the sample, 

an additional temperature sensor is situated very close to the sample.  
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Fig. 4.12:  Photograph of the JANIS CCS-450 cryostat. 

 

4.6.2 CAPACITANCE METER 

The capacitance transient measurements require a capacitance meter with a high 

response time. Thus, the Boonton 7200 meter was employed, which has a response 

time of ~120μs. Furthermore, this capacitance metre is utilised to do standard C-V 

measurements at various temperatures. It is worth noting that the sampling 

frequency is 1 MHz. 

 

4.6.3 CURRENT-VOLTAGE SOURCE METER 

In order to determine the diode parameters such as ideality factor (n), barrier height 

(𝜙𝐵) and series resistance (Rs), I-V measurements were performed on each sample 

at different temperatures. In addition, I-V characteristics were obtained to 

determine the suitability of samples for DLTS and Laplace DLTS measurements, 

which require low reverse currents in the range of μA. The I-V measurements were 
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performed using Keithley 236 current source meter. It has a source voltage ranging 

from 100 μV to 110 V with a sensitivity of ±10 μV, as well as a source current in 

the range of 100 fA to 100 mA with a sensitivity of 10 fA.  

 

4.6.4 DATA ACQUISITION AND BNC CONNECTOR BOX 

Data acquisition card (DAQ) is an important part of the DLTS technique, since it 

is used to bias and pulse the diodes. This is accomplished via a National Instruments 

(NI) PCIe-6321 card, which has a ±10 V input voltage and a pulse width ranging 

from 0.5 μs to 50 s. A BNC-2110 connector box is needed to collect and send data 

from the diodes to the computer, where it is processed. The (NI) PCIe-6321 card is 

connected to the BNC-2110 connector box using a SHC68-68-EPM matching 

cable. 

 

4.6.5 COMPUTER INTERFACE  

A general-purpose interface bus (GPIB) is utilised to provide high-speed 

communication between all the experimental equipment described above and the 

computer. The GPIB connectors enable all the equipment to be controlled remotely 

through the software.   

 

4.7 SYSTEM SOFTWARE  

Laplace DLTS software was developed by a joint project “Copernicus Project 

CIPA CT-94-0172 and The Foundation for Polish Science Serial No: C3.2.041” 

between the University of Manchester, Manchester, United Kingdom (Professor A. 

R. Peaker) and Institute of Physics of the Polish Academy of Sciences, Warsaw, 
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Poland (the late Professor L. Dobaczewski). This software runs in two modes, i.e. 

the regular conventional DLTS and Laplace Transient (Laplace DLTS) modes. 

 

4.7.1 CONVENTIONAL DLTS MODE  

In DLTS mode, three different types of procedures can be used to perform 

conventional DLTS measurements. Multi-Rate Window, TrapView and 

Exponential Fitting, which all use the rate window concept. In each of these three 

processes, the sample temperature is scanned in steps, typically 2 K/minutes, from 

the set point to the end point.  

In the Multi-Rate Window mode, nine different rate windows are recorded 

simultaneously, resulting in nine different DLTS signals being generated. The 

different rate windows used are 5, 10, 20, 50, 100, 200, 500, 1000 and 2000 s-1. 

These were determined by changing the value of t1 and t2 .  

In TrapView, a pair of rate windows must be selected between five different pairs, 

i.e. (4, 10 s-1), (20, 50 s-1), (80, 200 s-1), (400, 1000 s-1) and (2000, 5000 s-1). 

In Exponential Fitting, only one rate window could be chosen for a single scan from 

the available rate windows (10, 20, 50, 100 and 200 s-1). However, for this mode, 

the lock-in mode can be selected instead of the rate window mode. Lock-in mode 

has a better resolution when compared to rate window mode but also has a poor 

signal to noise ratio. In addition, the Arrhenius plot can be generated during the 

temperature scan and the traps activation energies can be estimated. 

Note that in all mentioned modes, DLTS parameters can be set remotely, such as 

reverse bias and the amplitude and width of filling pulse.   
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4.7.2 LAPLACE TRANSIENT PROCESSING MOTHOD 

Laplace (LDLTS) is an extension method to DLTS technique known as high 

resolution Laplace transform. In addition, the LDLTS is an isothermal method 

which digitises and averages capacitance transients at a given fixed temperature. 

This method is used to increase the signal to noise ratio. The Laplace DLTS peaks 

are generated using three different algorithms.  

 

4.8 PHOTOLUMINESCENCE  

Photoluminescence (PL) is a type of luminescence emitted from a material that is 

not heated. PL is the emission of light due to photon absorption. In this section, PL 

spectroscopy, which is a powerful non-destructive technique for studying the 

optical properties of semiconductor materials [2], will be discussed. 

The investigated sample is subjected to a light source such as a laser with an energy 

hν greater than the material bandgap EG. The light from the laser source (photons) 

is absorbed and the excess energy is transferred to the material in a process known 

as photo-excitation. The material will then emit the excess energy in the form of 

light known as photoluminescence. The PL spectrum’s intensity and the spectral 

content is used to obtain important information about the material properties, such 

as the bandgap, the presence of impurity levels and the quality of the material.  

In the photo-excitation process, the electrons are excited to higher states and 

subsequently relax back to their equilibrium states by losing an energy 

corresponding to the difference in energy between the excited and equilibrium 

states in the form of light in a process known as radiative recombination. However, 

a non-radiative process occurs when the difference in the energy is lost as heat. 
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Fig. 4.13 shows the excitation of electrons, in which non-equilibrium electrons tend 

to relax back into the equilibrium state (relaxation within bands to the edge of the 

energy band), and finally emit light due to an electron-hole radiative recombination.   

 

 

Fig. 4.13:  Illustration of the processes involved in PL (a) photo-excitation from the 

valence band to the conduction band, (b) intra-band relaxation and (c) 

recombination, which leads to PL emission [8]. 

 

It is worth to point out that the PL technique does not require any sample 

preparation or electrical contacts. Therefore, PL can be used to study samples with 

high resistivity. Another advantage of the PL is that the luminescence can be 

measured in various parts of the sample's surface to determine uniformity of the 

optical response and therefore the sample homogeneity. 

 

4.9 SYSTEM HARDWARE IMPLEMENTATION    

This section describes the hardware of the PL system, which operates over a 

temperature range of 10K - 300K. 
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The block diagram and photographs of the PL system used in these investigations 

are shown in Figures 4.14, 4.15, 4.16 and 4.17. Below are descriptions of several 

key components of the PL system. 

 

Fig. 4.14: Photograph of the Andor Shamrock 500i spectrometer and InGaAs CCD 

camera.  

 

4.9.1 SPECTROMETER AND DETECTORS 

To allow spectral investigation, the produced photoluminescence was scattered 

using a grating spectrometer. The spectrometer utilised in this study is 500i 

spectrometer from Andor. It has a focal length of 500 mm and an aperture of F/6.5. 

The Shamrock 500i has a unique triple grating turret that allows to select gratings 

easily. The triple grating turret can be quickly and simply removed or replaced by 

alternative turret with new gratings. The gratings is interchangeable indexed triple 

turret with three distinct gratings (300 grooves/mm blazed at 3000 nm, 600 

grooves/mm blazed at 2000 nm, and 1200 grooves/mm blazed at 500 nm). The 

width of the entry and exit slits can be adjusted manually or remotely from 10 µm 

to 2.5 mm. The CCD camera detector fitted in the spectrometer exit port converts 
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incident photons to electronic signals, allowing it to cover a wide range of 

wavelengths. The InGaAs and Si CCD detectors employed in the PL system have 

great sensitivity and can cover the optical wavelength ranges ~600nm-1.7µm and 

300nm-1000nm, respectively (see Figure 4.15). The InGaAs detector was 

employed in this experiment.  

 

Fig. 4.15: The efficiency response curves of (a) InGaAs CCD detector and (b) Si 

CCD detector.  
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4.9.2 LASERS AND OPTICS 

The PL system comprises three lasers to excite the samples, primarily blue, green 

and red lasers with wavelengths 473 nm, 532 nm and 655 nm, respectively. The 

laser power incident on the sample is controlled manually using a natural density 

filter. A beam splitter is used to shine the laser on the sample and direct the PL 

signal to the appropriate spectrometer (one fitted with an InGaAs CCD and the 

other with a Si CCD). In addition, a long pass filter is installed in front of each 

monochromator entrance slit to eliminate undesirable high-order lines of the laser 

light. The PL setup also includes a number of optics, such as lenses and mirrors, to 

focus the PL signal on the entry slit of the selected spectrometer and the laser light 

onto the sample. Fig. 4.16 depicts the setup configuration of the PL system used in 

this thesis. 

 

Fig. 4.16: A schematic diagram of the photoluminescence (PL) apparatus.   
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Fig. 4.17: Photograph of the Photoluminescence (PL) apparatus.  

 

4.9.3 CRYOSTAT AND TEMPERATURE CONTROLLER 

For the temperature dependent PL measurements in the range10K - 300K, a state-

of-the-art Janis CCS-150 cryostat and a temperature controller, model Lake Shore 

331, were employed. The refrigeration principle of the cryostat is based on a closed-

cycle flow of helium gas (He) through a compressor. It is similar to the one 

discussed in section 4.6.1, and also includes temperature sensors, radiation shields, 

and specially designed sample holder.   

 

4.9.4 COMPUTER INTERFACE 

The spectrometer and CCD cameras are interfaced with a computer using Windows 

10 through USB ports. 
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4.9.5. SYSTEM CONTROLLING SOFTWARE 

Solis Andor’s CCD cameras and spectrometer system control software is used to 

remotely control the various elements of the PL system. It has a number of features 

for data acquisition as well as monitoring and controlling the various PL system 

components. The software can, for example, control the turret's three gratings, the 

size of the entrance and exit slits, and shutters.  
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CHAPTER 5: EXPERIMENTAL DETAILS 

This chapter's objective is to provide a brief overview of the structure of the samples 

investigated in this thesis. In addition, a brief description of the experimental setup 

and equipment utilised for electrical and optical characterisation will be presented. 

 

5.1 SAMPLES INVESTIGATED IN THIS STUDY 

The main motivation of this thesis is to investigate the optically and electrically 

active defects present in dilute GaAsBi based structures and devices.   

The samples were grown in an MBE system, which is equipped with standard 

effusion cells, at the Lebedev Physical Institute (Moscow, Russia). For the 

evaporation of Bi, a standard Ga furnace with reduced screen insulation was used 

to improve temperature control. n-type and p-type GaAsBi epilayers have been 

studied using different techniques. The samples details are given below:  

(i) For n-type GaAsBi layers, the samples consisted of a 100 nm thick 

doped GaAs buffer layer (n = ~2-3 x 1018 cm-3) followed by 1 µm thick 

doped GaAs(1−x)Bix layer (n-type = 2 x 1016 cm-3) grown on (100) and 

(311)B oriented n+-GaAs substrates. Si was used as n-type dopant. 

GaAs control samples not containing Bi and with similar layer structure 

were also grown under the same growth conditions as those of n-type 

GaAsBi for comparison purposes. In addition, (100) as-grown dilute 

GaAsBi samples were irradiated with a gamma cell Cobalt Irradiator 

(dose rate of 1.3 kGy/h) at different doses of 50 and 100 kGy to 

investigate the effect of gamma radiation dose on the electrical and 

optical properties of dilute GaAsBi. 
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(ii) For p-type structures, the samples consisted of a 100 nm thick doped 

GaAs buffer layer (p = ~2-3 x 1018 cm-3) followed by 1 µm thick doped 

GaAs(1−x)Bix layer (p-type = 2 x 1016 cm-3) grown on (311)B oriented 

semi-insulating GaAs substrates. Be was used as p-type dopant. The 

respective p-type GaAs control samples were grown without Bi and 

under the same growth conditions as those of p-type GaAsBi for 

comparison purposes 

The growth conditions of these samples are detailed in each associated 

experimental chapter. 

 

5.2 MEASUREMENT DETAILS 

This section describes the experimental setup and equipment used for the 

characterisation of the samples.  

 

5.2.1 I-V MEASUREMENTS  

The conventional DLTS and Laplace DLTS measurements, which are primarily 

based on transient of capacitance, require devices with low leakage currents in the 

range of µA or below. Therefore, all samples are tested for suitabilty to avoid 

erroneous results. In addition, the I-V characteristics of the devices are measured 

using Keithley 236 source measure unit, which is controlled via GPIB interface by 

computer software. The current values are measured at various reverse bias 

voltages (VR) with increment of 0.01 V. The maximum value of VR depends on the 

Schottky diodes. Additionally, the I-V characteristics as a function of temperature 

were obtained to determine the diode parameters, as discussed in Chapter 4.   
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5.2.2 C-V MEASUREMENTS 

The C-V measurements were performed at a fixed frequency of 1 MHz for all 

Schottky diode devices using a Boonton 7200 capacitance meter in order to obtain 

the background doping concentration, depletion width, and also to calcuate the trap 

concentration. These important parameters are used in the analysis of DLTS 

characteristcs.  

 

5.2.3 DLTS MEASUREMENTS 

The DLTS and Laplace DLTS techniques, which are explained extensively in 

Chapter 4, are used to characterise the electrically active defects present in the 

material systems studied in this thesis. In this section, a brief overview of the 

experimental methodologies is given. Firstly, the samples were processed into 

circular mesas of various diameters (200 to 1000µm), and mounted on 10 pins TO5 

headers. These were then placed on a holder inside a He closed-loop cycle cryostat, 

model JANIS CCS-450. The samples were then cooled down to a temperature of 

10K. The DLTS measurements began by ramping the temperature up to 450K at a 

rate of 2K/min and subjecting the samples to a sequence of electrical pulses 

generated by a pulse generator (National Instrument Box). The resulting 

capacitance transient was measured with a Boonton 7200 capacitance meter. The 

change in capacitance transient as a function of temperature is captured in the form 

of a DLTS signal, and stored in the computer at selected reverse bias voltages (VR) 

and filling pulse (VP).  
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5.2.4 LAPLACE DLTS MEASUREMENTS 

High Resolution Laplace DLTS measurements were used to reslove the broad 

featureless DLTS peaks. Since Laplace DLTS is an isothermal DLTS procedure, 

measurements were carried out at a constant temperature within a temperature 

range where a conventional DLTS peak was present. Further details of these 

measurements are explained in Chapter 4. 

 

5.2.5 PHOTOLUMINESENCE (PL) MEASUREMENTS 

In this study, PL technique was used to study the optical properties of the samples, 

which were mounted in a closed cycle Helium-cooled cryostat operating in the 

temperature range 10K to 300K. The samples were excited with a green laser 

having wavelength equal to 532 nm (~2.33 eV). The dectector used in this 

experiment is an InGaAs CCD, which covers visible (~600nm) to mid-infrared 

(1700nm). 

 

5.2.6 XRD AND RAMAN MEASUREMENTS 

X-ray diffraction (XRD) measurements were carried out in a Rigaku Smartlab 

diffractometer using Cu Kα1 radiation in collaboration with Prof. Igor Kazakov’s 

group at Lebedev Physical Institute (Moscow, Russia). High quality double-crystal 

Ge (220) was used as collimator. The XRD rocking curves were measured using 

2θ-ω scans with a horizontal slit positioned in front of the detector in order to 

minimize diffuse and background scattering. 

Micro-Raman measurements were performed in collaboration with Prof. Yara 

Gobato’s group at Federal University of Sao Carlos using a 633 nm laser excitation. 
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The Raman signal was measured in a Lab RAM HR system from Horiba Jovin 

Yvon that has 50x objective with spectral resolution of about 1 cm-1.  
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CHAPTER 6:  INVESTIGATION OF THE 

EFFECT OF SUBSTRATE ORIENTATION ON 

THE STRUCTURAL, ELECTRICAL AND 

OPTICAL PROPERTIES OF N-TYPE GaAs1-XBiX 

LAYERS GROWN ON (100) AND (311)B GaAs 

SUBSTRATES BY MOLECULAR BEAM 

EPITAXY 

Current-Voltage (I-V), Capacitance-Voltage (C-V), Deep Level Transient 

Spectroscopy (DLTS), Laplace DLTS, Photoluminescence (PL) and Micro-Raman 

techniques have been employed to investigate the effect of the orientation of the 

substrates on the structural, electrically and optically active defects in dilute 

GaAs1−xBix epilayers structures having a Bi composition x = ~5.4%, grown by 

Molecular Beam Epitaxy (MBE) on (100) and (311)B GaAs planes. X-ray 

diffraction results revealed that the in-plane strain in the GaAsBi layer of the 

samples grown on (100)-oriented substrate (-0.0484) is significantly larger than that 

of the samples grown on (311)B-oriented substrate (-0.0183). The substrate 

orientation is found to have a noticeable impact on the Bi incorporation and the 

electrical properties of dilute GaAsBi Schottky diodes. The I-V characteristics 

showed that (100) Schottky diodes exhibited a larger ideality factor and higher 

barrier height compared with (311)B samples. The DLTS measurements showed 

that the number of electrically active traps were different for the two GaAs substrate 

orientations. In particular, three and two electron traps are detected in samples 

grown on (100) and (311)B GaAs substrates, respectively, with activation energies 

ranging from 0.12 to 0.41 eV. Additionally, one hole trap was observed only in 

sample grown on (100) substrates with activation energy of 0.24 eV. The observed 
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traps with small activation energies are attributed to Bi pair defects. PL and Raman 

spectra have evidenced different compressive strain which affects considerably the 

optical properties. Furthermore, the PL spectra were also affected by different 

contributions of Bi-related traps which are different for different substrate 

orientations in agreement with DLTS results.    

 

6.1 INTRODUCTION 

Dilute III-V bismide semiconductors materials such as GaAsBi alloys display 

strong reduction in the band gap when only a small percentage of bismuth atoms is 

incorporated into the lattice of the host material like GaAs which has a band gap 

energy of 1.424 eV at 300K. Particularly, a few percent of Bi incorporated into 

GaAs, i.e. GaAs1-xBix with x being the Bi composition, leads to a giant bowing in 

the band gap energy (~ 88 meV/%Bi) [1], as well as an increase in spin-orbit 

splitting energy [2, 3]. These remarkable properties such as reduction of the band 

gap make GaAsBi a suitable material for several  device applications such as multi-

junction solar cells [4], photonic devices [1] and long-wavelength optoelectronic 

devices [5].  

It is well known that the growth temperature of III-V alloys can significantly 

influence their crystalline quality. In fact, substitutional incorporation of Bi into the 

host lattice of III-V compounds requires low temperature growth (< 400 ℃). 

However, low growth temperature of GaAs causes an increased  density of defects 

as well as leads to degradation of the optical quality of alloys [6]. For instance, 

growing GaAs at temperatures lower than the optimal growth temperatures (~580- 

600℃) leads to the creation of  many point defects, such as As-antisites (AsGa ), 
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As-interstitials (Asi) and Ga vacancies (VGa) [7–9]. Additionally, it is found that as 

the growth temperature decreases, deep level defects are generated in GaAs and 

their concentrations are enhanced [7, 10]. Nevertheless, using Bi as a surfactant 

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

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

GaAs. However, in GaAsBi epilayers where Bi is substituting an arsenic atom, Bi 

related defects are created. Recently, DLTS and Laplace DLTS (LDLTS) studies 

of n-type GaAs1−xBix layers grown by MBE on n+ GaAs substrates with 0 ≤ x ≤ 

0.012 [11] have shown that a significant reduction of the total traps concentration 

by a factor of ~20, in contrast to GaAs layers grown at similar temperature (~330 

°C). Furthermore, as anticipated for MBE growth at this temperature, the dominant 

deep level defect in these layers were proposed to be an AsGa-related complex 

defect, with a deep level energy of about 0.65 eV [11]. More recently, Ł. Gelczuk 

et al. [7] employed DLTS to investigate the electron deep level defects in n-type 

GaAs1−xBix alloys having 0<x<0.023 grown by MBE on conventional (100) n+ 

GaAs substrates. They found that the incorporation of Bi into GaAs suppresses the 

formation of electron traps by reducing their total trap concentrations to more than 

two order of magnitude compared to trap concentrations in GaAs grown at similar 

conditions. Additionally, they reported that the two levels with activation energies 

ranging from 0.07 to 0.19 eV in GaAsBi with Bi compositions of 0.8%- 2.3%, are 

Bi- related traps. They suggested the origin of these defects to be related to Bi pair 

defects  [7].  

Although most investigations of GaAs1-xBix thin films and devices were performed 

using the conventional (100) GaAs substrates, there are few studies exploring the 
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growth on high-index planes, which can considerably affect the Bi incorporation, 

and the structural, electrical and optical properties [12–16].  

Remarkably, Henini et al have shown that Bi incorporation in GaAs1−xBix thin films 

can be more enhanced by using (311)B GaAs orientation [12]. In addition, there 

are relatively very few researches which addressed the doping process of only (100) 

GaAs(1−x)Bix [7,10,11,17–20]. Therefore, it is worth noting that the structural and 

optical properties of n-type GaAs1−xBix alloys and devices using non-(100) GaAs 

substrates have not been investigated yet.  

In this work the effects of substrate orientation on the structural, optical and 

electrical properties of n-type dilute GaAs1−xBix epilayer structures grown at low 

temperature by MBE on conventional (100) and non-conventional (311)B  n+ GaAs 

substrates were investigated using I-V, C-V, DLTS, LDLTS, PL and Micro- Raman 

techniques.    

 

6.2 EXPERIMENTAL DETAILS 

The samples studied in this work were silicon-doped n-type GaAs1-xBix epilayers 

grown on highly doped (100) and (311)B n+ GaAs substrates by MBE at low 

temperature (~400℃). Fig. 6.1 shows a schematic diagram of the epitaxial layers 

structure which consisted of 0.1 µm thick GaAs buffer layer heavily doped with Si 

with a concentration of 2x1018 cm-3. This was followed by 1 µm thick Si doped 

GaAsBi layer with a Si concentration of 2x1016 cm-3. Additionally, similar 

structures (control samples) consisting of a 1 µm thick n-type GaAs layer (not 

containing Bi) were grown on (100) and (311)B GaAs substrates at similar 



 

99 
 
 

conditions, for comparison purposes.  Two n-type GaAs1-xBix epitaxial layers with 

~5.4% of Bi were examined (see Table 6.1).  

The Bi compositions of the GaAs1-xBix epilayer were measured by XRD. For 

electrical characterization of these devices, all samples have been fabricated in form 

of circular mesas. Ge/Au/Ni/Au Ohmic contacts were thermally evaporated on the 

back side of the wafer, with thickness (10, 20, 20 and 150) nm, respectively. Then 

rapid thermal annealing (RTA) in an Ar atmosphere was performed at 380℃ for 

30 seconds. This was followed by Au deposition through a shadow mask to form 

circular mesas Schottky contacts with different diameters on the top side of the 

samples.  PL spectra of (100) and (311)B  GaAs(1−x)Bix samples were investigated  

as a function of laser power and temperature using a Janis closed-loop helium 

cryostat.  The samples were excited with a 532 nm Nd:YAG solid state laser. The 

PL signal was collected in a 0.5 m Spex monochromator coupled with a nitrogen-

cooled Ge detector. Micro-Raman measurements were carried out with a 633nm 

laser excitation. The Raman signal was measured in a Lab RAM HR Horiba Jobin 

Yvon system with 50x objective with spectral resolution of about 1 cm-1.  
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Table 6.1. Samples details: substrate orientation, Bi content obtained from XRD 

and doping concentration as determined from C-V measurements.  

Sample Substrate orientation 
Bi content (from 

XRD) (%) 

Doping Concentration 

(Nd) 

n-GaAs (100) 0 3.80x1017 cm-3 

n-GaAs (311)B 0 3.40x1017 cm-3 

n-GaAsBi (100) 5.4 1.03x1016 cm-3 

n-GaAsBi (311)B 5.4 1.14x1016 cm-3 

 

 

6.3 RESULTS AND DISCUSSION 

 

6.3.1 STRUCTURAL CHARACTERISTICS 

X-ray diffraction measurements were carried out on a Rigaku Smartlab laboratory 

diffractometer in the 2θ-ω mode using Cu-Kα1 radiation and a double-crystal Ge 

(220) monochromator with a horizontal slit positioned in front of the detector in 

Fig. 6.1: Schematic diagram of n-GaAsBi structure grown on (100) and (311)B n+ 

GaAs substrates. 
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order to reduce diffuse and background scattering. XRD curves were measured in 

θ-2θ scanning mode [21]. The X-ray spot on the sample’s surface was about 5mm2 

x 0.4 mm2. The structure parameters were determined from XRD curves using 

different (symmetrical and asymmetrical) experimental schemes. Typical XRD 

curves are shown in Fig. 6.2 and Fig. 6.3 for the (311)B and (100) GaAsBi samples, 

respectively. In Fig. 6.2 where symmetrical (311) and two asymmetrical (400) 

diffraction patterns are presented for the (311)B  GaAsBi samples. Out-of-plane 

lattice parameter was obtained from the analysis of symmetrical XRD curves. For 

(100) GaAs and (311)B GaAs oriented surfaces, the asymmetric reflections (311) 

and (400) were measured, respectively. Asymmetrical reflections were chosen 

based on the relative intensity (relationship between incident X-ray radiation and 

the reflected one).  

Asymmetrical reflections were measured from a set of planes with an angle less 

than the Bragg angle (θB) for these planes. The incidence angles θasym for these 

reflections are given by θasym = θB ± φ, where φ is the angle between asymmetrical 

planes and surface of the sample. Knowing the out-of-plane lattice parameter and 

the angle between asymmetrical reflected plane and the planes parallel to the 

surface of the sample, the in-plane lattice parameter of epitaxial layer 𝑎|| can be 

calculated from simple geometric considerations [22].  
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Fig. 6.2:  XRD curves of (311)B GaAsBi sample (a) symmetrical (311) diffraction 

pattern; (b) and (c) asymmetrical (400) diffraction patterns. Asymmetrical patterns 

were obtained with (b) θB - φ and (c) θB + φ incidence angles, where θB is the Bragg 

angle for the given set of crystallographic planes, and φ is the angle between (100) 

planes and the (311)-oriented surface. 

 

 

Fig. 6.3: XRD curves of (100) GaAsBi samples (a) symmetrical (400) diffraction 

pattern; (b) and (c) two asymmetrical (311) diffraction patterns. Asymmetrical 

patterns were obtained with (b) θB – φ and (c) θB + φ incidence angles, where θB is 

the Bragg angle for the given set of crystallographic planes and φ is the angle 

between (311) planes and the (100)-oriented surface. 

 

As can be seen from Fig. 6.2 and 6.3, the XRD patterns of (311)B GaAsBi and 

(100) GaAsBi  samples have similar characteristics. However, it is worth pointing 

out that the intensity of the peak from the (311)B GaAsBi thin film shown in Fig. 

6.2 (c) is lower than that of the (100) GaAsBi sample (Fig. 6.3 (c)). This is due to 

the large incidence angle which results in less reflected radiation than at the small 

incidence angle. 
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Bi concentration was calculated from the lattice parameter of GaAs1−xBix layer 

determined from symmetrical XRD using Vegard’s law [23]  with the assumption 

of diluted alloy of GaAs and GaBi. The drawback of such approach is that there are 

no reports of growth of bulk GaBi, and therefore one can only consider the 

theoretical calculation of GaBi lattice [24]. For the present work it was considered 

that GaBi has a zinc-blend cubic lattice with the lattice parameter a = 6.178 Å. It 

was found that Bi concentration is equal to 5.4% for both samples grown on (100) 

and (311)B-oriented surfaces.  

Residual strains (εzz and εxx) in GaAs1−xBix layer were determined from the analysis 

of asymmetrical XRD. Out-of-plane a⊥ and in-plane strain 𝑎|| were used to calculate 

the deformation of layer’s lattice by using the following formulas for strains: 

εzz=  
𝑎⊥−𝑎𝐹𝑅

𝑎𝐹𝑅
; εxx=  

𝑎||−𝑎𝐹𝑅

𝑎𝐹𝑅
, 

where a⊥ is the out-of-plane lattice parameter, 𝑎|| is the in-plane lattice parameter, 

and 𝑎FR is lattice parameter of fully relaxed GaAs lattice. It was found that epilayer 

GaAs1−xBix; εzz is equal 0.00035 in both samples, while εxx for the sample grown 

on (311)B-oriented surface (εxx = -0.0183) is 2.64 times less than that of (100)-

oriented sample (εxx= -0.0484).  

6.3.2 ELECTRICAL PROPERTIES 

 

6.3.2.1 CURRENT-VOLTAGE CHARACTERISTICS 

In order to select suitable diodes for DLTS and LDLTS measurements for both 

samples grown on different substrate orientations, I-V characteristics were obtained 

at room temperature. The reverse bias current density (J) for all samples over the 
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voltage bias range -1V to 0V is of the order of few µA/cm2. Typical room 

temperature semi-logarithmic J-V characteristics are shown in Fig. 6.4 for all 

samples. It can be seen from Fig. 6.4 that all samples display a relatively low 

leakage current density. In particular, the reverse current density for samples grown 

on (100) is larger than that grown on (311)B. The reverse current density at bias of 

-1V for (100) GaAs, (311)B GaAs, (100) GaAsBi and (311)B GaAsBi are 1.06x10-

4 A/cm-2, 8.26x10-8 A/cm-2 , 7.5×10-5 A/cm-2 and 6.2×10-6 A/cm-2, respectively. The 

reason for the higher reverse current density in samples grown on (100) can be 

explained by the higher trap concentrations and more defects in (100) than (311)B 

[25]. Similar behaviour was observed in previous studies on n-type GaAs grown on 

conventional (100) and non-conventional substrate orientations (n11) [26] where 

the reverse current was found to decrease with increasing the index of the plane n.   
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Fig. 6.4: J-V plot for n-type (100) GaAs, (311)B GaAs, (100) GaAsBi and (311)B 

GaAsBi at room temperature. 
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Since these devices are Schottky diodes, the I-V characteristics of the diodes can 

be described by the thermionic emission model [27] as follows: 

𝐼 = 𝐼0[𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑩𝑇
) − 1]                                                (6.1) 

where 𝑞 is the electronic charge, 𝑉 is the applied voltage, 𝑘𝑩 is the Boltzmann’s 

constant, 𝑛 is the ideality factor of the diode, 𝑇 is the absolute temperature in 

Kelvin, 𝑅𝑠 is the series resistance of the effective diode, and  𝐼0 is the saturation 

current which is given by: 

𝐼0 = 𝐴𝐴∗𝑇2 𝑒𝑥𝑝 (
−𝑞𝜙𝐵

𝑘𝐵𝑇
)                                                    (6.2) 

where 𝐴 is the diode area, 𝐴∗ is the effective Richardson’s constant (𝐴∗= 8.16 Acm-

2 K-2), and 𝜙𝐵 is the barrier height [28]. 

The characteristics parameters of these devices such as (𝑛, 𝑅𝑠, 𝜙𝑏 and 𝐼0 ) were 

calculated by using the Werner’s method [29]. This method was explained in 

Chapter 4, section 4.3. Fig. 6.5 shows the plot of 𝐺/𝐼 versus 𝐺 and 𝑙𝑛 (𝐼) versus 

(𝑉 − 𝐼𝑅𝑠) for (311)B GaAsBi. Similar way was used to extract the diode 

parameters for all samples.   
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Fig. 6.5: (a) the plot of 𝐺/𝐼 versus 𝐺 from I-V curve at room temperature for 

forward voltage for (311)B GaAsBi sample (this plot was used to determine the 

ideality factor and series resistance). (b) plot of 𝑙𝑛 (𝐼) versus (𝑉 − 𝐼𝑅𝑠) to obtain 

barrier height.  

Series resistance, ideality factors and barrier height for all samples are obtained 

from the forward I-V characteristics at room temperature. These parameters are 

summarized in Table 6.2.  

Table 6.2. Experimental data of ideality factor, barrier height and series resistance, 

obtained from I-V characteristics at room temperature for n-type (100) GaAs, 

(311)B GaAs, (100) (GaAsBi) and (311)B GaAsBi.   

 

Sample 𝑛 ϕ
𝐵

 (eV) R𝑆 (kΩ) 

n-GaAs (100) 1.50±0.02 0.74±0.03 0.23±0.02 

n-GaAs (311)B 1.49±0.02 0.69±0.02 1.32±0.03 

n-GaAsBi (100) 2.33±0.01 0.67±0.01 36.30±0.01 

n-GaAsBi (311)B 1.61±0.01 0.62±0.01 2.30±0.03 
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Fig. 6.6 shows the temperature dependence of (a) the ideality factor (𝑛) and (b) 

barrier height (ϕ
𝐵
) of all samples over the temperature range 200 K to 340 K.                              

 

Fig. 6.6: Temperature dependence of (a) ideality factor; (b) barrier height, obtained 

from I-V characterises for all n-type samples. 

 

As can be seen from Table 6.2, the ideality factor of all devices in forward bias 

deviates from unity, where 𝑛  is nearly 2, which suggests that there is significant 

generation-recombination in depletion region, which is the dominant current 

mechanism [4,30]. It is worth noting that such deviation of the ideality factor from 

the thermionic emission can be attributed to several effects, such as inhomogeneity 

of Schottky barrier height, series resistance, interface states and non-uniformity of 

interfacial charges [31–33]. As shown in Fig. 6.6 (a) and (b) the values of  𝑛 

decrease with increasing temperature, whereas the values of (ϕ𝐵) increase as 

temperature is increased. This behaviour is due to inhomogeneous 

metal/semiconductor (MS) contacts. At high temperatures, the current flows 

through the interface states in the regions with a lower barrier height and larger 

ideality factor, whereas at low temperatures the carriers are frozen, and therefore, 

the current does not follow the thermionic emission mechanism. Note that at low 

temperatures, carriers can overcome the lower barriers, and the transmission 

mechanism will be dominated by the current flowing through the regions with the 
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lower barrier height. As the temperature increases, the carriers gain enough energy 

to overcome the higher potential barrier, which causes the barrier height to increase 

with temperature. As a result, the barrier height will increase, while the ideality 

factor will decrease with increasing temperatures, due to barrier inhomogeneity in 

MS contacts [34]. However, (100) GaAsBi has larger ideality factors over all 

temperatures compared to other diodes, whereas the (311)B GaAs has the smallest 

values. It is worth noting that, and to the best of our knowledge, no previous reports 

have explained the Schottky diodes behaviour in GaAsBi grown on different 

substrate orientations in the literature. Therefore, the results will be discussed in 

context with dilute nitride GaAsN instead.  

Furthermore, from Table 6.2 it can also be seen that the barrier height at room 

temperature for (100) GaAsBi and (311)B GaAsBi are reduced compared with 

reference samples. In particular, (100) GaAs has relatively larger barrier height, 

while the (311)B GaAsBi diodes have the lowest values. This reduction in barrier 

height was observed also by Chen et al. [35] in their study using Cu Schottky 

contacts to n-type GaAsN grown on (100) and (311)A/B GaAs substrates by 

Chemical Beam Epitaxy (CBE). They found that samples grown on (311)B 

exhibited lower barrier height than (100). They attributed this reduction to the 

polarity of growth surface. On the other hand, Narayanamurti et al. [36] observed 

in their study using the ballistic electron emission microscopy (BEEM) technique, 

that the barrier height at room temperature decreases as the nitrogen content 

increases. They attributed the reduction in the barrier height to the reduction of the 

band gap, with increasing incorporation of nitrogen.  
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It is well-known that Bi incorporation is more enhanced in (311)B than in (100) 

GaAs substrates. This results in an enhancement of the reduction of the energy band 

gap of (311)B with respect to the (100) samples, as reported previously [12,37]. 

This fact could explain the larger reduction of the barrier height observed in the 

(311)B samples. However, this interpretation is in contradiction with XRD results. 

Therefore, one would expect that the electrical performance of Schottky diodes 

constructed on GaAsBi layers could also by tailored by the growth orientation or 

surface polarity, also many other effects such as non-homogeneity of Schottky 

barrier height, could contribute in reduction of barrier height in (311)B sample [35].              

 

6.3.2.2 CAPACITANCE-VOLTAGE CHARACTERISTICS 

The C-V measurements were carried out at room temperature with a frequency of 

1 MHz in order to determine the free carrier concentration (Nd). Fig. 6.7 (a) shows 

the experimental net carrier concentration Nd obtained from the slope of 1/C2 as a 

function of V (reverse voltage) for all samples. The free carrier concentration was 

found to be homogeneous for all samples. In particular, the free carrier 

concentrations of (100) GaAs, (311)B GaAs, (100) GaAsBi and (311)B GaAsBi , 

are ~ 3.8x1017 cm-3 , 3.4x1017 cm-3, ~1.03x1016 cm-3  and ~1.14x1016 cm-3 , 

respectively. Fig. 6.7 (b) shows Capacitance/Area (C/A) versus V plot for (100) 

and (311)B GaAsBi samples. As can be seen from Fig. 6.7 (b), the value of C/A of 

sample grown on (311)B is lower than the one grown on (100). This reduction of 

C/A of (311)B samples could possibly be due to  the growth orientation, which was 

found to affect the shallow donor concentration Nd, as confirmed previously by Hall 

measurement [35,38,39].  
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Fig. 6.7: (a) Plot of 1/C2 versus reverse bias voltage for n-type (100) GaAs, (311)B 

GaAs, (100) GaAsBi and (311)B GaAsBi at room temperature. (b) The 

experimental C/A versus V plot for (100) and (311)B GaAsBi samples at room 

temperature.  
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6.3.2.3 DLTS AND LAPLACE (DLTS) MEASUREMENTS 

In order to study the electrically active defects with energies within the forbidden 

band gap of these n-type (100) GaAs, (311)B GaAs, (100) GaAsBi and (311)B 

GaAsBi devices, DLTS technique has been employed [40]. As can be seen in Fig. 

6.8, the measurements were carried out over a temperature range from 100 K up to 

450 K. The experimental parameters used are: reverse bias (VR) of -1 V, filling 

pulse voltage (VP) of 0V with filling pulse time (𝑡𝑝) of 1 msec and rate window set 

to be at 200 s-1 for all investigated samples.       
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Fig. 6.8: Typical DLTS spectra scans for n-type (100) GaAs, (100) GaAsBi and 

(311)B GaAsBi samples. 
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The standard DLTS spectra in Fig. 6.8 of (100) GaAs and (100) GaAsBi samples 

show three positive peaks corresponding to three majority electron traps. In 

addition to the electron traps, hole traps (negative peaks) were also observed in 

(100) GaAsBi and (100) GaAs. While for GaAsBi sample grown on (311)B (Fig. 

6.8), a very broad peak is detected over the temperature range ~ 325 K to ~450 K. 

For control sample (311)B GaAs no defects were detected by DLTS as their 

concentrations could be  too low and are outside the detection limit of DLTS. In 

order to resolve the broad peaks obtained by DLTS measurements, as well for a 

better resolution of DLTS spectra observed in the investigated samples, LDLTS 

measurements were performed [41] on all samples, under same conditions as those 

used in DLTS experiments. LDLTS revealed the presence of the following traps: 

(i) (100) GaAs and (100) GaAsBi: three electron traps labelled as (AE1, AE2 and 

AE3) and (BE1, BE2 and BE3), and one hole trap (AH1) and (BH1), respectively; 

(ii) (311)B GaAsBi: two electron traps namely (LE1 and LE2). The activation 

energies of each defect were determined from the Arrhenius plot of the emission 

rates as a function of inverse temperature as illustrated in Fig. 6.9.  
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Fig. 6.9: Arrhenius plots obtained from Laplace DLTS for n-GaAsBi grown on (a) 

(100) and (b) (311)B GaAs substrates, with reverse voltage VR=-1, filling pulse 

height VP=0 V, and filling pulse time tp=1 msec.  
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The traps activation energies, apparent cross section and trap concentrations are 

calculated from the slope and intercept of the Arrhenius plot, as explained in 

chapter 4. The traps parameters are summarised in Table 6.3.  

Table 6.3. Traps parameters for n-(100) GaAs, n-(100) GaAsBi and (311)B 

GaAsBi.  

 

Sample  

 

Trap 

Label  

 

Activation 

energy 

(eV)  

 

Apparent capture 

cross-section (cm2) 

 

Trap concentration 

(cm -3) 

  

n-GaAs  

 (100)  

 

AE1  0.28±0.03  4.3x10-17±0.3  8.2x1015±0.7  

AE2  0.54±0.02  2.1x10-13±0.1  7.2x1015±0.2  

AH1  0.53±0.02  4.8x10-16±0.3  8.1x1015±0.5  

AE3  0.61±0.01  1.8x10-14±0.1  5.1x1015±0.3 

  

n-GaAsBi  

 (100)  

BE1  0.12±0.01  1.1x10-18±0.1  1.2x1013±0.1 

BH1  0.24±0.01  9.8x10-18±0.8  5.1x1013±0.3  

BE2  0.27±0.01  9.3x10-19±0.9  7.7x1014±0.5  

BE3  0.41±0.04  6.3x10-18±0.7  9.7x1014±0.4  

n-GaAsBi  

(311)B  

LE1  0.19±0.01 5.1x10
-20

±0.2 1.4x10
13

±0.1 

LE2  0.29±0.01 1.8x10
-19

±0.1 1.9x10
14

±0.1 

 

It can be seen from Table 6.3, that the number of traps detected in sample grown 

on (100) are higher than sample grown on (311)B. In fact, R. Mari [26] observed 

that the substrate orientations of GaAs have a significant impact on the 

incorporation of impurities and traps into the structure. It was reported that 

impurities are more susceptible to be incorporated in (100) plane than in other high 

index planes. This result correlated with I-V characterisation discussed above, 

where samples grown on (100) has higher reverse current than samples grown on 

(311)B due to higher number of traps.  
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The best way to identify these active traps created as a result of substrate 

orientations are to compare their activation energies to each other and/or their 

DLTS signals. The obtained results are also discussed and compared with previous 

works.  

The traps BE1 (0.12±0.01eV) and LE1 (0.19±0.01) observed in (100) GaAsBi and 

(311)B GaAsBi, respectively, are likely to correspond to the same traps ET0 and 

ET1 with activation energies ranging from 0.07 to 0.19eV [7] and A’ with activation 

energy of 0.12 eV [11] reported previously. These were assigned to traps involving 

Bi as a constituent.  

Traps AE1, BE2, and LE2 with similar activation energies in the range 0.27 to 

0.29eV could be of the same origin. This trap, labelled as ET2 with an activation 

energy in the range 0.29 to 0.33eV, was observed also in both GaAs and GaAsBi  

grown by MBE at low temperature by Gelczuk et al. [7]. This deep level can be 

attributed to the well-known M3 trap (Ec-0.34 eV) [42,43] , which has same 

signature as EL6 trap reported in ref.[43]. The EL6 trap is generally related to 

complex pair defects involving arsenic antisite (AsGa) and arsenic vacancy (VAs) 

[43] or to divacancy complex defect (VGa – VAs) [44]. On the other hand, using 

theoretical calculations by density functional theory (DFT method) [45], a trap with 

energy of 0.36 eV (similar to BE2)  was found. The authors attributed its origin to 

a complex defect involving Bi.  

Furthermore, the traps AE2 and BE3 with activation energies 0.54±0.02 eV and 

0.41±0.04 eV and trap concentrations of 7.2x1015 cm-3 and 9.7x1014 cm-3, were 

observed only in n-type (100) GaAs and GaAsBi samples, respectively. Similar 

deep defect was detected in n-type GaAsBi samples grown at temperatures 330℃ 
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and 390℃, respectively, labelled as trap C [11] and trap ET3 [7] with activation 

energies varying from 0.45 to 0.52 eV [7].  This trap most likely corresponds to the 

trap level M4. The origin of this  trap was attributed to an arsenic vacancy (VAs) 

complex involving an impurity [46].  

 In addition, the trap level AE3 with activation energy of 0.61±0.01 eV and 

concentration 5.1x1015 cm-3 was detected only in the n- (100) GaAs control sample 

(without Bi). This trap was observed also in GaAs and GaAsBi as the dominant 

electron trap [7]. It was suggested that the origin of this deep level trap could 

possibly be attributed to trap M6, whose activation energy is 0.62 eV [47]. It is 

interesting to note that M6 trap is a unique trap in GaAs layers grown by MBE [42]. 

The origin of this trap  might be related to gallium and arsenic vacancies (VAs - VGa) 

or impurity related complexes (VAs – X- VGa), where X refers to the impurity or 

interstitial [47] 

 As seen in Table 6.3, hole traps were also observed in (100) GaAs and (100) 

GaAsBi labelled as AH1 and BH1, with activation energies 0.53±0.02 eV and 

0.24±0.01 eV, respectively. Minority hole trap AH1 appears to have a similar 

activation energy as that of trap H2 [48], and the trap with activation 0.54±0.02 eV 

observed in ref.[49]. This trap was suggested to be likely attributed to donor level 

of the arsenic antisite AsGa complexes defect [48].  Trap  BH1 has similar DLTS 

spectra as those observed in p-type GaAsBi grown by MBE [50] and  labelled as 

HT2 and HT3 with activation energies over a range 0.23- 0.43eV. These traps were 

assigned to AsGa or its relevant cluster.  
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6.3.3 OPTICAL PROPERTIES 

 

6.3.3.1 RAMAN SPECTROSCOPY 

Fig. 6.10 shows the Raman spectra for all samples, i.e., (100) GaAs and (311)B 

GaAs (control samples) and (100) GaAsBi and (311)B GaAsBi, in the ranges (i) 

150 to 245 cm-1 and (ii) 250 to 300 cm-1.  

Two intense peaks in the range of 260-300 cm-1 were observed in all samples. These 

Raman peaks are associated with the GaAs optical phonons at the Brillouin zone 

centre [51,52]. Particularly, the transverse optical mode (TO())  is  observed  at 

around 267 cm-1 and  the longitudinal optical mode (LO())  at around 291 cm-1. 

Furthermore, the GaAs TO() Raman peak is forbidden by Raman selection rules 

for the (100) samples, while for the (311)B samples this peak is allowed [53,54]. A 

broad TO() Raman peak was observed for the (100) GaAsBi sample, which can 

be explained by a breakdown of Raman selection rules due to Bi-induced disorder. 
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Fig. 6.10: Raman spectra of GaAs and GaAsBi samples grown on GaAs (100) and 

GaAs (311)B substrates at 300K. 



 

118 
 
 

For the GaAsBi samples, additional Raman peaks were detected in the range 150 – 

240 cm-1. The observation of these peaks was reported previously for GaAsBi 

samples [54–60]. Although the nature of the peaks is not well established, it is well 

known that these peaks are Bi-induced. 

The Raman spectra in the range 250 to 300 cm-1 were well fitted by two Lorentz 

functions (the fitting parameters are shown in Table 6.4). Although these samples 

are doped, we have observed no evidence of the presence of the peak due to 

plasmons-phonons coupling (LOCP). In general, our results show that the 

contribution of the LOCP is probably small and that this peak is not well resolved 

from GaAs LO() and TO() Raman modes. In addition, a red-shift of the LO() 

Raman peak for GaAsBi samples was observed as compared to the reference GaAs 

samples. It is expected that the incorporation of bismuth atoms will result in 

significant changes of the mechanical properties of GaAs1-xBix alloys. Particularly, 

the Bi incorporation will change the frequency of phonon vibration modes of the 

crystalline matrix. It was previously observed that the GaAs LO() position 

changes linearly with the Bi concentration (x) [54,61]. On the other hand, the 

phonon frequencies can also be dependent on the presence of strain in the alloys 

[54,61]. Such stress-induced shifts can basically be described by the phonon 

deformation potentials (PDPs). Therefore, the total frequency shift could be 

associated with two different contributions: (i) the changes in the alloying 

composition (x) of the ternary material (∆ωalloy) and (ii) changes of the strain field 

in the alloy (∆ωstrain). The total shift of the optical phonon modes can then be 

quantitatively expressed as  ∆𝜔 =  ∆𝜔𝑠𝑡𝑟𝑎𝑖𝑛 +  ∆𝜔𝑎𝑙𝑙𝑜𝑦 [54,61]. As the Bi content 

is 5.4% for both (100) and (311)B samples, the different shifts observed for the 

Raman modes must be due to the strain effect.  
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Particularly for the (311)B sample, the observed shift is -60 cm-1/xBi which is 

consistent with previous works [16,55,56,60,61]. On the other hand, for the (100) 

GaAsBi sample a lower shift was observed probably due to a blue-shift originated 

by compressive strain (-strain), in agreement with  the shift reported by E. Tisbi 

et al [55]. Furthermore, the High Resolution XRD (HR-XRD) results have shown 

that the strain for the (100) GaAsBi samples is 2.7 times higher than that of (311)B 

samples. In addition, a broadening of the LO() Raman peak was observed for the 

GaAsBi samples, a disordering effect for these samples which is particularly higher 

in the (100) GaAsBi samples. Similar broadening was also observed for the TO() 

Raman mode, but more importantly the observation of this peak in (100) GaAsBi 

samples is probably due to Bi induced disorder. A smaller red-shift of the TO() 

Raman peak was observed as compared to the red-shift observed for the LO() 

Raman peak for GaAsBi samples, which were similarly reported previously in the 

literature. In general, these results indicate that the introduction of Bi in the (100) 

samples causes a higher compressive strain and higher crystal disorder as compared 

to the GaAsBi (311)B samples. These differences have an important impact on the 

optical emission of these samples as will be discussed below.  
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 Table 6.4.  Lorentzian fitting parameters: 

 

(100)  

GaAs 

(100) 

GaAsBi 

(311)B 

 GaAs 

(311)B 

GaAsBi 

LO() 
 

 

 

 

 

   

peak (cm-1) 290.5±0.5† 290.2±0.5† 290.3±0.5† 287.5±0.5† 

FWHM (cm-1) 2.6±0.5† 3.7±0.5† 2.5±0.5† 2.8±0.5† 

Peak relative intensity 

TO() 

1.00±0.01 0.98±0.01 1.00±0.01 0.97±0.01 

 

 

 

        

peak (cm-1) 262.4±0.5† 266.7±0.5† 266.9±0.5† 265.5±0.5† 

FWHM (cm-1) 22.9±0.5† 10.6±0.5† 2.7±0.5† 6.7±0.5† 

Peak relative intensity 0.007*±0.01 0.04±0.01 0.16±0.01 0.13±0.01 
         

Reduced chi-square 2.59 10-5 1.77 10-4 3.26 10-5 9.14 10-5 

Residual Sum of Squares 0.00411 0.02807 0.00518 0.01453 

R-Square 0.9992 0.9957 0.9990 0.9971 

* less than the noise level  0.01; † The experimental error is bigger than the statistic error 

related to the Fit processes. In these cases, we utilize the experimental error. 

 

6.3.3.2 Photoluminescence 

Fig. 6.11 shows the photoluminescence spectra of GaAs (100), GaAs (311)B, 

GaAsBi (100) and GaAsBi (311)B layers.   

 

Fig. 6.11: Normalized PL spectra of GaAs and GaAsBi layers at 15K 
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A sharp emission is clearly seen at around 1.52eV for both GaAs layers as expected. 

In addition, other PL peaks were also observed: one around 1.508 eV and a broad 

band in the range of 1.3-1.49 eV which were mainly associated to transitions related 

to GaAs –like traps/impurities due to the growth conditions. On the other hand, the 

PL spectra of both (100) and (311)B GaAs0.94Bi0.05 layers show a redshift as 

compared to GaAs samples, as expected [62–64]. The observed redshift of PL peak 

position was associated with Bi incorporation which induces a band gap reduction. 

Although both samples have the same Bi concentration, we have observed that the 

PL peak position of both samples are different and do not show the standard red 

shift of 89 meV/Bi% previously reported in the literature for GaAsBi layers 

[1,62,64]. Actually, for these samples this red shift is lower than previously 

reported. This effect is particularly more important for the (100) GaAsBi samples. 

It was previously shown a similar behavior for n-doped (100) GaAsBi samples [7] 

which was associated with the contribution of Bi induced donor traps next to the 

conduction band which could also induce an additional emission in the spectrum 

due to a donor trap (DT)-valence band (VB) transition and therefore could  result 

in a reduced red shift. Particularly, these results show that the PL red shift of (100) 

GaAsBi layer is much lower than for (311)B GaAsBi samples although both 

samples have the same Bi concentration of 5.4 %.  The obtained values of PL peak 

position for the (100) and (311)B samples are different and could be due to the 

other contributions such as different Bi induced traps in these samples. However, 

the XRD results for these samples show that the samples also have different strain 

which could affect considerably their optical properties. Particularly, it was noticed 

that the DLTS results have shown higher number of carrier traps for the (100) 

GaAsBi samples as compared to the (311)B GaAsBi samples which certainly could 
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affect significantly its optical properties.  However, the XRD results have also 

shown that the compressive strain for the (100) samples is 2.7 times higher than for 

the (311)B samples.  An increase of compressive strain will certainly result in 

important changes in the band structure resulting in blue shift of PL peak position 

as shown previously [55].  

 

Fig. 6.12: Temperature dependence of (a) PL spectra and of (b) PL peak position 

and linewidth (c) Arrhenius Plot and activation energies for (100) and (311)B 

GaAsBi samples. 

 

Fig. 6.12 (a) shows the temperature dependence of the PL spectra, peak energy and 

Full Width at Half Maximum (FWHM) of the doped GaAs1−xBix samples. It was 

observed that the PL energy peaks (Fig. 6.12 (b)) exhibit a monotonic redshift with 

increasing temperature due to the decrease of the band-gap energy with increasing 

temperature as expected. The temperature dependence of PL intensity was analyzed 

with a modified Arrhenius equation [15]:  

                        
𝐼𝑃𝐿(𝑇)

𝐼0
=  

1

1+𝐴1𝑒

−𝐸1
𝑘𝐵𝑇+𝐴2𝑒

−𝐸2
𝑘𝐵𝑇
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where IPL is the integrated PL intensity, A1 and A2 are constants related to the 

density of non-radiative recombination centers, E1 and E2 are activation energies, 

kB is the Boltzmann constant, T the temperature and I0 the approximate PL intensity 

when T→0. Fig. 6.12(c) shows the obtained results of Arrhenius fitting and the 

activation energy values for both GaAsBi (100) and (311)B samples. The obtained 

E1 and E2 values for (100) and (311)B samples are (20±3 )meV and (95±4)meV, 

and  (28±3) mV and (74±3) meV, respectively. These values evidence the presence 

of Bi clusters and alloy disorder in both samples. Actually, it was previously 

reported that the GaAs1−xBix  layers usually have localized Bi pairs and clusters, 

which have different configurations and binding energies, and also alloy disorder, 

and potential fluctuation [15]. Particularly, it was previously reported that the 

presence of defects/disorder results in two different activation energies: one in the 

range of 8–17 meV which is  usually related to Bi clusters and Bi pairs, and another 

around 50 meV which is usually related to GaAsBi alloy disorder [15,65]. 

Therefore, the experimental values obtained in this work are fully consistent to this 

interpretation. 
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Fig. 6.13: (a) PL spectra for different laser powers (b) PL peak position and (c) 

Double logarithmic plot of the integrated intensity as function of laser power for 

GaAsBi (100) and (311)B samples at 10K. 

The laser power dependence of PL spectra for both samples was also investigated. 

Fig. 6.13 (a), (b) and (c) shows the PL spectra versus laser power, the laser power 

dependence of PL peak position, and integrated PL, respectively at 10K. It was 

observed that there is a clear blue shift of PL peak energy with increasing laser 

power. However, this effect seems to be different for (311)B  and (100) GaAsBi  

samples.  Particularly, for the (100) samples a blue shift was observed of about 

25meV with increasing laser power, while for the (311)B sample a blue shift of 

about 43meV for a laser power of 50mW was observed (Fig. 6.13(a) and (b)). Fig. 

6.13 (c) shows the laser power dependence of integrated PL intensity also at 10K. 

The laser power dependence was fitted by using the power law which is a standard 

procedure to investigate the nature of the PL band in semiconductor materials and 

is given by the following expression: I =(P)k, where I is the integrated PL 

intensity, P is the laser power,  and k are fitting parameters [15,62]. It is well 

known for free exciton emission it is expected to obtain k 1 [15,62]. However, for 

these samples a value slightly lower than k=1 was obtained, i.e., k 0.8 for the 
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higher laser power range of 1-50mW. These results indicate some exciton 

localization which is similar to several previous results reported in the literature for 

GaAsBi layers [15,62,65]. Therefore, these results could be associated  with the 

emission of localized excitons by the presence of Bi clusters/ alloy disorder, which 

manifests in a clear blue shift of the PL peak with increasing laser power and is 

consistent with the obtained values for E1 and E2 activation energies [15,62,65]. It 

is important to note that the DLTS results for the (100) samples have shown a larger 

number of traps as compared to the (311)B samples. As mentioned above, it was 

previously reported for n-doped (100) GaAsBi samples that the PL spectra have 

also a contribution of optical transition related to Bi induced traps close to the 

conduction band (donor band) which could also affect the laser power dependence 

and the PL peak position [7]. Therefore, the PL results reported here are consistent 

with the DLTS results of these samples that have shown that the number of Bi 

induced traps are more important for (100) GaAsBi samples and therefore these 

traps affect more the PL of (100) samples as compared with the (311)B samples.  

On the other hand, as mentioned previously the higher compressive strain observed 

for (100) GaAsBi samples could also affect their optical properties resulting in the 

observation of PL peak position at higher energy as compared to GaAsBi (311)B 

samples with the same amount of Bi%. 
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6.4 Conclusion 

The structural, electrical and optical properties of n-type GaBiAs layers grown 

under similar conditions on GaAs (100) and (311)B planes have been investigated. 

It was found that although these samples have the same Bi concentration of 5.4%, 

they have shown different compressive strain which has important impact on their 

optical properties. Furthermore, it was observed that the incorporation of Bi reduces 

the GaAs like electron traps but also induces Bi-related donor traps which are 

different for GaAsBi samples grown on (100) and (311)B  planes. Particularly, the 

DLTS results have shown that Bi traps are reduced considerably for (311)B 

samples. Finally, the observed differences in the optical properties of (100) and 

(311)B GaAsBi  samples can be explained by the presence of different compressive 

strain and  by the presence of Bi-induced traps which  affect considerably the 

optical properties of GaAsBi layers.  
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CHAPTER 7:  INVESTIGATION OF THE 

EFFECT OF GAMMA RADIATION ON THE 

ELECTRICAL AND OPTICAL PROPERTIES OF 

DILUTE N-TYPE GaAs1-xBix GROWN on (100) 

GaAs SUBSTRATES BY MOLECULAR BEAM 

EPITAXY   

This chapter reports the effect of gamma radiation dose on the electrical and optical 

properties of dilute GaAsBi layers having Bi composition x = ~5.4%, grown by 

MBE on a highly doped (100) GaAs substrates. Gamma radiation (γ-) was found to 

influence the electrical and optical properties of GaAsBi Schottky diodes. In 

particular, the radiation effect on the Current- Density (J-V) was more pronounced 

in the samples irradiated with a high dose, with a reduction of five times compared 

to as-grown samples. Additionally, the irradiated samples showed lower ideality 

factor, and higher barrier height, than as-grown samples. However, C-V 

characteristics exhibited an increase in the free carrier concentration in all irradiated 

samples as compared to as-grown structures, indicating an improvement in diode 

performance. DLTS revealed that after irradiation the number of electrically active 

traps decreased. Four, three and two electron traps were detected in as-grown, and  

50 kGy and 100 kGy doses irradiated samples, respectively. The 

photoluminescence intensity of the main peak was found to increase with the 

irradiation dose, evidencing an enhancement of the optical properties and 

annihilation/ contributions of Bi- related traps, and supporting the electrical results.   

 



 

137 
 
 

7.1 INTRODUCTION 

In general, defects and impurities in semiconductor materials and devices can 

deteriorate their optical and electrical properties. For example, some defects which 

act as non-radiative recombination centres, have a significant impact on the quality 

and performance of both the epitaxial layers and the device characteristics. Post-

growth treatments, such as thermal annealing and hydrogenation processes, are 

well known to reduce the concentration of defects, annihilate and passivate 

completely defects. In addition, exposing semiconductor materials to high gamma-

radiation has been found to enhance their performances. However, a significant 

number of lattice defects are produced in semiconductors as a result of radiation in 

space, which degrade the devices’ performance.   

Several factors such as metal and semiconductor work functions,  type of 

semiconductor material, metallization processing procedures, doping 

concentrations of semiconductor materials and the presence of defects states have 

been reported to affect the electrical properties of Schottky diode contacts [1]. 

Additionally, exposure of semiconductor materials to radiation has been found to 

modify the atomic configuration and induce other defects into the lattice, which 

therefore alters their electrical and optical properties [2]. A recent study by Tamotsu 

H. et al. [2] showed the effect of gamma irradiation on deep electron states in liquid 

encapsulated Czochralski (LEC) grown GaAs, using DLTS. They reported that the 

irradiation reduced the concentration of EL6 trap by a factor of 3-5, whilst EL3 trap 

density was increased by an order of magnitude. B. Bouzazi et al. [3] employed 

DLTS technique to study the effect of electron irradiation and proton hydrogenation 

on the electrical properties of GaAsN Schottky diodes grown by CBE and the main 
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nitrogen related nonradiative recombination centre E1, with level energy located at 

0.33 eV below the conduction band. The origin of E1 trap formation was attributed 

to the compensation of the tensile strain in the film caused by the small atomic size 

of N atom to that of As atom. They found that the concentration of E1 increased 

with the fluence dose of electron irradiation. More recently, N. Al Saqri et al. [4] 

used DLTS and LDLTS measurements to investigate the effect of gamma (γ-) 

irradiation on dilute GaAsN layers with different nitrogen concentrations ranging 

from 0.2 to 1.2% grown on n+ GaAs substrates by MBE. In this study, they reported 

that after irradiation, the number of traps either reduced, remained the same, or 

additional traps were created. Additionally, they observed that the density of some 

traps and their capture cross sections increased by about two orders of magnitude.   

In the past, several groups have investigated the effect of radiation treatment on the 

metal/semiconductor Schottky diodes using different radiation sources such as 

irradiation with electron [5], neutron [6], swift heavy ions [7] and gamma radiations 

[4,8]. However, gamma irradiation effects on GaAs1-xBix Schottky devices have not 

been investigated yet. Thus, from the fundamental and application viewpoint, the 

effect of gamma irradiation on the electrical characteristics of semiconductor based 

devices such as Schottky barrier diodes is extremely important due to their use in 

satellites, as well as in the development of particle detectors, and for radiation 

applications in space. Additionally, studying the defects caused by irradiation can 

provide useful information for fabricating radiation detectors systems. However, 

since GaAs1-xBix is a new material the effects of gamma irradiation on electrically 

active defects are not reported yet. Consequently, an investigation of the formation 

and/or passivation of charge carrier traps by gamma irradiation in dilute GaAs1-xBix 

layers can contribute to a better understanding of the behavior of Bi incorporation 
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into the GaAs host lattice. In this work, the influence of gamma irradiation dose on 

the electrical and optical properties of n-type GaAs1-xBix samples grown by MBE 

on (100) n+ GaAs substrates are thoroughly investigated using different techniques 

including I-V, C-V, DLTS and PL.   

 

7.2 SAMPLE DETAILS 

In this work, the samples utilised are silicon-doped n-type GaAs1-xBix (x=5.4% as 

determined by XRD) epilayers grown on highly doped (100) n+GaAs substrates by 

MBE at low temperature (~400℃) [9]. The structure of the (100) samples was 

presented in Chapter 6 (section 6.2.) and illustrated in Figure 6.1. A large sample 

was cleaved into three pieces for different irradiation doses (0, 50 and 100) kGy. 

The  metallisation fabrication procedure and the electrical characterization 

techniques used to investigate these devices are similar to those presented in 

Chapter 6. The samples were then irradiated with a gamma cell Cobalt Irradiator 

(dose rate of 1.3 kGy/h) at different doses of 50 and 100 kGy in the Institute of 

Physics at the University of Brasília, Brazil.  PL spectra of all GaAs1−xBix samples 

were investigated as a function of laser power and temperature using a Janis closed-

loop helium cryostat.  The samples were excited with a 532 nm green laser. Prior 

to exposing the samples to Gamma irradiation, all the samples were checked for 

uniformity using PL measurements.  The PL signal was collected in a 0.5 m Andor 

monochromator fitted with an InGaAs detector.  
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7.3 RESULTS AND DISCUSSION 

7.3.1 CURRENT – VOLTAGE (I-V) CHARACTERSTICS 

The I-V characteristics as a function of temperature (200-340 K with 20 K 

intervals) were measured for as-grown and irradiated samples in order to extract 

the diode parameters such as ideality factor (n), barrier height (ϕb) and series 

resistance (Rs). Fig. 7.1 (a) shows the room temperature semi-logarithmic current 

density - voltage (J-V) plot for as-grown and irradiated samples. All samples show 

a relatively low leakage current density. It can be seen clearly from Fig. 7.1 that the 

irradiated samples exhibit a lower reverse and forward current density compared to 

as-grown samples. In particular, the reverse current density at -4 V for as-grown 

and 50kGy and 100kGy irradiated samples  are ~ 0.015 A/cm-2, and 6x10-3 A/cm-2 

and 3x10-3 A/cm-2, respectively. It is worth mentioning that the samples with greater 

irradiation dose (i.e.100kGy), the effect was more pronounced where the leakage 

current density decreased by a factor of five as compared to as-grown samples. This 

reduction in reverse current density with increasing irradiation dose indicates that 

the radiation improved the electrical characteristics of the devices, as will be 

demonstrated in next sections by comparing the characteristic parameters of the 

devices extracted from I-V measurements. Additionally, the  devices with lower 

reverse current may have defects with lower densities or the deep level defects  act 

as a generation-recombination centers and play a role of carrier recombination in 

the reverse current characteristics [10,11]. These assumptions will be tested further 

using DLTS. 
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 Additionally, to complement the results, Fig. 7.1 (b) shows the linear plots of all 

samples. The increase of the turn-on voltage, Von, of the irradiated samples, could 

be related to decrease of the number of electrically active defects. However, many 

other effects could contribute to this behavior [12]. Most importantly, these results 

are consistent with those reported in the literature and as well as with the DLTS 

data presented in this work [13]. Indeed, Aziz et al. [12] showed that the number of 

defects detected by DLTS increases with the decrease of Von, however, in this work 

the number of defects measured by DLTS decreases and Von increases. 
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Fig. 7.1: (a) Room temperature semi-logarithmic plots of dark (J-V) characteristics 

of as-grown and irradiated samples. (b) Linear I–V plots showing the turn-on 

voltage (Von ) increases as a function of the radiation dose.   
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To gain a better understanding, a further analysis will be presented to bring some 

clarity on these devices. The I-V characteristics of the diodes can be described by 

the thermionic emission model [14], as described in Chapter 6, section (6.3.2.1). 

Series resistance, ideality factors and barrier height for as-grown and irradiated 

samples are obtained from the forward I-V characteristics at room temperature. 

These parameters are summarized in Table 7.1. Fig. 7.2 illustrates the temperature 

dependence of the ideality factor and barrier height as determined from the I-V 

characteristic for as-grown and irradiated samples with different gamma dose of 50 

kGy and 100 kGy over a temperature range from 200 K to 340 K.  

Table 7.1. Experimental data of ideality factor (𝑛), barrier height (𝜙𝐵) and series 

resistance (𝑅𝑠), obtained from dark I-V characteristics at room temperature for as-

grown and irradiated samples.  

Sample 𝑛 ϕ
𝐵

 (eV) R𝑆 (kΩ) 

As- grown 2.33±0.01 0.67±0.01 36.30±0.01 

50 kGy 2.12±0.02 0.68±0.02 398.87±1.03 

100 kGy 1.56±0.01 0.71±0.01 186.19±1.01 

Fig. 7.2: Temperature dependence of (a) ideality factor (𝑛), (b) barrier height (𝜙𝑏) 

of as-grown and irradiated n-type GaAsBi samples.  
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As can be seen from Table 7.1, the ideality factor of all as-grown and irradiated 

samples in forward bias deviates from unity, but it is important to note that the 

ideality factor values show a tendency to approach the unit value as the radiation 

dose is increased. Indeed, the ideality factor greater than unity implies that there is 

significant generation-recombination in the depletion region, which is the dominant 

current mechanism [15,16]. It is worth mentioning that such deviation of the 

ideality factor from unity can be ascribed to a number of factors, such as 

inhomogeneity of Schottky barrier height, series resistance, interface states and 

nonuniformity of interfacial charges [4,17,18].  

Therefore, as n is decreasing as a result of radiation, one can assume that the 

radiation is acting on one or more of these factors. Additionally, from Fig. 7.2 (a 

and b) the experimental values of barrier height 𝜙𝑏 of all as-grown and irradiated 

samples increase with increasing temperature, whereas the values of ideality factor 

decrease. Furthermore, Table 7.1 shows that the barrier height of the Schottky 

diodes increases as the gamma dose increases at room temperature. This increment 

in barrier height was also observed by Ö. Güllü et al. [10,19] after gamma 

irradiation in Schottky diodes. They attributed this increase in barrier height to the 

effect of gamma irradiation process on the defects within the band gap of the metal-

semiconductor structure investigated. This process is likely to have an impact on 

the free carrier concentration which results in an increase or decrease of barrier 

height in semiconductors structures. Hence, the increase in barrier height can be 

correlated with a modification of carrier concentration at Schottky interfaces caused 

by gamma irradiation [11]. On the other hand, it is apparent from Table 7.1 and 

Fig. 7.2(a) that the ideality factor of the 50kGy and 100kGy irradiated samples are 
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lower than that of as-grown. The respective values of 𝑛 obtained for 50kGy and 

100kGy samples are 2.12±0.02 and 1.56±0.01 respectively, whereas it is 2.33±0.01 

for the as-grown samples. This reduction in ideality factor in the irradiated samples 

in addition to the low reverse current density indicate an improvement in the quality 

of the devices compared with as-grown samples. It is well known that a reduction 

in interface defect density will increase the number of charge carrier, which leads 

to a decrease in the leakage current. Therefore, the quality of the diodes would be 

enhanced due to the improvement in the overall diode parameters [11].     

 

7.3.2 CAPACITANCE – VOLTAGE CHARACTRISTICS  

The C-V measurements were carried out at room temperature with a frequency of 

1 MHz to obtain the background doping concentration (Nd). Fig. 7.3 (a) displays 

the experimental values of carrier concentration Nd determined from the slope of 

1/C2 as a function of reverse bias voltage V for all as-grown and irradiated samples. 

It can be seen from Fig. 7.3 (a) that the plot of 1/C2 versus V are straight lines, 

indicating that the doping profiles of all samples (before and after irradiation) are 

homogeneous over the depletion region ~ 0.46 to 0.52 µm corresponding to reverse 

biases ranging from ~ 0 to -0.5 V. The free carrier concentration of as-grown and 

irradiated samples (50kGy, 100kGy) are ~1.03x1016 cm-3, and 1.11x1016 cm-3 and 

2.84x1016 cm-3, respectively. The inset of Fig. 7.3 (a) shows that the doping 

concentration (Nd) values increase with increasing the dose of irradiation, which is 

in agreement with the I-V results. Similar observations of the increase of the carrier 

concentration have been reported by B. Bouzazi et al.[3] for GaAsN diodes grown 

by CBE subjected to proton and electron irradiation with different doses.  
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They attributed this increase to the ionization phenomenon and the formation of 

new donor and/or acceptor-like states. Furthermore, Fig. 7.3 (b) shows typical plot 

of Capacitance/Area (C/A) versus V for all samples at room temperature. It can be 

seen from this figure that after irradiation the C/A values decreased in samples 

irradiated with low dose (50 kGy), however, for high dose (100 kGy) the C/A 

values increased. This variation in capacitance values could be attributed to partial 

loss of charge carriers in the Schottky junction as a result of irradiation [20]. While 

the I-V and C-V results indicate that radiation can help improve the electrical 

performance, in the next section DLTS, a powerful spectroscopic tool, will be used 

to investigate further the effects of gamma radiation on the electrically active 

defects.  It is worth noting that radiation could cause an annihilation and/or creation 

of defects and affect their concentrations as the radiation dose increases.   
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Fig. 7.3: (a) Plot of 1/C2 versus bias voltage V for as-grown and irradiated (50, 100 

kGy) n-GaAsBi Schottky diodes. (b) Typical plot of C/A versus V plots before and 

after irradiation for all samples at room temperature.  
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7.3.3 DLTS AND LDLTS CHARACTERSTICS.  

In order to investigate the effect of gamma irradiation on the electrically active 

defects, DLTS measurements have been performed [21] over a temperature range 

from 100 K to 450 K. The DLTS experimental parameters utilised were a reverse 

bias (VR) of -1 V, filling pulse voltage (VP) of 0V with filling pulse time (𝑡𝑝) of 1 

msec and rate window of 200 s-1 for all investigated samples. Fig. 7.4 shows typical 

DLTS spectra of all samples. For as-grown samples, three positive peaks 

corresponding to three majority electron traps have been detected. In addition to 

the electron traps, a hole trap (negative peak) was also observed in as-grown 

sample. After irradiation, it is clear from Fig. 7.4 that as the gamma irradiation dose 

increases the number of traps decreases. In particular, for sample with 50 kGy dose 

three electron traps were observed, while only two electron traps were detected in 

sample irradiated with 100 kGy. In addition, LDLTS was employed to resolve the 

broad DLTS peaks [22] that could be caused by defects with closely spaced energy 

levels. The experimental parameters were similar to those used in the DLTS 

measurements. It is important to point out that no additional traps were detected by 

using LDLTS.  
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Fig. 7.4: Characteristic DLTS spectra of as-grown and irradiated samples with 

different dose of irradiation (50, 100 kGy). A, and B and C refer to as-grown, and 

50 kGy and 100 kGy irradiated samples, respectively. E and H correspond to 

electron and hole traps, respectively. 

 

Fig. 7.5 shows Arrhenius plots obtained from LDLTS for as-grown and irradiated 

samples subjected to gamma radiation with different doses. The activation energy, 

apparent cross section and concentration of the traps as determined from the slope 

and intercept of the Arrhenius plot are summarized in Table 7.2.     
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Fig. 7.5: Arrhenius plots obtained from LDLTS for as-grown and irradiated 

samples with different gamma doses. A, and B and C refer to as-grown, and 50 kGy 

and 100 kGy irradiated samples, respectively. E and H correspond to electron and 

hole traps, respectively. 

 

Table 7.2. Traps parameters for as-grown and irradiated samples. 

Sample 
Trap 

Label 

Activation 

Energy 

Apparent capture 

cross-section (cm2) 

Trap 

concentration 

(cm-3) 

n-GaAsBi           

(as grown) 

AE1 0.12±0.01 1.12x10
-18

±0.1 1.2x10
13

±0.1 

AH1 0.24±0.01 9.8x10
-18

±0.8 5.1x10
13

±0.3 

AE2 0.27±0.01 9.3x10
-19

±0.9 7.7x10
14

±0.5 

AE3 0.41±0.04 6.3x10
-18

±0.7 9.7x10
14

±0.4 

n-GaAsBi           

(50 kGy) 

 

BE1 0.11±0.01 1.0x10
-19

± 0.4 4.6x10
14

±0.5 

BE2 0.26±0.02 8.1x10
-19

±0.6 6.5x10
14

±0.3 

BE3 0.49±0.02 9.3x10
-17

±0.7 4.9x10
14

±0.1 

n-GaAsBi 

(100kGy) 

CE1 0.10±0.01 1.8x10
-20

±0.1 6.3x10
14

±0.6 

CE2 0.28±0.02 2.46x10
-18

±0.1 6.5x10
14

±0.1 
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Comparing activation energies and/or DLTS signals is one of the best method to 

identify those active traps introduced as a result of gamma irradiation. Hence, the 

observed traps are discussed and the results will be compared with previous works.   

The traps AE1 (0.12±0.01 eV), BE1 (0.11±0.01 eV), CE1 (0.10±0.01 eV) observed 

in as-grown, 50kGy and 100kGy irradiated samples, respectively, are likely to 

correspond to the same traps labelled as ET0 and ET1 with activation energies 

ranging from 0.07 to 0.19eV [23] and A' with activation energy of 0.12 eV [24] 

reported previously. These defects were assigned to traps involving Bi as a 

constituent. It is worth noting, as shown in Table 7.2, that both the apparent capture 

cross section and concentration of these traps decreased and increased significantly, 

respectively.  Traps AE2 and BE2 and CE2 with similar activation energies (0.26 - 

0.27 eV) could be of the same origin, and they are present in as-grown and 

irradiated diodes. Similar traps labelled as ET2 with activation energies in the range 

0.29 to 0.33eV, were also observed in both GaAs and GaAsBi  grown by MBE at 

low temperature by Gelczuk et al. [23]. This deep level trap can be ascribed to M3 

trap with energy (Ec-0.34 eV) [25,26] , and to  EL6 trap reported in ref.[26]. The 

EL6 trap is usually related to complex pair defects involving arsenic antisite (AsGa) 

and arsenic vacancy (VAs) [26] or to vacancy complex defect (VGa - VAs) [27]. Traps 

AE3 and BE3 with activation energy (0.41±0.04) and (0.49±0.02eV) eV, and 

concentrations of  9.7x1014 cm-3  and 4.9x10
14 

cm-3, respectively, are the deepest 

traps observed in as-grown and 50kGy irradiated samples. However, this trap is not 

detected in the 100KGy irradiated samples, and therefore it could be annihilated 

when the sample was subjected to high dose of irradiation. A similar deep defect, 

labelled as trap C' [24] and trap ET3 [23] with activation energies varying from 
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0.45 to 0.52 eV [23], was detected in n-type GaAsBi samples grown at various 

temperatures, i.e. 330℃ and 390℃. This deep level trap most likely corresponds 

to the trap level M4. The origin of M4 trap was related to an arsenic vacancy (VAs) 

complex involving an impurity [28]. However, since these defects are common in 

both as-grown and 50kGy irradiated samples, it is believed that these could be 

attributed to Bi-related defects. Indeed, the theoretical calculations reported by Luo 

et al [29], using  density functional theory (DFT method), revealed the presence of 

a new complex defect (VGa + Bi As)
2-/3- with an activation energy of (Ec- 0.36 eV), 

which is similar to traps AE3 and BE3 levels. This predicted defect of (VGa + Bi 

As)
2-/3- is also consistent with recent DLTS measurements by Manuel F. et al [30], 

where they attributed their trap E2 with activation energies varying from 0.32 to 

0.48 eV, to a complex defect involving Bi. Furthermore, as illustrated in Table 7.2, 

one DLTS peak, labelled as AH1 and with activation energy of ~ 0.24±0.01 eV, is 

detected only in the as-grown samples. AH1, which is associated with a hole 

emitting level, was reported recently in our previous work [9].  Its DLTS spectra is 

similar to those observed in p-type GaAsBi grown by MBE [31] and labelled as 

HT2 and HT3 with activation energies ranging from 0.23 eV to 0.43eV. These traps 

were assigned to AsGa antisite or its relevant cluster. It is worth pointing out that 

the hole trap AH1 was not detected in the irradiated samples due to its annihilation 

by the radiation process. This could be due to the fact that bismuth is highly ionized, 

and therefore making it act as a donor dopant atom. This behaviour of ionization 

can be understood through a simple relationship analysis that involves the mass 

attenuation coefficient (µ) and  reaction cross section, σ (cm2), i.e, µ =  N0σ/A, 

where  N0 is Avogadro’s number (6.02 x 1023) and A is the atomic weight of the 

absorber [32]. The cross section is the probability of a gamma ray interacting with 
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a single atom. The atomic weight of bismuth, arsenic and gallium are ABi = 

208.9804 u, AAs = 74.9216 u and AGa = 69.723 u, respectively, where u is the atomic 

mass unit. Therefore, the cross section of bismuth is around three times higher than 

that of arsenic and gallium (ABi/AAs~2.8 and ABi/AGa ~ 3.0). This means that 

gamma rays interact more strongly with bismuth atoms providing a compensation 

and annihilation process of defects. This also suggests that GaAs doped with high 

concentrations of bismuth could be used as a high-performance and high-sensitivity 

ionizing radiation detector. 

 

7.3.4 OPTICAL PROPERTIES 

To verify the effect of ionizing radiation on optical properties of GaAsBi samples, 

temperature dependent PL measurements were carried out. Fig. 7.6 shows the PL 

spectra for as-grown and irradiated samples with 50 kGys and 100 kGys doses at 

10 K and with excitation power of 10mW. These results corroborate with both the 

I-V and the DLTS results. Indeed, as can be seen in Fig. 7.6, the PL intensity 

increases as the irradiation dose increases. This observation supports the I-V and 

DLTS results which showed a decrease in reverse current and number of 

electrically active defects, respectively.  The PL results are also in good agreement 

with the C-V results that showed an increase in the carrier concentration with 

increasing irradiation doses. 



 

154 
 
 

 

Fig. 7.6: PL spectra for as-grown and 50 kGy (red line) and 100 kGy (blue line) 

irradiated samples at 10 K and 10mW excitation laser power. 

 

One possible explanation for all these new electrical and optical properties is that 

only bismuth atoms in GaAsBi lattice become highly ionized due to the ionizing 

effect of gamma irradiation, and therefore Bi will act as a donor dopant atom. As it 

is well-known and discussed in the previous section, the cross-section is strongly 

dependent on the atomic weight of the absorber, which explains the most high-A 

materials for X- or γ-rays detection and shielding [33]. The three fundamental 

mechanisms of electromagnetic for γ- rays interaction such as photo-absorption, 

Compton scattering, and electron-positron pair production are mostly dominant 

on bismuth atoms or cluster formed by Bi atoms. The presence of Bi cluster will 

be shown by analysing the temperature dependence of PL intensity with a modified 

Arrhenius equation [34–36], this equation was described in detials in Chapter 6, 

Section (6.3.3.2). 
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Fig. 7.7 shows a plot of integrated PL intensity (IPL) versus 1/ kBT. The activation 

energies were obtained from Arrhenius fitting for as-grown and irradiated sample 

 

Fig. 7.7: Integrated PL (IPL) intensities as a function of inverse temperature of as-

grown and irradiated samples at 10 mW laser excitation power, where the solid line 

is the best fit of the data.  

 

 The values of E1 and E2 for all samples are summarized in Table 7.3. The obtained 

activation energies indicate the formation of Bi clusters and alloy disorder for all 

samples [37]. Indeed, these two values of activation energies have been attributed 

to Bi cluster and Bi pair formation related to the lower activation energy value (E1) 

and to the GaAsBi alloy disorder for higher activation energy value (E2) [14, 40]. 

A recent study showed a very similar behaviour [34] for GaAs samples doped with 

Bi. Finally, these results not only indicate and contribute to a better understanding 

of the study of defects in Bi-doped GaAs, but also show that these samples can be 

used as efficient and very sensitive detectors of ionizing radiation. More 
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interestingly, the detection of ionizing radiation could be monitored by both 

electrical and optical measurements, demonstrating the versatility of this material 

system.   

Table 7.3. Arrhenius fitting parameters for as-grown and irradiated samples.  

Sample E1 (meV) E2 (meV) 

As- grown 20.22±3.05 95.84±4.12 

50 kGy 16.94±2.23 97.60±4.32 

100 kGy 16.55±3.16 99.58±4.03 

 

7.4 CONCLUSION 

The effect of gamma radiation dose on the electrically and optically active defects 

in n-type GaAsBi Schottky diode samples have been investigated using I-V, C-V, 

DLTS and PL techniques. It was found that samples exposed to the highest dose of 

gamma rays showed better diode performance. For example, the parameters such 

as ideality factor, barrier height and turn-on voltage as well as Current – Voltage 

and doping concentration have been studied. With increasing gamma dose, the 

ideality factor and leakage current decreased and the barrier height, turn-on voltage, 

and doping concentration increased. Indeed, the gamma irradiation caused an 

improvement in the electrical characteristics of the devices, as well as eliminating 

a number of electrically active traps. In addition, the optical results showed an 

enhancement in the PL peak intensity with increasing radiations doses, indicating 

a reduction of radiative centres which can also influence the photoluminescence 

properties of GaAsBi layers. As a conclusion, the results above indicate that these 

materials present high potential for applications in ionizing radiation detectors that 

could be monitored by both electrical and optical measurements.     
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CHAPTER 8:  STRUCTURAL AND OPTICAL 

PROPERTIES OF N-TYPE AND P-TYPE 

GaAs1−XBiX THIN FILMS GROWN BY 

MOLECULAR BEAM EPITAXY ON (311)B GaAs 

SUBSTRATES 

In this chapter, a study will be reported on the structural and optical properties of 

n-type Si-doped and p-type Be-doped GaAs1−xBix thin films grown by MBE on 

(311)B GaAs substrates with nominal Bi content x=5.4%. Similar samples without 

Bi were also grown for comparison purposes (n-type GaAs and p-type GaAs). 

XRD, micro-Raman at room temperature, and PL measurements as a function of 

temperature and laser excitation power (PEXC) were performed to investigate their 

structural and optical properties. XRD results revealed that the composition of Bi 

incorporated in both n-type and p-type doped GaAsBi was similar, despite that the 

samples present remarkable differences in the number of Bi related defects, non-

radiative centers and alloy disorder. Particularly, the results evidence that the Bi-

related defects in n- and p-doped GaAsBi alloys have important impact on the 

differences of their optical properties. 

 

8.1 INTRODUCTION 

The  incorporation of Bi and N into the host lattice of GaAs perturbs the valence 

band and conduction band, respectively, and allows localised states to be formed 

[1]. Due to the strong carrier scattering at localized states, Bi alloys (GaAsBi) 

affects the hole density and mobility in GaAs, whereas N alloys (GaAsN) affects 

the electron density and mobility [2,3]. Charge-carrier mobility is a key parameter 

of the transport properties of semiconductor materials and is strongly related to the 
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speed and performance of electronic devices. Cooke et al. [4] showed that the 

electron mobility in nominally undoped GaAsBi layers is relatively not affected by 

Bi incorporation. Moreover, Kini et al. [2] reported an investigation on the effect 

of Bi alloying on electron mobility using n-type (Si doped) GaAsBi epilayers. They 

observed that no significant degradation in electron mobility with Bi incorporation 

in GaAs, up to a concentration of 1.2%. However, at high Bi concentration (>1.6%) 

some degradation of electron mobility was observed. On the contrary, N 

incorporation in GaAs degrades the electron mobility even at low concentrations 

(~ 0.1%) [2]. The influence of Bi alloying in p-type GaAsBi on the hole mobility 

was also reported [3,5]. Kini et al. [3] presented a detailed study of the hole mobility 

in p-doped GaAsBi epilayers using Hall measurements. Their results showed that, 

unlike the electron mobility in GaAsBi, the hole mobility decreased with increasing 

Bi concentration. They suggested that the decrease in hole mobility is due to the 

hole scattering at the isolated state and the Bi-Bi pair states.  

Several optical studies have been reported on undoped dilute bismide alloys, 

however, there are very few on intentionally doped (n-type and p-type) GaAsBi. It 

is well known that Bi incorporation into GaAs can create acceptor and/or donor 

levels due to the presence of Bi-related defects [6]. For n-doped and p-doped 

GaAsBi layers,  Bi-induced levels are mainly electron traps [6] and  hole traps [7], 

respectively. Therefore, the presence of different Bi generated  traps could affect 

differently the optical properties of n-type and p-type layers, resulting for example 

in different shifts of the PL peak energy. PL measurements, which have been used 

to investigate n-type GaAs1-xBix (x<0.023) grown on GaAs substrates by MBE [6], 

have shown that with the increase of Bi concentration the GaAsBi related PL peak 

redshifts to lower energies. 
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 In addition, they reported another contribution to the PL spectra which was related 

with the optical transition between Bi induced donor trap (DT) and valence band 

(VB). Furthermore, an emission band was observed and associated  with a transition 

between band to band (B-B) recombination at high temperatures.  

PL studies of p-type GaAs1-xBix layers grown by MBE with various doping levels 

[8] have shown that both p-GaAs1-xBix epilayers (with p = 1x1017 cm-3) and 

undoped GaAs1-xBix demonstrated an S-shaped behaviour in their temperature 

dependence PL spectra. The PL peaks show redshift, blueshift, and then redshift 

with increasing temperature. They suggested that the S-shape originates from the 

localized states that are formed as a result of Bi-induced defects. However, p-

GaAs1-xBix layers (with a high p = 2x1018 cm-3) showed only a redshift with 

increasing temperature, indicating an absence of the Bi localized states.         

While optoelectronic devices require a controllable methodology for the doping of 

alloys, there are relatively very few studies addressing the doping process of only 

(100) GaAs1−xBix [2,6–12]. These investigations have particularly concentrated on 

the effects the doping has on the structural, electrical and optical properties. 

Therefore, it is worth noting that the structural and optical properties of n-type and 

p-type GaAs1−xBix alloys and heterostructures using non-(100) GaAs substrates 

have not been investigated yet.  

In this study, a detailed investigation will be reported on the structural and optical 

properties of n-type and p-type doped GaAs1−xBix layers grown on high index 

(311)B oriented GaAs substrates. n-type and p-type GaAs control samples were 

also grown for comparison purposes. The samples were grown by MBE, and Bi 

compositions were determined by HR-XRD measurements. Both n-doped and p-
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doped GaAs1−xBix samples were found to have the same Bi composition, meaning 

that the substitutional incorporation of Bi does not depend on the type of doping. 

The optical properties were investigated using PL and micro-Raman spectroscopy. 

The obtained results, which revealed that the n and p GaAs1−xBix samples have 

remarkable differences in terms of the density of structural defects and non-

radiative centers, indicate that the density of Bi-related defects depend on the type 

of doping in GaAs1−xBix. 

 

8.2 EXPERIMENTAL DETAILS  

The samples investigated in this work were grown by MBE under the same 

conditions as those samples discussed in Chapter 6. The samples consisted of a 100 

nm thick doped GaAs buffer layer (n and p = ~2-3 x 1018 cm-3) followed by 1 µm 

thick doped GaAs1−xBix layer (Si-doped n-type = 2 x 1016 cm-3; Be-doped p-type = 

2 x 1016 cm-3, nominal x=6%) grown on (311)B oriented GaAs substrates. The 

respective control samples do not contain Bi and are just doped GaAs with similar 

layer structures grown under the same conditions. For simplicity, the samples are 

labeled as n-GaAs, n-GaAs0.94Bi0.06, p-GaAs and p-GaAs0.94Bi0.06. Doping of n- or 

p-type conductivity was carried out during the growth of GaAs1-xBix layers from 

standard molecular sources, which contained Si and Be dopants at temperatures of 

850 oC and 652 oC, respectively. The Si (n-type dopant) and Be (p-type dopant) 

sources were calibrated by growing Si-doped and Be-doped GaAs control samples 

and using Hall measurements to determine the free electron and hole 

concentrations, respectively.  
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In addition, SIMS (secondary ion mass spectrometry) depth profiling 

measurements were carried out on p-i-n samples in order to obtain information 

about the in-depth distribution of Si and Be elements (see Fig. 8.1). 

 

Fig. 8.1: SIMS concentration profile of a GaAs calibration sample (p-i-n structure). 

 

GaAs1−xBix layer was grown at a growth rate of 0.1 nm/s and substrate temperature 

of ~ 400 oC. Calibration of the substrate temperature at low temperature was carried 

out using temperature reference points of the arsenic desorption and transition of 

surface reconstruction on the (100) from (4x4) to (2x3) [13]. In the process of 

growing the GaAsBi layer, the Ga, Bi and As beam equivalent pressures as 

measured by an ion gauge were 1.5 ×10-7 Torr, 6.4 × 10-8 Torr, and 1.3 × 10-6 Torr, 

respectively. It is worth mentioning that when growing a GaAs1−xBix layer on (100) 

GaAs substrate, a (1x3) or (4x3) reconstruction was observed. XRD measurements 

of those samples are similar to those presented in Chapter 6.  
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The optical properties of GaAs1−xBix samples were investigated using PL and 

micro-Raman techniques as described in Chapter 6. PL measurements were 

performed as a function of temperature, between 15 and 200 K, and excitation 

power, ranging from 0.5 mW to 50 mW. Micro-Raman measurements were carried 

out with laser power in the range from 0.3mW to 30mW.  

8.3 RESULTS AND DISCUSSION 

 

8.3.1 HIGH-RESOLUTION X-RAY DIFFRACTION (HR-XRD)  

In order to determine the Bi content in the GaAs1−xBix epilayers, the experimental 

X-ray diffraction curves were simulated and are shown in Fig. 8.2. From the 

calculated lattice parameters and the Vegard’s law, an average concentration of Bi 

atoms incorporated into the epilayers’ lattice was determined. The simulations 

show that the lattice parameter of GaAs1−xBix is equal to 5.684 Å and the Bi 

concentrations in both n-type and p-type samples grown on (311)B substrates are 

5.4%. The distortion of the lattice of the strained GaAs1−xBix layers was determined 

by analyzing the asymmetric reflections. The biaxial elastic strains of the lattice 

cell were estimated assuming a cubic lattice of Bi-containing layer. The value of 

the lattice parameter of GaAs1−xBix layer was calculated using the Vegard law and 

lattice parameters of GaAs and GaBi [14]. For the present work it was considered 

that GaBi has a zinc-blende cubic lattice with a lattice parameter a = 6.178 Å.  
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Fig. 8.2: Experimental symmetrical (311) (a) and two asymmetrical (400) (b, c) 

XRD curves from the p-GaAs0.94Bi0.06 sample. The n-GaAs0.94Bi0.06 sample 

demonstrates similar XRD curves, as shown in Fig. 6.2. The asymmetrical XRD 

curves correspond to small (b) and large (c) incidence angles of the X-rays. 

 

The strain in the vertical (εzz) and lateral (εxx) directions are given by equations 

 εzz=  
𝑎⊥−𝑎𝐹𝑅

𝑎𝐹𝑅
 and εxx=  

𝑎  ⃦−𝑎𝐹𝑅

𝑎𝐹𝑅
, respectively, where 𝑎⊥ is the lattice parameter in 

vertical direction, 𝑎  ⃦ - lattice parameter in the lateral direction and aFR – lattice 

parameter of fully relaxed GaAs lattice. 

Using the above equations, εzz and εxx of both samples are found to be the same and 

have values of 0.00035 and -0.018, respectively. One can therefore conclude that 

there is some residual strain in GaAs1−xBix layers [15]. It is important to point out 

that due to the large size of the spot of X-rays impinging on the samples, the data 

shown here represent only averaged values of strain. Particular features of the 

layer’s strains need detailed analysis which is out of the scope of this thesis. For 

the reference doped GaAs samples no biaxial strain was found indicating that there 

is no second lattice parameter. 
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8.3.2 RAMAN SPECTROSCOPY 

Fig. 8.3 shows typical room temperature Raman spectra for 3mW laser power of p-

GaAs, n-GaAs, p-GaAs0.94Bi0.06 and n-GaAs0.94Bi0.06 samples. Two Raman peaks 

were observed at around 289 cm-1 and 266 cm-1 for all samples. These peaks are 

associated with the well-established longitudinal and transversal-optics phonons at 

the center of the Brillouin zone, LO() and TO(), respectively. The Raman 

spectrum of crystalline zinc blende structure of GaAs tetrahedral (Td symmetry) 

present only two first order peaks around 292 cm-1 LO() and 267 cm-1 TO() [16–

19]. It is noticed that these modes show a clear redshift, which is associated with 

sample growth conditions, carriers-plasmons-phonons coupling, and an increase of 

compressive strain with increased Bi content.  

The existence of compressive strain in these samples is in agreement with the HR-

XRD results. For backscattering Raman configuration of (311)B face, both Raman 

LO() and TO() modes are allowed by selection rules. 
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Fig. 8.3: Room temperature Raman spectra of n-GaAs, p-GaAs, and n- 

GaAs0.94Bi0.06, and p- GaAs0.94Bi0.06 (311)B samples obtained with a laser 

excitation and power of 633nm and 3 mW, respectively. 

 

The observed Bi related Raman peaks, around 181, 210, and 226 cm-1, were 

previously reported in the literature [15,20–30]. However, the interpretation of 

these peaks is controversial [21,22,26,29,30]. Usually, the 181 cm-1 and 210 cm-1 

Raman peaks are associated with the GaBi TO() mode and GaBi LO() mode, 

respectively. On the other hand, the Raman mode around 226 cm-1 could be due to 

other zone boundaries such as longitudinal-acoustics phonons: LA(X) and LA(L), 

which are not allowed due to momentum conservation. These Raman modes can 

be induced by the increase of disorder due to Bi incorporation in GaAs1−xBix 

samples. Other possible interpretations for these observed peaks were also reported 

in the literature. For example, the peak at around 181 cm-1 could not only be a 

TO() mode but it could be associated with the convoluted LO() + TO() GaBi 
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vibrational mode [30,31]. However, it is well established that the 181 cm-1 peak is 

related to the GaBi Raman mode. In the following, the discussion will focus on the 

two different ranges of the Raman spectra where different modes were observed, 

namely, range I: TO() and LO() GaAs modes (240 cm-1 to 310 cm-1) and range 

II: Bi induced Raman modes (140 cm-1 à 240 cm-1). 

Fig. 8.4 shows the Raman spectra for all samples in the range 140-240 cm-1. It is 

worth pointing out that no Raman peak was detected in this range for n-GaAs and 

p-GaAs samples. On the other hand, the n-GaAs0.94Bi0.06 and p-GaAs0.94Bi0.06 

samples show clearly Raman peaks. These Bi induced peaks are associated with 

GaBi Raman modes and Bi-disorder-induced breakdown selection rules in the 

crystal structure. The observation of Bi-induced peaks confirms that the Bi atom is 

incorporated in the GaAs (311)B host lattice resulting in GaAs1−xBix crystal. 

 

Fig. 8.4: Raman spectra of n-GaAs, p-GaAs, n- GaAs0.94Bi0.06, and p- GaAs0.94Bi0.06 

(311)B samples in the range of Bi-related Raman modes (range I). The laser 

excitation and power were 633nm and 3mW, respectively.  
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For doped samples, it is necessary to consider the contribution of the longitudinal 

optical phonon-plasmon-coupled (LOPC) Raman modes, which usually change the 

shape of the spectrum in the LO() and TO() region [32–38]. Actually, in doped 

samples the carriers plasmons couple with LO phonon and result in L+ and L- 

Raman peaks, which depend on effective mass, mobility, and carrier concentration. 

Usually, the L- peak is broader and has a frequency lower than TO() Raman mode. 

As the carrier concentration increases, the L- peak becomes sharper and closer to 

the TO() Raman frequency. On the other hand, the L+ peak is usually sharp and 

close to the LO() Raman frequency, presents a blueshift, and a broadening with 

increasing carrier concentration. For samples with low mobility, usually only one 

LOPC Raman mode is observed, between LO() and TO() frequencies, due to the 

strong plasmon damping.  

For low carrier concentration, LOCP is close to LO() Raman frequency. If the 

carrier concentration is increased, the LOPC has an initial blueshift, followed by a 

redshift up to the TO() Raman frequency, with increase broadening. Usually, for 

GaAs, except for the L+ for n > 1018 cm-3, the LOPC Raman peaks are not well 

resolved in the range of LO() and TO(). The LO() and TO() Raman peaks are 

due to regions with reduced density of carriers (depletion regions) where there is 

no effect of phonon-plasmon coupling.  

The effect of laser power on LOPC modes was also studied. However, it is not the 

purpose of this work to investigate the effect of photon-generated carriers. The 

main aim was to determine the limit of laser power that does not introduce 

important changes due to the photo-generated carriers. Depending on the laser 

power, the Raman spectra can have a significant contribution from photo-generated 
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carriers [39–45], which can modify the LOPC modes due to intrinsic doping. Fig. 

8.5 shows typical Raman spectra of p-GaAs0.94Bi0.06, n-GaAs, p-GaAs and n-

GaAs0.94Bi0.06 samples for different laser powers. Marked changes were observed 

for laser power in the range of 3 mW to 30 mW.  

 

Fig. 8.5: Laser power dependence of Raman spectra for (a) p-GaAs0.94Bi0.06, (b) n-

GaAs, (c) n-GaAs0.94Bi0.06 and (d) p-GaAs samples using a laser excitation of 

633nm. 
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On the other hand, there is no significant change in Raman spectra for 0.3 mW and 

3 mW powers. The fitting of the spectra with two Lorentz functions shows that the 

variations of parameters in this laser power range are less than 8%. However, it is 

remarked that the LOCP modes induced by photon-generated carriers are 

dependent on the type of intrinsic doping and it is different for n-GaAs, p-GaAs, n-

GaAs0.94Bi0.06, and p-GaAs0.94Bi0.06 samples. One can conclude that the 

contribution of photon-generated carriers can be disregarded for laser power less 

than 3 mW. Therefore, a 3 mW of laser power was used for the Raman 

measurements. 

Fig. 8.6 shows the Raman spectra for all samples in the range 240 to 310 cm-1 (range 

II). Two sharp Raman peaks related to TO() and LO() GaAs Raman modes for 

GaAs samples were observed. No evident effect of doping was noticed, probably 

due to the low doping concentration of these samples: 2 x 1016 cm-3, for n and p-

doping. Notably, the peak L+ was not observed in the range 290 to 1500 cm-1 (not 

shown here), which is usually expected for n-type samples. The Raman spectrum 

is well fitted with two Lorentz functions. There is no clear contribution of LOCP 

modes in the range 260 to 300 cm-1 (fitting parameters shown in Table 8.1). In 

addition, the obtained full width at half maximum (FWHM) of about 3 cm-1 which 

is a typical value obtained for GaAs bulk crystals also shows that there is no 

evidence of an important contribution of LOCP modes. For the p-GaAs sample, a 

small effect in the width of LO() Raman mode was observed, probably related to 

the small increased crystal disorder. 
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Fig. 8.6: Raman spectra of n-GaAs, p-GaAs, n-GaAs0.94Bi0.06, and p-GaAs0.94Bi0.06 

(311)B samples for laser excitation and power of 633nm and 3mW, respectively, 

in the range of GaAs Raman modes (range II). 

 

Furthermore, for the n-GaAs0.94Bi0.06 samples, the L+ Raman mode was not 

observed. There is no evidence of a third peak in the range of 260 to 300 cm-1, like 

for the p-GaAs0.94Bi0.06 samples. These spectra can also be fitted by two Lorentz 

functions centered at 265.4 and 265.6 cm-1 next to the TO peak (266 cm-1 TO() 

GaAs), and 287.5 and 288.2 next to LO peak (292 cm-1 LO() GaAs) (see Table 

8.1). It was also observed a clear redshift and a broadening for Raman modes of n-

GaAs0.94Bi0.06 and p-GaAs0.94Bi0.06 samples as compared to n-GaAs and p-GaAs. 

The redshift due to bismuth is different for LO() modes (for n-type  = 3.0 cm-1 

and for p-type  = 2.3 cm-1) and TO() modes (for n-type  = 1.6 cm-1 and for 

p-type  = 1.4 cm-1). This redshift, which is usually associated with strain and Bi 

incorporation, is given by ∆𝜔Lo or To =  ∆𝜔𝑎𝑙𝑙𝑜𝑦 +  ∆𝜔𝑠𝑡𝑟𝑎𝑖𝑛[20,46]. Similar 

behavior was reported previously in the literature for undoped (100) and (311)B 
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GaAs1−xBix samples [15,20,23,25,28,29,46]. Taking LO() of bulk GaAs crystal at 

292 cm-1 as reference, the experimental value obtained for the ratio /xBi for 

LO() GaAs mode, -86.5 cm-1 (n-type) and -70.4 cm-1 (p-type), and TO() GaAs 

mode, -26.6 cm-1 (n-type) and -25.9 cm-1 (p-type), are consistent with values 

obtained in literature, i.e., -68 cm-1 to -120 cm-1 and -20 cm-1 to -30 cm-1, 

respectively [16,20,24,26,30]. 

It is well known that the crystal structure is affected by the incorporation of Bi 

atom, which substitutes an As atom and, therefore, introduces strain and crystal 

disorder [15,20,23,25,26,28–30,46]. The increase of disorder could explain the 

observed broadening of the LO() GaAs mode, in the p-GaAs0.94Bi0.06 sample, and 

TO() GaAs Raman modes. On the other hand, the incorporation of Bi atom could 

also contribute to intrinsic p-doping, which increases with increasing Bi 

concentration with doping in the range p = 1017 to 1018 cm-3 and could possibly play 

a part in the broadening of the peaks. The observation of similar linewidth of LO() 

peaks for n-GaAs0.94Bi0.06 as compared to n-GaAs or p-GaAs, indicates a 

compensation effect of n-doping with the intrinsic p-doping due to Bi incorporation 

in GaAs [26]. 

Table 8.1. Raman parameters for n-GaAs and p-GaAs reference samples, and n-

GaAs0.94Bi0.06 and p-GaAs0.94Bi0.06 samples. 

Samples n-GaAs n-GaAs0.94Bi0.06 p-GaAs p-GaAs0.94Bi0.06  

Mode LO TO LO TO LO TO LO TO 

peak (cm-1) 290.4 267.0 287.5 265.4 290.6 267.1 288.2 265.6 

FWHM 2.7 3.0 2.8 7.0 3.0 3.0 3.8 8.3 

Ipeak 1 0.15 1 0.15 1 0.25 1 0.16 
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The LOCP for undoped GaAs1−xBix samples is due to hole plasmons, which usually 

contribute to the changes observed in the Raman spectra, particularly for x > 1% 

[20,24,29,30]. However, the observed differences between n-GaAs0.94Bi0.06 and p-

GaAs0.94Bi0.06 samples are not related to Bi concentrations which are 5.4% for both 

samples, or to the effect of strain, also the same for the two samples, as the XRD 

results indicate. The broadening and little blueshift of LO peak observed in the p-

GaAs0.94Bi0.06 samples as compared to n-GaAs0.94Bi0.06 samples could be associated 

with the convoluted LOCP and LO() Raman peaks. Other effects, such as 

increasing in disorder and defects density could also contribute to these differences 

of Raman spectra for these samples. These effects could also manifest themselves 

in the PL spectra as will be discussed below. 

 

8.3.3 PHOTOLUMINESCENCE 
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Fig. 8.7: Typical normalized PL spectra for n-GaAs0.94Bi0.06, p-GaAs0.94Bi0.06, n-

GaAs, and p-GaAs samples at 15K.  
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Fig. 8.7 shows low-temperature (15 K) PL spectra for doped GaAs0.94Bi0.06 and 

GaAs samples. The PL peaks observed in doped GaAs samples at around 1.52 eV 

and between 1.3 to 1.5 eV are associated with free exciton recombination (FE) 

(peaks with high intensity and sharp profile), and impurities (n or p dopant) 

recombination, respectively. The PL peaks of GaAs0.94Bi0.06 samples show a strong 

redshift as compared to GaAs samples, as expected due to Bi incorporation and 

consequent reduction of the band-gap energy and formation of localized states 

[1,47–50]. It was observed that the redshift of the PL emission increases from n-

GaAs0.94Bi0.06 (1.152 eV) to p-GaAs0.94Bi0.06 (1.027 eV) samples, which could 

indicate a higher Bi incorporation for p-doped samples. If one assumes that the 

substitutional Bi causes a band-gap reduction of 84 meV per % of Bi and compare 

with the free excitonic (FE) band-gap of GaAs, one could estimate the amount of 

effective substitutional Bi incorporated in each GaAs1−xBix sample (x = 5.8% for 

p-doped and x = 4.4% for n-doped). On the other hand, both GaAs0.94Bi0.06 samples 

present the same estimated value of Bi content (x = 5.4%) and similar residual strain 

values as estimated by HR-XRD data. However, as mentioned above the PL 

emissions at low temperatures are observed in an energy range distinct of the 

expected band-gap reduction. Therefore, other contributions such as strain or Bi-

defect level- band related transition could also contribute to explain the observed 

differences in PL peak position for n- and p-doped GaAsBi samples.  

As discussed previously, the giant reduction in the band-gap energy of GaAs1−xBix 

alloys has been described using a valence band (VB) anti-crossing interaction 

between the Bi level and the host GaAs VB. Additionally, the low-temperature PL 

peak is also expected to present an energy shift for samples under different strain 

conditions (compressive versus tensile), due to changes in the structure of the band. 
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In samples with compressive strain usually the PL peak is redshifted with respect 

to the expected free exciton [50,51] and, therefore, this effect should happen with 

similar magnitude in both GaAs0.94Bi0.06 samples as pointed by HR-XRD strain 

estimation. On the other hand, the presence of Bi-related localized states close to 

the VB edge also cause a redshift in the PL peak since the exciton localized 

recombination changes the PL line shapes to exhibit an asymmetric characteristic 

with a low energy tail, which usually dominates the excitonic recombination 

processes at low temperatures. The origin of these localized states is attributed to 

the formation of Bi-related complexes and to alloy disorder in Ga(As, Bi).  

As pointed out previously, there are few studies on optical and electrical properties 

of  n- and p-doped GaAs1−xBix alloys [2,6,7,9–12,52]. Particularly, it was shown 

that the incorporation of Bi suppresses the formation of GaAs-like electron traps, 

thus reducing the total trap concentration in dilute GaAs1−xBix layers as compared 

to GaAs grown under the same growth conditions [6]. However, the Bi 

incorporation can also introduce Bi-related defects which can be acceptor and 

donor levels [6]. For n-doped GaAs1−xBix samples it was previously shown that the 

Bi-induced levels are mainly electron traps [6] while for p–doped samples they are 

mainly hole traps [7]. These Bi-induced traps can affect considerably the optical 

properties of GaAs1−xBix layers [6]. In addition, the presence of different Bi induced 

traps for n- or p-doped samples can affect differently the optical properties of n- 

and p-doped GaAsBi layers with the same Bi-concentration. For n-doped 

GaAs0.94Bi0.06 layers it was previously shown that both band to band (B-B) and 

donor to valence band (D-B) optical recombinations can contribute to the PL 

spectrum (see Fig.8.8)  [6]. The D-B emission was attributed to the recombination 

of carriers from Bi-induced donor traps and VB [6]. The contribution of this D-B 
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transition explains the observed lower red-shift of the PL peak energy observed in 

these n-doped GaAs0.94Bi0.06 samples as compared to the standard band-gap 

reduction (i.e., 84 meV per % of Bi). Actually, it is well known that the energy 

position of Bi-induced donor trap level does change with the Bi incorporation while 

the Bi-related shift of the VB is typically 51 meV/%Bi [6]. As both emissions are 

not well resolved at low temperature, the total PL peak energy has a smaller red 

shift than the expected band-gap reduction for 5.4% Bi. A similar contribution of 

the D-B emission in the PL spectra was previously observed for GaAsN layers [53]. 

 

Fig. 8.8: Diagram of Bi-induced changes in the conduction (CB) and valence bands 

(VB) and energy position of Donor Trap (DT). The optical transitions observed in 

the PL spectra (DT-VB and Band-Band (B-B) transition) are also shown.  

 

On the other hand, for p-doped samples it was previously shown that the energy 

red-shift of the PL peak as compared to p-GaAs samples could be associated with 

the following optical transition: (1) conduction band (CB) to Bi-induced states and 

(2) CB to shallow Be acceptor states (B–A) [8]. These contributions explain the 

temperature and laser power dependence of the results presented here.  
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In addition, it important to note that the PL spectrum of the p-GaAs0.94Bi0.06 samples 

has much smaller optical efficiency (lower PL intensity and higher signal-to-noise 

ratio) as compared to the n-GaAs0.94Bi0.06 samples. This behavior is also consistent 

with the observed broadening of the LO Raman peak sample. This indicates that 

higher density of non-radiative centers is present in p-GaAs0.94Bi0.06 as compared 

to n-GaAs0.94Bi0.06 samples. The non-radiative centers do not contribute to 

effectively change the band-gap energy in the electronic structure of the host lattice 

[54–56] but affects the optical efficiency.  

In general, the obtained results indicate that the density of non–radiative Bi related 

defects are higher for the p-doped GaAs1−xBix than for the n-doped GaAs1−xBix . 

Particularly, the contribution of different Bi-related traps in n- and p-type samples 

seems to have important role on optical properties of these (311)B oriented alloys. 
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Fig. 8.9: Typical normalized PL spectra as a function of temperature for (a) n-type 

and (b) p-type under 50mW laser excitation power. (c) PL energy peak and (d) PL 

FWHM temperature dependences. 
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Fig. 8.9 (a, b) presents the temperature dependence of the PL spectra of doped 

GaAs1−xBix samples. The PL energy peaks exhibit a monotonic redshift with 

increasing temperature due to the decrease of the band-gap energy, and follow the 

Varshni empirical dependence formalism [54,57,58]. The latter observation 

indicates the apparent absence of the Bi localization effect which manifests itself 

as an S-shape profile typically observed in N and Bi diluted III-V alloys. The 

temperature dependence of the PL peak position and FWHM does not evidence an 

S-shape profile, which is usually observed for GaAs1−xBix samples [59–61]. This 

S-shape behavior could probably occur in these investigated samples at higher 

temperatures. However, the PL signal of these samples is only detected in the range 

of 15- 100K, which is probably not enough to observe the S-shape behavior. On 

the other hand, the laser excitation power of 50 mW could also be high enough to 

observe the S-shape, since at this condition, the exciton localization regime can be 

lost already and the radiative recombination are dominated by the free exciton 

regime. In order to avoid a misinterpretation due to the saturation effect of the 

localized states at high power excitation, PL measurements using lower laser power 

excitation (2mW) were performed for n-type samples (Fig. 8.9 (c)). As clearly seen 

in Fig. 8.9 (c) the temperature dependence of the PL peak shows the same trend for 

both laser excitation powers of 2mW and 50mW. On the other hand, the p-

GaAs0.94Bi0.06 samples have no significant PL intensity at low laser power 

excitation of 2mW (not shown here). In addition, the PL signal is observed only at 

higher laser excitation powers because its optical efficiency is lower than that of 

the n-GaAs0.94Bi0.06 samples.  

Moreover, the important PL quenching observed for the p-doped sample with 

increasing temperature could be due to a higher density of non-radiative Bi 
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complexes and native defects related to GaAs host lattice. A similar effect has been 

observed in nitrogen diluted III-V alloys [62].  

As reported previously in the literature for p-doped (100) GaAs1−xBix samples [8], 

this monotonic PL energy dependence as a function of temperature indicates a 

downward shift of the Fermi level induced by p-type doping that modifies carrier 

occupation at the localized states. As previously discussed, the incorporation of Bi 

atom could also contribute to intrinsic p-doping, which increases the overall doping 

with increasing Bi concentration [6]. Bi complexes or clusters involving two or 

more Bi atoms have been experimentally evidenced as the most likely candidates 

to form such acceptor levels [12,63] and can contribute to the B-A recombination. 

In order to further investigate the temperature dependence of PL intensity and 

activation energies of carriers involved in the radiative recombination, the PL data 

was first fitted using a simple Arrhenius equation as described in Chapter 6, section 

(6.3.3.2). However, the fitting was not satisfactory as two distinct exponential 

trends were observed, indicating two activation energies, which describe the 

thermal activation of carriers in two temperature regimes. Therefore, an additional 

energy term was included in the Arrhenius equation [60,63,64] and was found to 

fit the data better. Fig. 8.10 shows a plot of integrated PL intensity (IPL) versus 1/ 

kBT.  
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Fig. 8.10: Arrhenius plot of PL intensity for p-GaAs0.94Bi0.06 and n-GaAs0.94Bi0.06 

samples. Dashed lines illustrate the fitted lines using Arrhenius equation. 

 

As discussed previously, GaAs1−xBix alloys tend to form localized pairs and 

clusters, which have different configurations and binding energies [47,51,55,65], 

alloy disorder, and potential fluctuation. These states are usually associated with 

two groups with different activation energies in undoped GaAs1−xBix samples: one 

ranges from 8–17 meV and is related to Bi clusters and Bi pairs [47,61,66,67], and 

the other energy around 50 meV is related to alloy disorder [59,67–69]. For samples 

shown in Fig. 8.10 (a), E1 energies ranging between 11 meV and 20 meV are 

attributed to Bi clusters and Bi pairs, while E2 values ranging from 41 to 73 meV 

are associated with alloy disorder (around 50 meV). While Bi clusters and alloy 

disorder are present in both n- and p- doped GaAsBi samples, the fitting results 
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(Table 8.2) indicate higher contribution of E1 centers for p-GaAs0.94Bi0.06 (A1>>A2) 

and higher contribution of E2 centers for n-GaAs0.94Bi0.06 (A1<<A2). These results 

indicate that the density of Bi related defects is higher for p-doped GaAs1−xBix than 

for n-doped GaAs1−xBix.  

Table 8.2: Arrhenius fitting parameters for n-GaAs0.94Bi0.06 and p-GaAs0.94Bi0.06 

samples. 

Samples Activation Energy (meV) Parameter A 

n-GaAs0.94Bi0.06 E1  19.89±3.02 A1  3.30±1.02 

E2 73.85±3.12 A2 39.92±12.01 

p-GaAs0.94Bi0.06 E1  11.74±6.05 A1  243.8±16.02 

E2 41.32±1.07 A2 5.03±2.01 
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Fig. 8.11: (a, b) PL spectra for different laser power. (c) Peak energy as a function 

of PEXC. (d, e) Integrated PL intensity (IPL) at 15 K as function of Pexc for p-

GaAs0.94Bi0.06 and n-GaAs0.94Bi0.06 samples. The dashed lines illustrate the fitting 

using equation: IPL = β(PEXC)k. 
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Fig. 8.11 shows the PL spectra, PL peak energy and PL intensity as a function of 

PEXC for both doped samples. As the excitation power increases the PL peak 

blueshifts as shown in Fig. 8.11 (c), which evidences the filing of localized states. 

The lowest PL peak energy observed at 5 mW excitation is attributed to localized 

exciton recombination (LE), while the highest energy emission observed at 40 mW 

excitation is assigned to free exciton (FE). On the other hand, it is expected that PL 

peak energy for the impurity related recombination remains constant irrespective 

of the laser excitation intensity. It was observed that the PL spectra of n- and p-

doped GaAs0.94Bi0.06 samples are relatively less sensitive to laser power excitation, 

i.e. show a relatively small appreciable energy shift as a function of excitation 

power. This effect is particularly more important in p-doped GaAsBi samples. 

These results can be attributed to the contribution of different recombination 

mechanisms for both samples, as reported previously [6,8]. 

The integrated PL intensity (IPL) as a function of laser excitation power (PEXC) is 

shown in Fig. 8.11 (d)–(e) and their respective fitting curves using the power-law 

IPL = β(PEXC)k [70], where β and k are fitting parameters. The exponent k=1 for 

excitonic recombination (whether radiative or non-radiative recombination 

dominates) and k=2 for free carrier recombination, assuming that non-radiative 

recombination dominates. The value of k is approximately unity at 15 K for both 

samples, which indicates the dominance of excitonic recombination. However, k > 

1 for p-doped samples, indicating that free excitons and free carriers (as B-A 

recombination) contribute to the recombination, and it is limited by non-radiative 

centers, while k < 1 for n-doped samples indicate that the emission is governed by 

localized excitons.  
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8.4 CONCLUSION 

Structural and optical properties of n- and p-doped GaAs1−xBix thin films grown by 

molecular beam epitaxy on (311)B GaAs substrates reveal the same effective 

amount of Bi incorporation and strain in both types of doped GaAs1−xBix samples. 

However, the samples present remarkable differences in terms of density of Bi-

related defects. Particularly, these defects have important contribution in the 

presence of non-radiative centers and also contribute to different radiative 

recombination such as acceptor (donor) to band transition. The results also indicate 

that the density of Bi related defects depend on the type of doping (n-or p-doping) 

of GaAs1−xBix  and have different effects on the PL properties of n- and p-doped 

GaBiAs layers grown on (311)B substrate orientation. 
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CHAPTER 9: CONCLUSION AND FUTURE 

WORK 

This chapter summarises the research work carried out on the electrical and optical 

properties of dilute bismide (GaAsBi) materials. XRD, I-V, C-V, DLTS, Laplace 

DLTS, Raman and PL characterization techniques were used to investigate these 

alloys. Future work suggestions also are presented in this chapter.  

 

9.1 CONCLUSION 

In summary, deep level defects in n-type GaAsBi layers grown by MBE on GaAs 

(100) and (311)B planes, with Bi concentration of 5.4%,  were investigated using 

DLTS and LDLTS. It was observed that the incorporation of Bi into GaAs 

suppresses the formation of GaAs electron traps by reducing their total trap 

concentration by more than two order of magnitude compared to trap concentration 

in GaAs. In addition, the DLTS measurements showed that the number of defects 

were different in the structures grown on the two GaAs substrate orientations, 

namely (100) and (311)B planes. Additionally, PL and Raman were also used to 

investigate the optical properties of those alloys. Both techniques revealed that traps 

states of Bi-induced and the existence of different compressive strain affect the 

optical properties of (100) and (311)B GaAsBi layers. Also in this thesis, the effects 

of gamma (γ-) irradiation dose on the electrical and optical properties of dilute 

GaAsBi layers have been studied. After irradiation the samples exposed to gamma 

rays showed better diode performance. DLTS and LDLTS measurements revealed 

that after irradiation the number of defects decreased. In addition, the optical results 

showed an enhancement in the PL peak intensity with increasing radiations doses, 
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indicating a reduction of radiative centres which can also influence the 

photoluminescence properties of GaAsBi layers. Furthermore, this investigation 

evidenced that Bi alloys materials present high potential for applications in ionizing 

radiation detectors that could be monitored by both electrical and optical 

measurements. Furthermore, XRD, micro-Raman at room temperature, and PL 

measurements as a function of temperature and laser excitation power (PEXC) were 

used to investigate the structural and optical properties of n-type Si-doped and p-

type Be-doped GaAs1−xBix thin films grown by MBE on (311)B GaAs substrates. 

This study indicated that the density of Bi related defects depend on the type of 

doping (n- or p-doping) of GaAs1−xBix, which have different effects on the PL 

properties of n- and p-doped GaBiAs layers grown on (311)B substrate orientation. 

These defects have important contribution in the presence of non-radiative centers 

and also contribute to different radiative recombination.   

 

9.2 FUTURE WORK SUGGESTIONS 

Suggestions for further investigations are proposed based on the experimental 

results obtained in this thesis as follows: 

 

(i) It is well known that heat treatment process reduce the concentration of 

defects and/or eliminate completely defects. Hence, the electrical, 

optical and structural properties of the materials and devices will be 

improved. Indeed, several reports have shown that the post-growth 

thermal annealing enhances the structural and optical properties of 

GaAsBi materials [1–4]. However, the effect of thermal annealing on 

the electrically active defects has not been investigated yet. Therefore, 
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it is of paramount importance to perform electrical measurements to 

investigate the annealing effects on these defects states in order to 

improve the quality of the material and understand the effect of deep 

level defects on the performance of future devices based on these 

materials systems.  

(ii) In case of dilute GaAsBi samples it will be worth to carry out a 

systematic study to investigate the effect of gamma irradiation on the 

electrically active defects grown on high-index GaAs substrates, in 

order to find the best material for high-performance ionizing radiation 

detectors. It would also be interesting and important to investigate the 

effect of different sources of irradiation on these materials, in order to 

determine the suitability of dilute bismide-based materials and devices 

for space applications such as satellite communications.  

(iii) For n-type Si-doped and p-type Be-doped GaAs1−xBix structures, it is 

worth performing further studies on same structures and under similar 

growth conditions without intentionally doping (intrinsic alloy). This 

could provide easier identification of the doping effect, and also help to 

improve the quality of the material and understand the role of doping 

type on the performance of future devices based on these material 

systems. 

 

 

 

 

 



 

203 
 
 

REFERENCES 

[1] H. Makhloufi, P. Boonpeng, S. Mazzucato, J. Nicolai, A. Arnoult, T. 

Hungria, G. Lacoste, C. Gatel, A. Ponchet, H. Carrère, X. Marie, C. 

Fontaine, Molecular beam epitaxy and properties of GaAsBi/GaAs quantum 

wells grown by molecular beam epitaxy: effect of thermal annealing, 

Nanoscale Res. Lett. 9, 1 (2014). 

[2] Grant, Perry C., Dongsheng Fan, Aboozar Mosleh, Shui-Qing Yu, Vitaliy 

G. Dorogan, Michael E. Hawkridge, Yuriy I. Mazur, Mourad Benamara, 

Gregory J. Salamo, and Shane R. Johnson, Rapid thermal annealing effect 

on GaAsBi/GaAs single quantum wells grown by molecular beam epitaxy, 

Journal of Vacuum Science and technology B, Microelectron. Nanom. 

Struct. 32, 02C119  (2014). 

[3] H. Alghamdi, V.O. Gordo, M. Schmidbauer, J.F. Felix, S. Alhassan, A. 

Alhassni, G.A. Prando, H. Coelho-Júnior, M. Gunes, H.V.A. Galeti, Y.G. 

Gobato, M. Henini, Effect of thermal annealing on the optical and structural 

properties of (311)B and (001) GaAsBi/GaAs single quantum wells grown 

by MBE, J. Appl. Phys. 127, 125704 (2020). 

[4] O.M. Lemine, A. Alkaoud, H. V. Avanço Galeti, V. Orsi Gordo, Y. Galvão 

Gobato, H. Bouzid, A. Hajry, M. Henini, Thermal annealing effects on the 

optical and structural properties of (1 0 0) GaAs1-xBix layers grown by 

Molecular Beam Epitaxy, Superlattices Microstruct. 65, 48 (2014). 

 

 


