
Optical and Electrical Characterisation of
α-Ga2O3 thin films

David Nicol

A thesis presented for the degree of

Doctor of Philosophy

Department of Physics

University of Strathclyde

Date May 9, 2025



For Harper

i



This thesis is the result of the author’s original research. It has been

composed by the author and has not been previously submitted for

examination which has led to the award of a degree.

The copyright of this thesis belongs to the author under the terms of the

United Kingdom Copyright Acts as qualified by University of Strathclyde

Regulation 3.50. Due acknowledgement must always be made of the use of

any material contained in or derived from this thesis.

ii



Abstract

Ga2O3 is an emerging ultra-wide bandgap semiconductor for next-generation power

electronics, deep ultraviolet photodetectors, and high-temperature optoelectronic de-

vices. However, the performance of Ga2O3 devices is often limited by the presence de-

fects. Ga2O3 is a polymorphic compound, with the � phase offering several advantages

over the other phases such as it exhibits the widest bandgap and demonstrates the abil-

ity for bandgap engineering through isomorphic compounds. To improve the efficiency

and reliability, it is crucial to understand the influence of defects on the electrical and

optical properties of the material. This thesis aims to generate new knowledge on the

metastable � Ga2O3 that will aid the future development of � Ga2O3 devices. Through

temperature-dependent photoluminescence spectroscopy, a previously unreported emis-

sion line at 3.8 eV was observed at temperatures below 90 K and was attributed to

donor-acceptor pair recombination between H decorated VGa, and HO or HI serving as

the acceptor and donor, respectively . Low temperature cathodoluminescence mapping

further revealed a spatial dependence, indicating a nonuniform distribution of Hydrogen

decorated gallium vacancies. To investigate the photoelectric properties of �-Ga2O3,

a custom-built photoelectrical characterisation setup was developed with capabilities

for time-resolved and power-dependent measurements. Using this setup, we evalu-

ated the performance of �-Ga2O3 photodetectors and found that commonly reported

metrics such as responsivity and response time are strongly influenced by experimen-

tal conditions and device architecture. These findings highlight the need for careful

consideration when comparing detector performance across different studies. We pro-

pose that photoconductance serves as a more reliable parameter for such comparisons
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Chapter 0. Abstract

and emphasise the importance of conducting optical power-dependent measurements

when benchmarking photodetectors in the literature. Further work on the photoelec-

trical properties presents the first application of the constant photocurrent method to

�-Ga2O3 , enabling the determination of sub-bandgap absorption coefficients of 1x105

cm�1 at the band edge (5.3 eV) to 0.8 cm�1 close to the midgap (2.7 eV) . Variations in

the absorption edge slope indicated the presence of an exponentially distributed defect-

related states below the Fermi level. Complementary thermally stimulated current

measurements allowed for the identification of traps above the Fermi level, identifying

three traps at approximately 138 K, 220 K, and 235 K, which correspond to trap activa-

tion energies of 0.28 eV, 0.47 eV, and 0.51 eV, respectively. Tentavively, we assign trap

E1 (0.28 eV) to be related to related to O related divancies such as OGa-VGa, where

the Sn related complexes also demand attention. Trap E2(0.47 eV) and E3 (0.51 eV)

were tentatively assigned to SiGa -H. together providing a near full bandgap mapping

of defect states. Finally, we make use the broad absorption spectrum of our samples,

introduced by native defects identifed in previous chapters, as proof-of-concept study to

demonstrate the capability of �-Ga2O3 -based photodetectors to monitor water quality

contamination. Photocurrent measurements reveal 3 distinct regions that match key

water contaminant absorption characteristics. Region (i) (200-250 nm) corresponds to

band-to-band transitions and is ideal for nitrate detection, region (ii) (250-350 nm) is

related to band tail transitions and fits the absorption peak of DOC, and finally, region

(iii) (350-470 nm) addresses SSC detection using defect-mediated transitions. For the

wavelengths selected for the contamination test, strong correlations (R2 > 90) were

observed between the concentration of the contaminant and the photocurrent. The R2

correlations strongly depended on the selected illumination wavelength, which demon-

strates good selectivity of the photodetectors. This work opens the door to a more

sensitive, compact, and energy-efficient system to monitor water quality.
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Chapter 1

Introduction

1.1 Background

It is di�cult to imagine in 1833 when Michael Farady �rst described the concept of

a semiconductor [9], that even he could have foreseen the impact the material would

have in shaping future generations. Fast forward 40 years and Smith discovered the

phenonenom of photoconductivity when he observed a decrease in the resistance of

Selenium when illuminated by light [10]. Semiconductors are a critical component in

modern society with applications in power electronics and renewable energy systems

in the form of solar cells. The �rst class of semiconductors was those such as Si,

Ge, and GaAs and have had a signi�cant impact on society. However, with a limited

bandgap of 1.1, 0.74, and 1.52 eV [11] an advancement in the �eld was required to

keep up with the growing demands of the technological revolution. The development of

semiconductors with larger bandgaps leads to a shorter emission wavelength and a larger

electric �eld breakdown value, and comes in the form of wide bandgap semiconductors,

characterised by exhibiting a bandgap between 2.3-3.4 eV . Wide-bandgap materials

such as GaN and SiC, with bandgaps of 3.3 and 3.4 eV respectively [12, 13], are the

most mature in the �eld. GaN has attracted much attention for its applications in

solid-state lighting through LEDs (Light Emitting Diodes), where the bandgap can be

tuned by alloying with Indium to achieve emission over the visible wavelength region.

On the other hand, SiC has been largely developed for its applications in high-power
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Chapter 1. Introduction

electronics for devices such as Schottky barrier diodes and metal oxide semiconductor

�eld-e�ect transistors [14{16]. In terms of power electronics, the materials bandgap

places a physical limitation on its application due to its relationship with so called

electric �eld breakdown value [17,18].

With applications in power electronics and UV detection systems, Ga2O3 has at-

tracted much attention because of its advantages over SiC, GaN, and Si devices cur-

rently being used. In a world with an ever-growing demand for power consumption,

knowing how we manage that power within the grid is crucial. For example, the con-

version of any generated power from DC to AC requires transformers with electrical

circuits involving a series of transistors and diodes.

Ultrawide-bandgap semiconductors, classi�ed by a bandgap> 3.4 eV, o�er an alter-

native material to the current materials, with the wider bandgap meaning the material

can handle a higher voltage with lower losses. This key parameter is termed the elec-

tric �eld breakdown value, which describes the maximum electric �eld the material can

withstand before the chemical bonds begin to break down. This breakdown �eld value

is directly correlated with the material bandgap (Eg) [1], shown below in Figure 1.1

2
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Figure 1.1: Relationship between bandgap and breakdown electric �eld value. Image
taken from [1]

Therefore, Ga2O3 with a band gap between 4.7-5.3 eV o�ers signi�cant advantages

over Si, SiC, and GaN with Eg values of 1.1, 3.3, and 3.4 eV, respectively [11,19].

In addition to the substantial bene�ts in the power industry, the ultrawide bandgap

of Ga2O3 is ideally suited for photodetectors designed for UV detection. The ultraviolet

(UV) spectrum spans wavelengths from 10 to 400 nm and is typically divided into

four categories: UV-A (320{400 nm), UV-B (280{320 nm), UV-C (100{280 nm), and

extreme UV (10{120 nm). The Earth's atmosphere e�ectively absorbs UV-C radiation,

while extreme UV is absorbed primarily by molecular oxygen . As a result of this

atmospheric absorption, UV light with wavelengths shorter than 280 nm does not

reach the Earth's surface. This phenomenon is referred to as "solar blind," meaning

that detectors sensitive to these wavelengths can operate without interference from

solar radiation. Monitoring solar-blind radiation o�ers a wide range of environmental,

civil, and military applications, such as 
ame detection [20], UV monitoring to track
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ozone depletion or biochemical sensing [21,22]{ in this, we will pay particular attention

to UV photodetectors for water quality.

Ga2O3 is a polymorphic material that exists as �ve di�erent phases, also referred to

as polymorphs. Each of the 5 phases exhibits its own unique crystal structure depending

on the temperature and pressure during the growth process. The �ve crystal structures

are known as� , � ,
 ,� , and � which in turn in
uences the electronic properties of the

material [23{26]. Much of the attention has been dedicated to the thermodynamic sta-

ble monoclinic � -Ga2O3.However The rhombohedral� -phase of Ga2O3 exhibits many

advantages over the other phases of Ga2O3. Notably, it exhibits the highest bandgap

(ca 5.1{5.3 eV) among all phases [27{30], which should result in a higher breakdown

electric �eld value of 9.5 MV/cm compared to 8 MV/cm for � -Ga2O3 [31,32] and o�ers

interesting prospects for bandgap engineering through alloying with several isomorphic

sesquioxides, such as Al2O3 [33],In2O3 [34], Fe2O3 [35],or Ti2O3 [36]. Thus far, most of

the attention of � -Ga2O3 research has been focused on material growth due to the ther-

modynamic metastability of the phase, leaving a gap in the knowledge of the properties

of defects in the material.

To improve the e�ciency and reliability of Ga 2O3 based devices, it is crucial to un-

derstand the in
uence of defects on the electrical and optical properties of the material.

This thesis aims to generate new knowledge on the metastable� -Ga2O3 that will aid

the future development of the � -Ga2O3 devices.

1.2 Crystal Structure

With the thermodynamically stable � attracting the most research, we compare the

crystal structures of � and � -Ga2O3 .
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Figure 1.2: Crystal structure of(a) � -Ga2O3 (b) � -Ga2O3 modelled using VESTA.

� -Ga2O3 (Figure 1.2(a)) exhibits a corundum crystal structure that belongs to the

R3c space group with lattice constantsa = b = 4.983 �Ac = 13.433 �A [24,37]. The unit

cell consists of one O site and one Ga site. The O atoms are approximately hexagonal

closed packed, and the Ga atoms occupy two-thirds of the octahedral sites. Each of

the Ga atoms shares a face and three edges with three other octahedra. The primitive

cell consists of 10 atoms and exhibits a volume between 285-305�A3 [24,38,39].

Figure 1.2(b) illustrates the monoclinic crystal structure � -Ga2O3, belonging to the

C2/m space group with lattice constants of a = 12.2 �A, b = 3 �A, c = 58 �A [24,25,40].

Unlike � -Ga2O3, � -Ga2O3 has three O and two distinct Ga sites, referred to as Ga(1)

and Ga(2), which are coordinated tetrahedrally and octahedrally, respectively [41]. The

O atoms are positioned at 3 sites, where O(1) and O(2) are three-fold coordinated while

O(3) is four-fold coordinated [42].
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1.3 Electronic Properties

1.3.1 Band Structure

The electronic properties of semiconductors can be understood through density func-

tional theory (DFT) calculations of the band structure to reveal the energy-momentum

(E-K) diagram [24,43{46]. Figure 1.3 illustrates a comparison of the band structure of

� and � Ga2O3

Figure 1.3: A comparison of the band structure of (a)� - Ga2O3 and (b) � Ga2O3 based
on DFT hybrid functional calculations. [2,3]

The calculated band structure of � -Ga2O3 from DFT calculations is shown in Figure

1:3(a), with a bandgap of 5.73 eV and 5.49 eV occurring at the point � for the direct

and indirect bandgaps, respectively [2]. The calculated bandgap in the literature has

been shown to vary, with Sharma et al. reporting a direct and indirect bandgap of

5.29 eV and 5.24 eV [45]. Despite the variation in the calculated bandgaps, there is a

general consensus that the conduction band minimum is situation at the � point in the

k-space diagrams, indicated in Figure 1.3.

The conduction band is mainly comprised of hybridised Ga 4s orbitals, where the

shape of the conduction band will determine the e�ective mass of the electrons with
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reports in the literature suggesting an e�ective electron mass ofca. 0.26-0.30mo [47,48]

with an electron mobility ( � n) of around 220 cm2V � 1cm� 1 at room-temperature.

The valence band consists mainly of O 2p orbitals [47,48] with minor contributions

from the Ga 3d and O 2s orbitals that make up the lower regions of the valence band.

Like other wide-bandgap oxides, the 
at nature of the valence band leads to small

dispersion amongst the band, resulting in large hole e�ective mass, indicating low hole

mobility [49]. This feature of low hole mobility is critical for the analysis used in

Chapter 5. The holes with a large e�ective mass become self-trapped because of large

electron-phonon coupling, and the hole induces a local distortion in the lattice, forming

a self-trapped hole (STH). The rearrangement of the atoms in the lattice induces an

electrostatic potential that traps the holes [50]. Theoretical studies by Varley et al.

show that these holes become trapped at O 2p orbitals [42].

To compare with � -Ga2O3, the band structure of � -Ga2O3 is shown in Figure

1.3(b). DFT calculations show that the electronic structure of the phases shares the

characteristic of a relatively 
at valence band and conduction band minimum situated

at the � point in the k-space diagram. The dispersion in the valence band again results

in the STH formation in � -Ga2O3. DFT calculations theoretically predict a bandgap

of � 4.8 eV, with a 50 meV separation of the direct and indirect bands.

1.4 Defects in Ga 2O3

Defects refer to imperfections in a crystal lattice, where these defects introduce ad-

ditional energy states into the material's bandgap. Point defects refer to localised

atomic-scale imperfections in the lattice, for example atoms not being at their des-

ignated lattice site. Point defects will signi�cantly impact the electrical and optical

properties of the material, potentially acting as scattering centres and reducing elec-

tron mobility in the material [51].
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Figure 1.4: Schematic representation of a distribution of atoms in a lattice. (a) perfect
lattice. (b) Lattice containing a vacancy. (c) Lattice containing an interstitial.

In an ideal crystal lattice, the atoms are positioned in a perfectly periodic arrange-

ment. However, in realistic materials, there is always some disruption in this periodic

order, leading to imperfections known as defects. One such defect pertinent to this

study is the vacancy. A vacancy occurs when an atom is missing from its lattice site.

In the context of Ga2O3, this refers to a Ga vacancy (VGa) and an O vacancy (VO). Fig-

ure 1.4(b) schematically represents this type of defect. Another type of defect involves

an atom occupying a position between lattice sites, termed an interstitial highlighted

in Figure 1.4 (c). In the Ga2O3 crystal, the interstitial can be in the form of a Ga

interstitial (Ga i ) or an O interstitial (O i ).

The in
uence of defects on the electronic properties of semiconductors is often

examined through computational modelling utilising DFT, hybrid functionals, and �rst-

principles methods. A key aspect of such modelling is the defect formation energy,

which measures the energy required for introducing a defect into the crystal lattice.

Di�erent defects exhibit distinct formation energies that are heavily in
uenced by the

Fermi level within the material.

8
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Figure 1.5: Representation of the fermi level at (a) T= 0 K. (b) T > 0 K. The dashed
region represents the probability of �nding an electron. At T=0 the probabilty of �nd-
ing an electron below the Fermi level is 1, whereas above the Fermi level the probabilty
is 0. At elevated temperatures, there is some probabilty of �nding the electron above
the Fermi level

The Fermi level is a statistical description of electron occupancy from Fermi-Dirac

statistics and de�nes a level in the bandgap where electrons are con�ned to. At 0

K in an undoped semiconductor, the Fermi level lies at mid bandgap level where no

electrons are allowed above the Fermi level, shown in (a) on Figure 1.5. Here we see

the electron occupancy, represented by the dashed region. At elevated temperatures,

the fermi dirac distribution broadens and the probability of �nding an electron above

the fermi level is non zero, with the magnitude depending on the temperature.

Oxygen Vacancies

VO corresponds to a missing O atom from the crystal lattice. The defect formation

energy as a function of the position of the Fermi level is shown in Figure 1.6, where the

defect formation energy is shown when the sample is under O- or Ga-rich conditions.

The growth process or annealing condition will dictate the O-rich or Ga-rich conditions,

where Ga-rich refers to a sample grown under vacuum, H, or exposed to Ga where the

9
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O content is low. Here EF = 0 eV corresponds to a Fermi level positioned at the

valence band maximum. Until now, most computational defect studies have focused

on � -Ga2O3 [44,52]. Jewelet al. gave the �rst insight into a comparison of the defect

formation energies in� -Ga2O3.

Figure 1.6: Formation energy of various defects in� -Ga2O3 in (left) Ga-rich and (right)
O-rich conditions using a Generalised Gradient Approximation. Image taken from [4]

Figure 1.6 shows that VO has a lower formation energy under Ga-rich conditions

compared to O-rich conditions, indicating that the concentration of VO will be (expect-

edly) higher in O-poor environments. Furthermore, the transition level, indicated by

the in
ection point in the formation energy diagram, is located around 1 eV below the

conduction band minimum, classifying VO as a deep level donor. This �nding aligns

with the theoretical study by Varley et al. on � -Ga2O3 [41].

Gallium Vacancies

Focusing on VGa, we observe that the transition levels appear in the lower half of the

bandgap, suggesting that VGa serves as an acceptor defect in the material, independent

of growth conditions. As shown in Figure 1.6, VGa is more energetically favourable un-

der O-rich conditions compared to O-poor conditions, and it remains the predominant

defect regardless of the position of the Fermi level under O-rich conditions. The accep-

tor nature of V Ga is observed between� , � , and � phases of the Ga2O3 family [5,53,54]

, with variations of the formation energy resulting from di�erent computational ap-
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proaches. However, in the �rst instance, the structure of the defects is shared between

all polymorphs. Therefore, it seems acceptable to use the literature of� -Ga2O3 to

explore some of the more exotic defects in the material.

\Exotic" defects

When the atom is removed from its lattice site to create a vacancy, the removed atom

can become mobile and migrate through the crystal, which in turn is a di�erent type

of defect known as an interstitial. First, consider the host atom of O, we can see from

Figure 1.6 that Oi acts as an acceptor defects in Ga2O3 and the formation energy

is reduced as the Fermi level is moved towards the conduction band minimum. In� -

Ga2O3, Ingebrigstenet al showed that Oi exhibits a low migration barrier and therefore

is highly mobile, leading to interactions with other defects [55]. The interaction between

defects will be expanded upon later in this section. Given the formation energy, Gai

acts as a deep level donor and exhibits low formation energies in Ga-rich conditions.

Due to the low atomic weight of Ga, the low mobility and low migration [56] lends

itself to the generation of an interesting type of defect in which Gai migrates and

resides at an interstitial site and becomes complexed with the VGa denoted as VGa-

Gai . These split type vacancies have been shown in the� -Ga2O3 literature to be more

energetically favourable to form relative to isolated VGa, due to low energy barriers to

formation [54,55].

1.4.1 Doping

Additional energy levels are created within the bandgap due to foreign atoms added

to the lattice where the atom can act as a donor by adding additional electrons to the

conduction band, or as an acceptor where the added atom can take an electron from

the valence band without generating electrons in the conduction band [57]. The donor

levels are between the conduction band and the Fermi level, and the acceptor levels

are between the valence band and the Fermi level. The donor and acceptor levels are

typically subcategorised into shallow levels, which are close to the edge of the band such

that ionisation of the atoms can occur by thermal e�ects, or deep levels, categorised

11
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as being further away from the bands [58]. The occurrence of STH has a detrimental

e�ect on shallow acceptor doping in � -Ga2O3, where the holes generated by acceptors

become trapped at the STH site with poor mobilities theoretically predicted to be

around 10� 6cm2V � 1s� 1 [59]. Deep acceptor levels typically have intrinsic origins of

VGa, VGa � nH complexes, and VO-VGa split vacancies [60{62].

Shallow donor levels are almost exclusively related to dopant atoms such as Sn

[63], Silicon (Si) [64],Germanium (Ge) [31], and Hydrogen (H) [42]. Islamet al. also

suggested that VGa-4H can serve as a shallow donor level [65]. Deep level donors are

encompassed by a host of intrinsic and extrinsic impurities.

H in Ga 2O3

An important chapter of this thesis explores the impact of H on the emission character-

istics of Ga2O3. It is necessary to discuss how H behaves within this material. Although

H is a common but hard to detect impurity in Ga 2O3, few studies have indicated that

it can signi�cantly in
uence the properties of the material, such as regulating n- and

p-type conductivity in � -Ga2O3 [41], and negatively a�ecting the photocurrent [66].

H is predicted to act as a shallow donor, occupying interstitial (Hi) or substitutional

sites (HO), and the low formation energy in both con�gurations suggests that it will

be easily incorporated into the crystal lattice [54,67]. Furthermore, the low migration

barrier means that we can expect H to di�use in the lattice and interact with other

defects such as VGa, where the vacancy has 6 dangling bonds [5] that can easily accept

H and form VGa-nH complexes, where n is the number of H atoms in the complex [54].

The theory predicts that the formation of V Ga-nH complexes in� -Ga2O3 is indeed more

energetically favourable than that of isolated VGa [5]. Recent computational studies

by Varley et al. revealed the formation energy VGa-nH in � -Ga2O3, revealing low

formation energies particularly under O-rich conditions. Unlike the � phase, the study

reveals that the complex can accommodate up to 5 H atoms. The formation energy

diagram of VGa is shown below in Figure 1.7
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Figure 1.7: Formation energy H decorated VGa in � -Ga2O3 in (left) Ga-rich, and (right)
O-rich conditions. Image taken from [5]

The state of the art suggests that H in VGa-nH is strongly bound, so much so that

work by Wei et al. theoretically predicted that temperatures in excess of 1000 K are

required to dissociate the complex [67].

The in
uence of V Ga-nH on the electrical properties of � Ga2O3 has been studied

by Islam et al. who demonstrated that by controlling the incorporation of H in the

crystal, the conductivity of the material changed from n-type (V Ga-4H) to p-type (n=

1, 2, 3) [65]. From the computational study conducted by Okumuraet al., VGa-5H will

also serve as a donor in� -Ga2O3 [5].

1.5 Optical Properties

1.5.1 Absorption properties

Given the ultrawide bandgap of � -Ga2O3, the material is transparent down to the UV

region of around 250 nm (ca 5 eV) [68{71]. UV-Vis spectrophotometry is the standard

method for measuring the optical absorption in semiconductors where the absorption

edge is clearly de�ned. A typical measurement of the absorption coe�cient of � -Ga2O3

is shown in Figure 1.8.
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Figure 1.8: Optical Absorption measurements obtained from UV-Vis spectrophotome-
try of � -Ga2O3 showing the absorption coe�cient versus energy

From measurements of the absorption coe�cient, the optical bandgap can be esti-

mated [72,73], revealing a bandgap between 5.1 - 5.3 eV [27{30]. Although optical ab-

sorption measurements from UV-Vis is excellent for revealing the absorption properties

at energy values close to the bandgap, the measurement technique loses its e�ectiveness

at measuring absorption at sub-bandgap energies. The introduction of defects into the

crystal will create a distribution of energetic states within the bandgap, at which the

carrier may reside, acting as additional absorption pathways. Therefore, measuring

changes in the absorption coe�cient at sub-bandgap energies may indicate the defect

energy levels within the bandgap.

The standard technique for sub-bandgap absorption measurements in semiconduc-

tors is photothermal de
ection spectroscopy [74], where a sample is placed in a medium

with a known refractive index. As the sample is illuminated with spectrally resolved

light, the absorption of light by the semiconductor results in the heating of the semi-

conductor, which in turn changes the refractive index of the medium, giving a measure-

ment of the absorption coe�cient of the semiconductor. Hao et al. [6] measured the
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sub-bandgap absorption coe�cient in � -Ga2O3, with spectrum shown in Figure 1.9.

Figure 1.9: Optical Absorption measurements obtained from PDS of� -Ga2O3 showing
the absorption coe�cient versus energy. Image taken from [6]

Here we see an extension of the measureable absorption coe�cient down to around

2.5 eV, equating to around half of the bandgap energy whereas in optical transmission

measurements the measured absorption coe�cient becomes dominated by noise at 4.5

eV.

An alternative approach to measuring the absorption coe�cient in the sub-bandgap

range is the constant photocurrent method (CPM) [75]. This photoconductive tech-

nique involves continually adjusting the photon 
ux incident on the material to maintain

a constant photocurrent across the energy spectrum. Under such conditions, the re-

ciprocal of the photon 
ux is proportional to the absorption coe�cient [76]. The value

of the absorption coe�cient is determined by the sum of all the allowed transitions.

Therefore, there is a relationship between the absorption coe�cient and the density

of states (DOS) of the material. Therefore, CPM can be used as a DOS spectroscopy

technique to map states across the bandgap [77]. Thus far, CPM has never been applied

to wide-bandgap materials, and in Chapter 4 we present a revival of the technique with
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a novel approach to tailor the experimental setup to wide-bandgap materials.

1.5.2 Emission properties

Luminescence describes the process in which light is emitted from a material following

excitation, either from photons, described as photoluminescence (PL), or by electrons

termed cathodoluminescence (CL). Upon excitation, for example, from photons with

h� > Eg , electron-hole pairs are generated. A thermalisation process will then occur

where the electrons and holes are transferred to the conduction band minimum and

valence band maximum, where they will be able to recombine. When in the excited

state, there are several recombination pathways where the recombination of the electron

and hole results in the emission of a photon (radiative recombination) or generation of

phonons (non-radiative recombination), illustrated in Figure 1.10. Studying the result-

ing emission spectrum can reveal a host of information about the internal mechanisms

of the material. Typically, � -Ga2O3 exhibits luminescence in UV spectral regions (3.2

to 3.6 eV) [78{80], blue (2.8 to 3.0 eV) [78,81], and green (2.5 eV) [82] spectral regions,

with luminescence in red (1.7 to 1.9 eV) also reported [83{85].
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Figure 1.10: Schematic of luminescence processes in Ga2O3: (a) Band to band recom-
bination where the energy of the emitted photon will equal to the bandgap energy, (b)
recombination of electron and STH at trapped site, (c) recombination of electron from
a donor site and hole in the valence band (d) donor acceptor pair recombination.

In a perfect semiconductor with no energy states within the bandgap, excitation

with energy greater than the bandgap, the only recombination pathway that exists is

between the valence band and the conduction band, where the recombination would

result in the emission of a photon with energy equal to the bandgap. This process

is referred to as band-to-band recombination, as represented by process (a) in Figure

1.10 . The general consensus within the Ga2O3 community is that band to band

recombination in Ga2O3 is prohibited due to the presence of STHs. When the holes

become trapped, emission energies below the bandgap value are observed [42].

Emission from STH

When the holes become trapped, emission energies below the bandgap value are ob-

served [42]. The optical signatures of STH luminescence are broad bands with a large

characteristic Stokes shift [42,86]. Illustrated by the con�guration coordinate diagram

recreated from the work of Varley et al. [42].
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Figure 1.11: Con�guration coordinate diagram illustrating the absorption and emission
process in Ga2O3. Excitation with photons with energy greater than the bandgap
creates electron-hole pairs. Due to lattice distortion from the STH, the emission energy
is lowered re
ected in a large stokes shift in the emission

Varley et al. modelled the STH recombination based on the con�guration diagram

shown in Figure 1.11 using the Heyd-Scuseria-Ernzerof hybrid functional [42,87]. The

self-trapping e�ect on the luminscence is represented by process (b) in Figure 1.10.

Two UV lines have been assigned intrinsic origins, and experimental and theoretical

calculations attribute the luminescence to the recombination of free electrons with STH

[42, 79]. However, Onumaet al. suggested that the UV luminescence was composed

of not only the recombination of STH and free electrons but also had a contribution

from donor acceptor pair (DAP) recombination involving Si as a shallow donor with

potential acceptors being VGa, MgGa, NO, and O{Ga split vacancies (VO{V Ga) [78].

Defect related emission

The addition of donor and acceptor levels results in recombination pathways within the

bandgap where the electron at a donor level can recombine with a hole in the valence

band, shown by the process (c) in Figure 1.10. Rather than recombine with a hole in

the valence band, the electron can recombine with a hole at the acceptor level within

the bandgap, where this well-established process is termed DAP recombination. The

energy of the photon emitted after a DAP recombination is given by [88{90]
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hv(DAP ) = Eg � (EA + ED ) +
e2

4��r
(1.1)

where Eg is the bandgap energy, EA is the acceptor energy level, ED is the donor

energy level, � is the dielectric constant and r is the separation distance. DAP re-

combination is typically associated with the blue, green and red spectral regions in

Ga2O3 [78,80,81,83,91{95].

The blue luminescence is typically associated with DAP recombination involving

a host of intrinsic defects with VO, VGa, VO{V Ga, MgGa, Gai suggested as possible

donors and acceptors. The green luminescence line has been less studied and so far

the attribution is to DAP recombination involving a range of defects including O i and

VGa [80, 83] Finally, red luminescence has been linked to H or N impurities [84, 96] as

well as reported sharp red luminescence lines attributed to the incorporation of Cr3+

ions [85].

Therefore, studying the luminescence spectra can reveal important information

about the electronic structure of the material. In Chapter 2, we give a description

of the experimental setup used for both systems.

1.6 Photoconductivity

Photoconductivity in semiconductors refers to the increase in conductivity when a

sample is illuminated with light, described by equation 1.2

� � = q(� n� n + � p� p) (1.2)

where q is the charge of the carrier, �n (�p) is the excess free electron density (hole)

generated by incident photons, and� n (� p) is the mobility of electrons (hole) [97].
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