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Abstract  

Gallium oxide (Ga2O3) is an emerging ultrawide bandgap semiconductor with 

strong potential for optoelectronic and power electronic applications. However, its 

intrinsic n-type conductivity and the challenge of achieving stable p-type doping hinder 

its suitability for bipolar devices. This motivates the exploration of alternative materials 

such as ZnGa2O4, which exhibits both n-type and p-type conductivity, making it strong 

candidate for next-generation electronics. Additionally, bandgap engineering in Ga2O3 

alloys is constrained by high- temperature deposition techniques and limited dopant 

incorporation. To address these challenges, this thesis synthesises ZnGa2O4 nanoplates 

via hydrothermal method and investigates the role of native defects, particularly cation 

site conversion, in tuning luminescence and photocatalytic properties. The second part of 

this work develops low-temperature synthesis approach for fabricating Al-enriched β-

(AlxGa1-x)2O3 nanosheets, enabling compositional tuning for bandgap engineering 

without complex fabrication techniques. The effect of Al incorporation on electronic 

structure, defect formation, and optical properties is examined, providing insights into 

defect engineering strategies for optimising material performance.   

ZnGa2O4 nanoplates with a pure spinel phase, lateral dimensions up to 10 μm, and 

thicknesses around 40 nm were synthesized. Photoemission and Raman spectroscopy 

revealed significant cation inversion, with Ga3+ occupying tetrahedral sites (GaZn) and 

Zn2+ occupying octahedral sites (ZnGa), forming anti-site defects. The inversion 

parameters were 0.36 ± 0.04 (GaZn) and 0.25 ± 0.02 (ZnGa). These nanoplates exhibited 

stable, bright broadband luminescence, including UV emission at 3.2 eV (self-trapped 

holes) and three visible defect bands. Furthermore, ZnGa2O4 nanoplates demonstrated 

superior photocatalytic efficiency in degrading Rhodamine B (RhB) under ultraviolet A 
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(UVA) irradiation compared to Ga2O3. Band structure analysis revealed strong tail states 

extending the valence and conduction band edges, reducing the bandgap to 3.9 eV and 

enhancing hydroxyl radical production.  

To address the challenge of compositional tuning at the nanoscale, this thesis 

investigates low-temperature liquid metal-based synthesis method for selective Al 

enrichment in β-Ga2O3 nanosheets. This approach yielded β-(AlxGa1- x)2O3 nanosheets 

with monoclinic crystal structure and dominant (- 201) orientation. The synthesised 

nanosheets exhibited large lateral dimensions (> 100 m) and average thickness of 3.2 ± 

0.5 nm, making them suitable for nanoscale device applications. By varying the Al 

content in liquid metal from 0 to 10 at%, bandgap modulation was achieved from 4.5 eV 

(pure β-Ga2O3) to 6.4 eV (β-(Al0.88Ga0.12)2O3). Cathodoluminescence spectroscopy 

revealed that the β-(AlxGa1- x)2O3 nanosheets exhibit broadband luminescence, retaining 

the characteristic self-trapped hole emission of β-Ga2O3 around 3.2 eV, while Al 

incorporation introduces an additional distinct deep-UV emission.  
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Chapter 1. Overview of the Research Project 

1.1. Background 

Wide bandgap (WBG) transition metal oxides have attracted growing interest due 

to their exceptional properties, including bandgaps exceeding 3 eV, high breakdown 

electric fields, broad optical transparency, and excellent chemical and thermal stability. 

These features enable reliable device operation under harsh conditions, making them 

highly promising for deep-ultraviolet (DUV) optoelectronics and high-power electronic 

applications.1, 2. Among WBG oxides, materials such as Ga2O3 and its alloys stand out 

due to their availability as bulk crystals and their potential for bandgap and defect 

engineering. In particular, gallium oxide (Ga2O3) offers a unique combination of a wide 

bandgap (4.5–4.9 eV), high breakdown electric field (> 8 MV/cm), and robust thermal 

and chemical stability, positioning it as a key material for next-generation semiconductor 

technologies 3, 4 However, despite these advantages, Ga2O3 faces some major challenges 

that limit its widespread application: (i) its inherent n-type conductivity and the difficulty 

of achieving p-type doping due to deep acceptor levels (>1 eV above the valence band 

for most dopants) and self-trapping of holes, which restrict its potential in homojunction 

bipolar devices such as light-emitting diodes (LEDs) and transistors 5-7 and (ii) limited 

bandgap engineering in Ga2O3 alloys using conventional methods, which involve 

complex high-temperature deposition techniques and constrain dopant incorporation.  

To address the first challenge, ZnGa2O4 has been explored as a potential 

alternative due to its tuneable conductivity, which can switch between n-type and p-type 

conductivity depending on synthesis conditions. 8, 9 Unlike Ga2O3, which naturally 

exhibits inherent n-type conductivity, ZnGa2O4 offers greater flexibility in electrical 
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properties, making it a strong candidate for next-generation electronic applications. In 

addition, ZnGa2O4 exhibits high chemical stability and enhanced optical properties, 

including multi-wavelength emission. 10 However, the role of native defects, particularly 

cation anti-site defects (GaZn and ZnGa), in the electronic and optical performance of 

ZnGa2O4’s is not fully understood. Anti-site defects, arising from the inversion of Zn2+ 

and Ga3+ ions between tetrahedral and octahedral sites, introduce localized electronic 

states within the bandgap and can significantly affect the material's conductivity, optical 

emissions, and photocatalytic efficiency. While theoretical studies suggest that these 

defects, such as GaZn and ZnGa, influence the electronic structure and charge carrier 

dynamics, 11 their exact impact on the material's performance remains unclear. 

Furthermore, the relationship between defect states and the photocatalytic activity of 

ZnGa2O4 has not yet to be fully explored. Therefore, understanding the role of the anti-

site defects is essential for optimizing ZnGa2O4’s photocatalytic performance. 

The second challenge is achieving bandgap engineering through compositional 

tuning, which restricts its versatility in optoelectronic applications. Bandgap engineering 

is crucial for tailoring the material’s electronic and optical properties, particularly for 

deep-UV applications. 12 One effective approach to overcoming this limitation is alloying 

Ga2O3 with Al2O3, resulting in (AlxGa1-x)2O3, which expands the bandgap range beyond 

that of pure Ga2O3 (4.5 eV), enabling a wider range of applications. 13 Density functional 

theory (DFT) calculations predict that the monoclinic β-phase of (AlxGa1- x)2O3 remains 

stable up to 71% Al incorporation. 14 However, experimentally achieving high Al content 

while maintaining the β-phase structure has proven challenging. Conventional methods 

such as molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition 

(MOCVD) achieving only 48% and 61% Al incorporation, respectively. 15-17 These 

techniques require high-temperature and complex vacuum-based deposition conditions, 
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limiting scalability and hindering further bandgap tuning. 16, 17 To address these 

limitations, liquid metal-based synthesis has emerged as a promising alternative due to its 

ability to produce β-(AlxGa1-x)2O3 nanosheets with controlled Al content at low 

temperatures and without the need for vacuum environments. Liquid metals, such as 

gallium and its alloys, spontaneously form self-limiting oxide layers on their surfaces 

under ambient conditions. These surface oxides can be exfoliated to yield two-

dimensional nanosheets with tuneable composition and thickness 18. This approach offers 

a scalable, low-cost, and efficient route for synthesizing high-purity β-(AlxGa1-x)2O3 with 

tailored electronic and optical properties. Given these advantages, liquid metal-based 

synthesis serves as a core methodology throughout this work. Furthermore, while defects 

and self-trapped hole states in Ga2O3 have been extensively studied, their impact in high-

Al-content β-(AlxGa1-x)2O3 remains insufficiently explored. Understanding these defect-

related electronic transitions is essential for optimizing the material’s properties for high-

performance optoelectronic and power device applications. 

1.2. Aims of the project  

This research aims to investigate the synthesis, structural properties, and optical and 

electronic behaviour of ZnGa2O4 nanoplates and β-(AlxGa1-x)2O3 nanosheets. The key 

objectives of this work are: 

• Develop a hydrothermal method to grow ZnGa2O4 nanoplates with controlled 

morphology and chemical composition. 

• Investigate the effects of anti-site defects in ZnGa2O4 nanoplates on optical, 

electronic, and photocatalytic properties. 

• Develop a low-temperature liquid metal-based synthesis method to exfoliate β-

(AlxGa1-x)2O3 nanosheets with controllable Al incorporation. 
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• Investigate the effect of Al incorporation on the electronic band structures of β-

(AlxGa1- x)2O3 nanosheets. 

By achieving these objectives, this research contributes to the fundamental 

understanding of ZnGa2O4 nanoplates and β-(AlxGa1-x)2O3 nanosheets, paving the way 

for their implementation in next-generation optoelectronic and energy applications. The 

findings will provide valuable insights into the role of native defects, bandgap 

modulation, and scalable synthesis methods for advanced semiconductor technologies. 

1.3. Thesis Layout 

The thesis is organised into six chapters as outlined below. 

Chapter 1: Background and Motivation 

This chapter provides an overview of the PhD project, including ZnGa2O4 and 

(AlxGa1-x)2O3 nanoplates and nanosheets. The background, motivation and objectives are 

briefly discussed.  

Chapter 2: Ga2O3-based Materials and Alloys: Theoretical Background and 

Literature Review 

This chapter provides a comprehensive overview of Ga2O3-based materials, 

including ZnGa2O4 and β-(AlxGa1-x)2O3, their properties, synthesis methods, and optical 

characteristics, focusing on intrinsic defects, optical properties, and bandgap engineering.  

Chapter 3: Experimental Details 

This chapter outlines the main experimental techniques employed in this project, 

including the hydrothermal method and a low-temperature liquid metal-based synthesis 

method. 
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Chapter 4: Enhanced Luminescence and Photocatalytic Activity in Highly 

Inverted Spinel ZnGa2O4 Nanoplates 

This chapter investigates the synthesis of inverted ZnGa2O4 nanoplates via 

hydrothermal method. It examines the role of anti-site defects in enhancing the 

luminescence and photocatalytic performance of the ZnGa2O4. 

Chapter 5: Bandgap Engineering of β-(AlxGa1-x)2O3 Nanosheets Derived from 

Liquid Metals Interface 

This chapter investigates the synthesis of β-(AlxGa1-x)2O3 nanosheets via a liquid 

metal-based approach, focusing on Al incorporation and its effect on bandgap 

modulation. The structural, optical, and electronic properties are analysed to understand 

their suitability for high-power and deep-UV applications. 

Chapter 6: Conclusions and outlook 

This chapter presents the summary of the key findings of the research and provide 

suggestions for future research directions. 
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Chapter 2. Ga2O3-Based Materials: Synthesis, Properties, and 

Applications  

Chapter 2 provides a comprehensive literature review of wide-bandgap oxide 

semiconductors relevant to this thesis, namely β-Ga2O3, ZnGa2O4, and β-(AlxGa1-x)2O3 

alloys. These materials have attracted increasing interest due to their promising optical, 

electronic, and photocatalytic properties, particularly in the context of deep-UV 

optoelectronics, power electronics, and environmental remediation. This chapter begins 

by examining the crystallographic and electronic structure of β-Ga2O3, followed by an 

overview of the spinel ZnGa2O4 and its defect-driven behavior. It also explores the 

bandgap engineering potential of β-(AlxGa1-x)2O3 alloys and the emerging role of liquid 

metal-based synthesis routes. The chapter aims to contextualize the experimental work 

presented in subsequent chapters by summarizing the state-of-the-art research, 

highlighting knowledge gaps, and identifying how the synthesis and characterization 

techniques used in this thesis contribute to the development of next-generation oxide 

semiconductors. 

2.1. Properties and Applications of Ga2O3 

Gallium oxide (Ga2O3), an ultrawide bandgap (UWBG) semiconductor with a 

bandgap ranging from 4.6 to 4.9 eV at room temperature and a high electric breakdown 

field (> 8 MV/cm). These properties make it a strong candidate for a variety of 

applications, including high-power electronics (e.g., field-effect transistors and Schottky 

barrier diodes), optoelectronic devices (e.g., solar-blind photodetectors, 

electroluminescent components), and phosphors. Additionally, Ga2O3 has been widely 

investigated for gas sensing, DUV transparent electrodes, and photocatalysis due to its 

wide bandgap and chemical stability. 19-23  
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Ga2O3 exists in five polymorphic forms—α, β, γ, δ, and ϵ—with the β-phase being 

the most thermodynamically stable, both chemically and structurally, both chemically and 

thermally, up to its melting point of 1800 °C. β-Ga2O3 can be obtained by annealing any 

other polymorphs of Ga2O3 at temperatures above 500 -700 °C, as shown in Figure 2.1. 

12 This transformation pathway is important for phase control during synthesis. This phase 

transition pathway supports scalable production of the β-phase and allows tuning of 

structural features relevant to material stability and functional properties. The primary 

structural characteristics of each Ga2O3 polymorph, along with their experimentally 

obtained lattice parameters, are summarized in Table 2.1.  

 

Figure 2.1. Interconversion relationships among Ga2O3 polymorphs. 12 
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Table 2.1. Structural characteristics and lattice parameters of the five phases of Ga2O3: α, β, γ, δ, 

and ϵ. 12 

Polymorph Structure 
Space 

Group 
Lattice Parameter 

α Hexagonal R3‾c a = b = 4.98 Å, c = 13.43 Å, α = β = 90°, γ = 120° 

β Monoclinic C2/m a = 12.23 Å, b = 3.04 Å, c = 5.80 Å, α = γ = 90°, β = 103.8° 

γ Cubic Fd3‾m a = b = c = 8.24 Å, α = β = γ = 90° 

δ Cubic Ia3 a = b = c = 9.52 Å, α = β = γ = 90° 

ε Hexagonal P63mc a = b = 2.90 Å, c = 9.26 Å, α = β = 90°, γ = 120° 

κ Orthorhombic Pna21 a = 5.05 Å, b = 8.70 Å, c = 9.28 Å, α = β = γ = 90° 

 

The crystal structure of β-Ga2O3 is monoclinic (space group C2/m) with a 

base- centered unit cell containing 20 atoms. It comprises two crystallographically 

inequivalent gallium sites: Ga(I), which is tetrahedrally coordinated, and Ga(II), which is 

octahedrally coordinated. Additionally, it features three distinct oxygen sites: O(I), O(II), 

and O(III), as illustrated in Figure 2.2. These unique coordination environments influence 

the material’s electrical and optical behavior, particularly through the formation of native 

defects such as oxygen vacancies and self-trapped holes, which can impact its 

conductivity, photoconductivity, and luminescence characteristics. 24   
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Figure 2.2. The monoclinic β-Ga2O3 unit cell shows two inequivalent Ga sites: a tetrahedral Ga(I) 

site and an octahedral Ga(II) site, along with three inequivalent O sites. 24 

2.2. Optical Properties of Ga2O3  

β-Ga2O3 is a wide-bandgap semiconductor with a fundamental indirect bandgap 

of ~4.7–4.8 eV, and a closely spaced direct transition approximately 0.1 eV higher, as 

established by theoretical calculations and optical studies. 25, 26 Its luminescence 

properties are strongly influenced by intrinsic (native defects) and extrinsic defects, 

including vacancies, interstitials, and deep-level defects. Unlike typical semiconductors, 

β-Ga2O3 does not exhibit near-bandgap emission. Instead, its cathodoluminescence (CL) 

spectrum exhibits a peak near 3.4 eV. 27 
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Figure 2.3. Temperature-dependent cathodoluminescence (CL) spectra of (001) undoped β-Ga2O3 

crystal samples, showing a decrease in UV luminescence with increasing temperature. 28 

  Figure 2.3 illustrates the cathodoluminescence (CL) spectra of β-Ga2O3 single 

crystals, revealing three primary emission bands: ultraviolet luminescence (UV, 3.2–3.6 

eV), blue luminescence (BL, 2.8–3.0 eV), and green luminescence (GL, 2.4 eV). The UV 

emission is attributed to the recombination of free electrons and self-trapped holes 

(STHs). The BL emission is linked to donor-acceptor pair (DAP) transitions, which 

involve deep-level donors and acceptors. Potential donors include intrinsic defects such 

as oxygen vacancies (VO) and interstitial gallium (Gaᵢ), while acceptors may include 

gallium vacancies (VGa) and VO
-VGa complexes. The green emission (2.4 eV) is primarily 

associated with oxygen vacancies (VO). 28-30 Thus, deep-level defects, particularly oxygen 

and gallium vacancies, can play a crucial role in determining the emission properties of 

β-Ga2O3. In addition, the CL spectrum of β-Ga2O3 single crystals is influenced by 

temperature, as shown in Figure 2.3. At lower temperatures, the UV band is more 
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prominent in undoped β-Ga2O3 single crystals. However, as the temperature increases, 

the intensity of the UV band decreases. In contrast, the intensities of the GL and BL bands 

gradually increase relative to the UV band, which may be attributed to enhanced 

recombination processes involving deep-level defects at elevated temperatures. 28 In the 

following section, various defects in β-Ga2O3, including vacancies, interstitial, and deep-

level defects, will be discussed in detail. 

2.2.1. Self-Trapped Holes (STHs)  

In β-Ga2O3, self-trapped holes (STHs) originate from lattice distortions that 

confine them to specific oxygen atoms rather than allowing delocalization throughout the 

crystal. 31 This phenomenon is also observed in other wide-bandgap oxides such as SnO2 

and In2O3.32 As a result, the wave function of STHs remains confined near oxygen atoms, 

as illustrated in Figure 2.4, which has been confirmed using techniques like deep-level 

transient spectroscopy (DLTS) and deep-level optical spectroscopy (DLOS). 32, 33  

 

Figure 2.4. Optimized atomic configurations and iso-surfaces of the squared wave functions for 

self-trapped holes (STHs) at the O1 and O3 sites in β-Ga2O3. 33 

 

  When β-Ga2O3 is excited with photons having energy greater than its bandgap, 

electron-hole pairs are generated (Figure 2.5). Due to strong electron-lattice interactions, 

holes in the lattice become self-trapped, leading to lattice distortions. As a result, lower-



12 
 

energy emissions can occur when conduction band electrons recombine with self-trapped 

holes (STHs). Additionally, if an electron becomes Coulombically bound to an STH, a 

self-trapped exciton (STE) may form at low temperatures, further reducing the emission 

energy by an amount corresponding to the exciton binding energy. Studies on wide-

bandgap oxides indicate that β-Ga2O3 exhibits both the highest self-trapping energy (EST) 

and the lowest barrier to trapping energy (EB), suggesting that hole self-trapping occurs 

instantaneously, which aligns with experimental findings. 29, 34 These self-trapped holes 

(STHs) play a critical role in determining the optical and electronic behavior of β-Ga2O3. 

In particular, they are associated with broad sub-bandgap luminescence and can act as 

recombination centers that reduce carrier mobility in optoelectronic devices. 

Understanding STH behavior is therefore essential for interpreting emission features and 

improving the performance of Ga2O3-based LEDs, detectors, and photocatalysts. 

 

Figure 2.5. A schematic illustrating the self-trapping process, where EB represents the trapping 

barrier and EST denotes the self-trapping energy. 34 
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2.2.2. Oxygen Vacancy (VO)  

N-type conductivity is a well-known characteristic of many wide bandgap oxides, 

typically attributed to native donor defects such as oxygen vacancies or metal interstitials. 

In β-Ga2O3, oxygen vacancies (VO) have been widely studied due to their potential role 

in conductivity and optical properties, although their exact contribution to free electron 

generation remains under debate. Under stoichiometric conditions, β-Ga2O3 is an 

insulator, but deviations in oxygen stoichiometry, such as oxygen deficiency or excess, 

can lead to the formation of VO or oxygen interstitials (Oi), respectively. 35, 36 VO and Oi 

can act as donor or acceptor centres, respectively, thus altering conductivity of β-Ga2O3 

as shown in Figure 2.6. 37 

β-Ga2O3 has high conductivity at a low O2 flow rate, and it decreases with 

increasing O2 content. Therefore, the conductivity of β-Ga2O3 depends on the O₂ content 

in the atmosphere, which is linked to the concentration of oxygen vacancies (VO) in.   

 

 

Figure 2.6. The relationship between the electrical conductivity of β-Ga2O3 single crystals along 

the b axis and the O2 flow rate during the crystal growth. 37 
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In addition, the conductivity of the as-grown Ga2O3 film is particularly sensitive 

to the O2 content in the annealing atmosphere. Films annealed in oxygen-poor 

environments (e.g., nitrogen or vacuum) exhibit higher VO concentrations and increased 

conductivity, while oxygen-rich conditions result in lower conductivity due to reduced 

VO concentrations. 38, 39 The underlying mechanism involves oxygen vacancies (VO) 

capturing two electrons to maintain a neutral state. In β-Ga2O3, oxygen vacancies (VO) 

can be ionized—transitioning from a neutral to a singly or doubly charged state—

releasing one or two free electrons into the conduction band. This process enables β-

Ga2O3 to generate excess electrons, making it an electron-rich oxide. Consequently, β-

Ga2O3 exhibits conductivity when annealed in an oxygen-deficient atmosphere.  

It has been shown that VO defects can form deep-level states located more than 

1 eV below the conduction band minimum (CBM), which do not contribute to an increase 

in electron concentration. 36, 40  Studies have shown that VO defects can transition from 

neutral to ionized states, forming deep-level defects that influence optical properties, but 

are less effective as donors for n-type conductivity. 41, 42 Despite their impact on 

conductivity, the role of VO as the primary source of n-type conductivity remains 

uncertain, as deep-level defects are too far from the conduction band to significantly affect 

electron flow under typical conditions.  

2.2.3. Gallium Vacancy (VGa) 

Gallium vacancies (VGa) are p-type acceptor defects that theoretically form under 

oxygen-rich growth conditions. The formation energy and defect levels of VGa was 

reported by DFT calculation, as shown in Figure 2.7a, b. 43 Theoretically, VGa could 

promote p-type behaviour in β-Ga2O3 by shifting the Fermi level closer to the valence 

band. However, the high formation energy of VGa makes its occurrence rare, and β-Ga2O3 

typically remains n-type due to the presence of oxygen vacancies (VO). In oxygen-poor 
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(gallium-rich) conditions, gallium interstitials (Gai) act as shallow donors, compensating 

for unintentional doping and reducing VGa concentrations, thus maintaining n-type 

conductivity. While VGa could theoretically promote p-type conductivity, its high 

formation energy and the presence of Gai prevent its significant effect, making it a minor 

factor in the material’s electronic properties. 43 

 

Figure 2.7. Formation energies of VGa point defects in β-Ga2O3 as a function of Fermi energy 

under (a) oxygen-poor and (b) oxygen-rich conditions. 43 

2.2.4. Oxygen and Gallium Interstitials (Oi and Gai) 

Oxygen interstitials (Oi) and gallium interstitials (Gai) act as acceptors and donors, 

respectively. However, their high formation energies result in low concentrations, making 

their effects on optical properties limited. While their influence on optical characteristics 

is minimal, they can contribute to complex defect interactions under specific growth 

conditions. 36, 43 
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2.3. ZnGa2O4 Nanostructures 

Zinc gallate (ZnGa2O4) is an ultra-wide bandgap semiconductor with an optical 

bandgap ranging from 4.6 to 5.2 eV and a high breakdown voltage, making it a promising 

material for light-emitting and power electronic devices. 44-46 It exhibits a high carrier 

concentration of 9 × 1019 cm-3, a room-temperature electron mobility of 102 cm2/V·s, and 

a high dielectric constant of 10.4, along with a large breakdown voltage. ZnGa2O4 is an 

alloy of Ga2O3 and ZnO, crystallizing in a normal cubic spinel structure (Fd-3m space 

group), which is one of the new transparent and semiconductor materials. 47-49 In normal 

spinels, Zn2+ and Ga3+ cations occupy tetrahedral and octahedral sites, respectively, with 

a lattice parameter of 8.3342 Å , as shown in Figure 2.8. 50 However, ZnGa2O4, like other 

spinel compounds, can exhibit an inverted cation distribution due to the partial exchange 

of Ga and Zn ions between the tetrahedral and octahedral sites. This leads to a partial 

inverse spinel structure, where both divalent Zn2+ and trivalent Ga3+ cations are present 

on both tetrahedral and octahedral sites. 

 

Figure 2.8. Normal spinel structure of ZnGa2O4 that Zn2+ cations occupy tetrahedral sites and Ga3+ 

cations occupy octahedral sites. 51  
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2.3.1. Optical Properties of ZnGa2O4  

ZnGa2O4, with its wide bandgap of approximately 5 eV, is a promising material 

for optoelectronic and photocatalytic applications. 45 Its optical and electronic properties 

are strongly influenced by intrinsic defects, including oxygen vacancies, anti-site defects, 

and self-trapped holes, which introduce localized states within the bandgap. These defects 

play a critical role in photoluminescence (PL), cathodoluminescence (CL), and other 

optical responses, significantly impacting emission spectra and luminescence efficiency.   

While extensive research has been conducted on transition metal-doped ZnGa2O4 

(e.g., Cr, Mn, and Eu doping) for phosphor applications, its intrinsic defect structure 

remains less explored. Point defects such as vacancies (VO, VZn, VGa), anti-sites (GaZn, 

ZnGa), and interstitials (Zni, Gai, Oi) are essential in shaping the material's optical 

characteristics and electronic behaviour. 52 In its ordered-normal spinel structure, Zn and 

Ga cations occupy tetrahedral (Tt) and octahedral (Op) sites, respectively. However, 

variations in synthesis conditions can induce cation disorder, leading to anti-site defects, 

which significantly modify the conductivity and optical response of ZnGa2O4, as shown 

in Figure 2.9. 53 
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Figure 2.9. A diagram illustrating the exchange of cations leading to the formation of anti-site 

defects. 53 

 

Photoluminescence studies indicate that oxygen vacancies (VO) and anti-site 

defects (ZnGa and GaZn) strongly influence the emission spectra, making ZnGa2O4 a 

strong candidate for UV-emitting applications. Understanding these defect-induced 

effects is crucial for optimizing the material’s performance in LEDs, photocatalysis, and 

other optoelectronic devices.   

2.3.1.1. Oxygen Vacancy (VO)   

Oxygen vacancies (VO) are significant intrinsic defects in ZnGa2O4 that strongly 

influence its optical, electronic, and photocatalytic properties. These vacancies create 

deep-level states within the bandgap, and they are unlikely to contribute to unintentional 

n-type conductivity. Instead, they lead to noticeable emissions in the visible to near-

infrared region, particularly around 1.7 eV, as observed in CL studies. 54, 55 VO defects 

typically form under oxygen-deficient conditions, such as during high-temperature 

synthesis or in reducing atmospheres. Their formation energy is highly sensitive to the 

local oxygen chemical potential. Density functional theory (DFT) simulations, as well as 
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experimental studies, have linked VO defects to blue luminescence in ZnGa2O4, 

underscoring their role in shaping the material's luminescent properties. Controlling the 

concentration and distribution of these vacancies is therefore crucial for optimizing 

ZnGa2O4 for applications in optoelectronics and photocatalysis. 9, 52  

2.3.1.2. Gallium Anti-site Defects (GaZn)  

The Ga anti-site defect (GaZn) occurs when Ga atoms occupy Zn sites at 

tetrahedral sites within the crystal structure of ZnGa2O4. This substitution introduces 

localized states within the bandgap, influencing both the electronic and optical properties 

of the material. 56 A emission peak around 2.32 eV, observed in CL spectra, has been 

attributed to the GaZn, indicating its role in defect-related luminescence. 57 Theoretical 

studies indicate that GaZn defects exhibit the lowest formation energy among intrinsic 

donor defects under both oxygen-rich and oxygen-poor conditions. 52 The low formation 

energy of GaZn has been experimentally measured to facilitate high Ga incorporation in 

tetrahedral sites. 8, 9, 58 When the Ga/Zn ratio is greater than the stoichiometric value 

(Zn/Ga < 1/2), GaZn defects form preferentially, leading to unintentional n-type 

conductivity. This self-doping effect has been observed in ZnGa2O4 thin films, with 

reported conductivity reaching σ = 1.78 × 10² S/cm. 52, 59   

2.3.1.3. Zinc Anti-site Defects (ZnGa)  

The Zn anti-site defect (ZnGa) occurs when Zn atoms occupy Ga sites within the 

crystal structure of ZnGa2O4. This defect introduces localized states within the bandgap, 

affecting the material’s electronic and optical properties. 56 ZnGa defects primarily form 

under Zn-rich synthesis conditions, but their formation energy is generally higher than 

that of GaZn anti-sites, making them less prevalent. ZnGa acts as an intrinsic acceptor, 

capturing free electrons and compensating for n-type conductivity, potentially reducing 

electrical conductivity. Under oxygen-rich conditions, ZnGa and Zn vacancies (VZn) have 
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the lowest formation energies, making them dominant acceptor defects. Their presence 

counteracts unintentional n-type doping, but hole transport remains limited due to polaron 

formation, which inhibits effective charge carrier mobility. 52 Additionally, ZnGa defects 

introduce deep-level states, contributing to broad luminescence peaks and modifying the 

material’s optical absorption.8, 9, 58 ZnGa acts as an intrinsic acceptor, compensating for n-

type conductivity by capturing free electrons and potentially reducing electrical 

conductivity.  

2.3.1.4. Self-Trapped Holes (STHs)  

Self-trapped holes (STHs), previously discussed in the context of β-Ga2O3, are 

also relevant in ZnGa2O4 and play a distinct role in its optical behavior. Self-trapped holes 

(STHs) are localized charge carriers that significantly impact the luminescence properties 

of ZnGa2O4. These states influence recombination processes and contribute to emission 

features distinct from those arising from vacancies and anti-site defects. The presence of 

STHs alters both the intensity and lifetime of luminescence, affecting the material’s 

optical and photocatalytic performance. Small hole polarons in ZnGa2O4 produce 

ultraviolet light with a photon energy around 3.18 eV corresponding to localized states 

within the bandgap caused by hole self-trapping. 52 

 

2.3.2. Hydrothermal Synthesis of ZnGa2O4 Nanostructures 

Hydrothermal synthesis is a highly effective method for producing spinel 

ZnGa2O4 nanostructures, enabling precise control over morphology, structure, and 

properties, which enhances their suitability for a range of applications. The first reports 

on hydrothermal synthesis of ZnGa2O4 nanostructures emerged in the late 1990s and early 

2000s, with Li et al. proposing a self-regulating hydrothermal reaction to synthesize 

nanocrystalline ZnGa2O4. 60 In this process, Ga was dissolved in hydrochloric acid to 
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form a GaCl3 aqueous solution as a source of Ga3+ ions, and zinc powder was used as a 

source of Zn2+ ions. These were placed into a Teflon-lined hydrothermal reactor and 

maintained at 150 °C for 10 hours.   

The hydrothermal synthesis of ZnGa2O4 is highly sensitive to various parameters 

that significantly influence the resulting particle size, morphology, crystallinity, and 

composition. Key synthesis factors include temperature, time, solution pH, cation 

concentration, and the ZnO/Ga2O3 molar ratio. These variables control the morphology 

of ZnGa2O4 particles, which can range from cubic nanoparticles to elongated rods, 

depending on conditions. Typically, higher temperatures and longer reaction times 

promote larger crystallite sizes and more defined structures. 49, 61  

The precursor concentrations and the ZnO/Ga2O3 ratio play crucial roles in 

determining morphology, stoichiometry, and stability of ZnGa2O4 nanostructures. Lower 

precursor concentrations have been reported to favour the formation of ultrafine 

nanoplatelets. 62 Additionally, substitution of cations can induce structural 

transformations, as observed in other spinel materials like Ni1-xCuxFe2O4, where 

increasing Cu content shifts the structure from inverse to mixed spinel. 63   
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Figure 2.10. FE-SEM images of the products synthesized using various solvents: (a) pure water 

as the solvent; (b) Ven/Vwater volume ratio of 1:4; (c) Ven/Vwater volume ratio of 1:1; (d) pure En as 

the solvent. 64 

 

The pH of the solution is also critical in defining particle morphology and 

composition. 49 Ethylenediamine (en) has been effectively used as a structure-directing 

agent, with studies showing that varying the en-to-water ratio (Ven/Vwater) systematically 

alters ZnGa2O4 morphology. A water-only solvent yields monodisperse GaOOH 

nanorods, while adding en at different ratios to water results in dramatic changes: a 1:4 

en-to-water ratio forms large ZnGa2O4 nanosheet-based microcrystals; a 1:2 ratio yields 

well-defined nanosheet microstructures; and a 1:1 ratio produces smaller, aggregating 

nanoplates. Pure en as the solvent, however, leads to irregular particle formation, as 

shown in Figure 2.10. 64 Adjustments in pH, such as through the addition of aqueous 

ammonia, have also been used to control the formation of spinel ZnGa2O4 particles. 
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By carefully tuning these parameters, ZnGa2O4 nanostructures with controlled 

properties and uniform spinel structures can be obtained, making hydrothermal synthesis 

highly adaptable to specific application requirements. While stoichiometric ZnGa2O4 can 

be produced through optimized synthesis, the fabrication of inverted spinel ZnGa2O4, 

with Ga³⁺ and Zn²⁺ ions distributed across both octahedral and tetrahedral sites, has yet to 

be achieved and remains an ongoing challenge.   

To contextualize the selection of hydrothermal synthesis for ZnGa2O4 

nanostructures, a comparative analysis of alternative synthesis techniques is presented in 

Table 2.2. This table evaluates hydrothermal synthesis alongside other commonly 

reported methods, including sol-gel, chemical vapor deposition (CVD), metal–organic 

CVD (MOCVD), and atomic layer deposition (ALD) 61, 65-68. Each method is compared 

based on reaction temperature, morphology, key features, and limitations. The analysis 

underscores hydrothermal synthesis as a low-temperature, scalable, and cost-effective 

route with precise morphological control, while also outlining the specific strengths and 

drawbacks of competing methods. This framework reinforces the rationale for the 

methodology employed in this study and situates it within the broader landscape of 

ZnGa2O4 synthesis strategies. 

Table 2.2. Comparison of hydrothermal synthesis with alternative methods for ZnGa2O4 

nanostructures, highlighting reaction conditions, morphological outcomes, key features, and 

limitations. 

Method 
Temperature 

(°C) 
Morphology Key Features Limitations Ref. 

Hydrothermal 100–180 °C 
Nanoparticles, 

rodlike particles 

Low-temperature, 

scalable, morphology 

control 

Difficult to synthesize 

inverted spinel form 
61 
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Sol-gel 

500 °C, 

annealing at 

500-600 °C 

thin film 

Simple, economical 

process, a formation of 

homogeneous oxides 

Limited control over 

stoichiometry, batch-to-

batch variation 

65 

 CVD 1000 °C 

Nanorods, high-

purity single-

crystalline 

Widely used, scalable, 

high deposition rate 

High equipment cost, 

complex process, two 

step method 

66 

 ALD 

200°C, 

annealing at 

1000 °C 

Nanowires 

Atomic-level thickness 

control, excellent 

conformality 

Slow deposition rate, 

requires precise 

control, 

two-step process 

67 

 MOCVD - Thin films 
High-quality films, 

precise doping control 

Expensive precursors, 

complex process 
68 

 

2.3.3. Photocatalytic Activity of ZnGa2O4  

A semiconductor is a material with electrical resistivity that lies between that of 

an insulator and a conductor. Its electronic band structure includes a valence band (VB), 

which is the highest occupied energy band, and a conduction band (CB), which is the 

lowest unoccupied band. These two bands are separated by an energy gap known as the 

band gap (Eg). 69 Photocatalytic activity in semiconductors is initiated when they absorb 

photons with energy equal to or greater than their band gap. This absorption excites 

electrons from the valence band to the conduction band, leaving behind positively charged 

holes in the valence band (see Figure 2.11). 70  
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Figure 2.11. Diagram depicting the generation of photoinduced electron-hole pairs in a 

semiconductor photocatalyst upon photon activation. 70 

 

The basic process of photocatalysis begins with photon absorption, which can be 

described by the following equation: 

λ(nm) =
1240

𝐸𝑔 (𝑒𝑉)
                                                        (2.1) 

where λ is the wavelength of light required to excite the semiconductor. Once 

excited, the generated electron-hole pairs (e--h+) can either recombine within the 

semiconductor, releasing energy as heat, or diffuse to the surface, where they participate 

in redox reactions. To achieve efficient photocatalysis, minimizing recombination and 

promoting interfacial electron processes is crucial. 

In photocatalysis, photogenerated electrons in the conduction band reduce 

electron acceptors, such as adsorbed oxygen molecules, to form reactive oxygen species 

like superoxide radicals (O2
•-). Simultaneously, the holes in the valence band oxidize 

donor species, such as water or hydroxyl groups, generating highly reactive hydroxyl 

radicals (OH•) with an oxidation potential of +2.80 V. These radicals are key in the 

degradation of organic pollutants. 71 
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For efficient photocatalytic reactions, the semiconductor’s band positions must 

align with the redox potentials of the reactants. Specifically, the valence band must have 

a sufficiently positive potential to oxidize donor species, while the conduction band must 

be sufficiently negative to reduce electron acceptors. This alignment ensures the efficient 

generation of reactive species that drive oxidation and reduction reactions, such as organic 

matter degradation or water splitting into hydrogen (H2) and oxygen (O2).   

Photocatalytic efficiency depends on several factors, including the material’s 

ability to absorb photons effectively (hv ≥ Eg), a high surface area with active sites for 

reactant adsorption, and stability against photocorrosion and electron-hole pair 

recombination. Additionally, the photocatalyst must be environmentally safe, cost-

effective, and easy to produce to ensure practical applicability and long-term 

performance. 72  

The photogenerated holes oxidize organic pollutants directly or produce hydroxyl 

radicals that degrade the pollutants. Meanwhile, electrons in the conduction band reduce 

adsorbed oxygen to superoxide radicals, further enhancing oxidative degradation. If these 

processes do not occur simultaneously, electron-hole recombination can decrease 

photocatalytic efficiency. Therefore, designing an efficient photocatalyst requires 

optimizing its band structure, surface properties, and stability to enhance redox reactions 

while minimizing recombination, ensuring effective degradation of organic pollutants. 

Several semiconductors, such as TiO2, ZnO, GaP, and CdS, have been used in 

photocatalytic applications. 73 ZnGa2O4, particularly, exhibits strong redox reactions, and 

its absorption band gap aligns well with UV light sources, making it an excellent 

candidate for photocatalysis. In this study, β-Ga2O3 was selected as a reference 

photocatalyst due to its well-established UV-responsive photocatalytic activity and its 
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compositional similarity to ZnGa2O4. Both are oxide-based semiconductors containing 

Ga3+–O coordination, making β-Ga2O3 an appropriate benchmark for evaluating the 

influence of defect states—particularly anti-site disorder—on the photocatalytic 

performance of ZnGa2O4. Various factors, such as film thickness, grain size, and 

hydrothermal temperature, have been explored in literature for their effect on the 

photocatalytic activity of ZnGa2O4 materials. 74-76 However, defect engineering has 

emerged as a promising method for tuning the photocatalytic performance of 

nanocatalysts, drawing significant attention in recent studies.  

In 2017, Tu et al. synthesized ZnGa2O4 nanoparticles using a microwave-

hydrothermal method, both with and without Hexadecyltrimethylammonium bromide 

(CTAB). They found that ZnGa2O4 particles synthesized with CTAB, which induced 

numerous defects such as dislocations on the (222) plane (the inset in Figure 2.12d), 

exhibited superior photocatalytic activity compared to samples without CTAB and 

defects. 77 
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Figure 2.12. a) Photocatalytic performance of ZnGa2O4 nanoparticles in the degradation of methyl 

orange. SEM and TEM images (inset) of ZnGa2O4 particles synthesized at 120°C without CTAB 

(b) and with CTAB (c), along with HRTEM images (d) of the sample shown in (c). 77 

 

Oxygen vacancies are common defects in oxide materials and play a crucial role 

in photocatalytic activity. Experimental studies have shown that oxygen vacancies in 

ZnFe2O4 and ZnGa2O4 nanostructures can facilitate the recombination of photogenerated 

electron-hole pairs, thereby decreasing photocatalytic efficiency. 78, 79 However, oxygen 

vacancies in oxides such as TiO2 and ZnO are known to enhance photocatalytic 

performance by improving the separation efficiency of photogenerated charge carriers, 

thus increasing photocatalytic efficiency. 80, 81 A study on ZnGa2O4 nanowires synthesized 

via a direct vapor transport process demonstrated that oxygen vacancies improved light 

absorption, enhanced electron-hole pair separation, and generated more hydroxyl radicals 

on the surface, thereby improving photocatalytic activity for methyl blue (MB) 

degradation under UV light, as shown in Figure 2.13. 75 Therefore, oxygen vacancies can 
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have both beneficial and detrimental effects on photocatalytic activity, depending on the 

specific material and context.

Figure 2.13. (b) Absorption spectrum of the MB solution with ZnGa2O4 nanowires under UV light 

exposure for varying durations. (c) Photocatalytic performance of ZnGa2O4 nanowires under UV 

light irradiation. 75

Additionally, anti-site defects, where atoms in the lattice swap positions (e.g., Ga³⁺ 

substituting Zn²⁺ to form GaZn), also significantly affect photocatalytic activity. Research 

has shown that Ga-doped ZnO (GaZn) exhibits enhanced photocatalytic performance 

compared to pure ZnO. This enhancement is attributed to the improved separation of 

photoinduced charge carriers, which generates more hydroxyl radicals, increasing 

photocatalytic efficiency for organic pollutant degradation. 82, 83 In this work, the 

photocatalytic performance of ZnGa2O4 nanostructures—particularly the effect of anti-

site defects—was evaluated by monitoring the UV-driven degradation of Rhodamine B 

(RhB), a widely used organic dye and model pollutant. The decrease in RhB concentration 

over time serves as an indicator of photocatalytic efficiency, reflecting the material’s 

ability to generate reactive oxygen species and promote oxidative decomposition.

Similarly, Zn-doped Ga2O3 nanocrystals have shown better photodegradation efficiency 

compared to undoped Ga2O3. The increased Zn²⁺ concentration in the material extends 
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the lifetime of trapped carriers and improves the separation of photogenerated carriers, 

leading to enhanced photocatalytic activity for degrading organic pollutants, as shown in 

Figure 2.14. 84, 85 Thus, the formation of defects, including oxygen vacancies and anti-site 

defects, plays a crucial and complex role in the photocatalytic activity of ZnGa2O4 and 

similar materials. While these defects can enhance the material’s photocatalytic 

performance by improving charge separation and generating reactive species, their effects 

are context dependent and still a subject of ongoing research. 

Figure 2.14. Photodegradation curves (a) and degradation rates (b) of pristine RhB solution and 

RhB solutions with GZ0, GZ1, GZ2, GZ5, GZ8, and GZ10 catalysts under Xe lamp irradiation.

84

2.4. (AlxGa1-x)2O3 Alloys

The (AlxGa1-x)2O3 alloy systems offer a combination of advantageous properties, 

including a wide and tuneable bandgap, high dielectric constants, high breakdown electric 

fields and the potential for forming a high-density two-dimensional electron gas (2DEG). 

These attributes make the (AlxGa1-x)2O3 alloys highly desirable for ultraviolet 

optoelectronics, deep-ultraviolet photodetectors, and high-power applications. Multiple

polymorths, including α, β, γ, and κ, have been observed, with the monoclinic phase 

(similar to Ga2O3) and the corundum phase (similar to Al2O3) being the most 
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thermodynamically stable crystal structures for lower and higher Al concentrations, 

respectively (Figure 2.15). 86-88  

Figure 2.15. Atomic structures for Al2O3 in the corundum phase, Ga2O3 in the monoclinic phase, 

and (Al0.5Ga0.5)2O3 in both monoclinic (β) and corundum (α) forms. The Al, Ga, and O atoms are 

represented in light blue, light green, and red, respectively. 88

The (AlxGa1-x)2O3 alloy system generally favours the monoclinic structure over 

the corundum structure based on enthalpy of mixing as a function of molar concentration.

16, 89, 90 The alloy system generally favours the monoclinic structure up to about 71% Al 

concentration, due to a lower enthalpy of mixing, as demonstrated by hybrid density 

functional theory calculations (Figure 2.16a). Beyond this concentration, the alloy 

increasingly adopts the corundum structure, which becomes more energetically 

favourable, especially at higher temperatures where Gibbs free energy favours the phase 

transition. This structural preference is attributed to the coordination environments 

preferred by Al atoms, which strongly favour occupying octahedral sites at Al 

concentrations below 0.5 as shown in Figure 2.16b. As the Al concentration exceeds 0.5, 

Al atoms begin to fill tetrahedral sites, leading to structural changes and an increase in 

the enthalpy of mixing. 14, 91 For x values near 0.71, the energy difference between the 

corundum and monoclinic structures is small, and high temperatures can easily overcome 

this difference. This explains why some experiments observe the monoclinic structure for 
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Al concentrations above 71% and the corundum structure for concentrations below 71%. 

13, 16, 92-95 

The bandgap of (AlxGa1-x)2O3 alloys also exhibits substantial tunability, spanning 

approximately 4.5 eV in Ga-rich compositions to about 8.8 eV in Al-rich compositions. 

This enables control over the material’s absorption edge, making it adaptable for a wide 

range of deep-UV and power electronic applications. While this trend is generally linear 

with increasing Al content, a notable non-linear "bowing" effect occurs due to the 

structural mismatch between Ga2O3 and Al2O3, especially around 50% Al content.  This 

tunability, encompassing both linear and non-linear shifts, makes (AlxGa1-x)2O3 alloys 

adaptable for applications requiring adjustable optical properties. 88 

While all (AlxGa1-x)2O3 compositions are classified as wide-bandgap 

semiconductors, their electrical conductivity varies with Al content. Al2O3-rich alloys are 

generally highly insulating due to their wide bandgap and low intrinsic carrier 

concentration, whereas Ga-rich compositions can exhibit measurable semiconducting 

behavior under appropriate doping or controlled defect conditions. Although (AlxGa1-

x)2O3 alloys have not been widely explored as conventional photocatalysts, their wide and 

tunable bandgaps enable deep-UV light absorption, suggesting potential for UV-driven 

photocatalytic applications. However, their actual photocatalytic performance depends on 

additional factors such as doping, nanostructuring, and defect engineering, and further 

research is needed to establish their practical viability. 
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Figure 2.16. (a) Formation enthalpy as a function of alloy composition for both corundum and 

monoclinic structures. The shaded region indicates the composition range where Al prefers to 

occupy the octahedral sites in the monoclinic phase. 14 (b) Percentage of Al occupancy on 

tetrahedral and octahedral sites as a function of Al content (x) in β-(AlxGa1-x)2O3 alloys. 91

2.4.1. Bandgap Engineering of Ga2O3

Band gap engineering is a fundamental strategy in semiconductor materials 

science, enabling the precise design and optimization of materials to enhance their 

functional potential for specific applications. The band gap plays a foundational role in 

device physics and technology, and the ability to tune it provides flexibility for developing 

advanced semiconductor devices. With a native band gap of approximately 4.8 eV, Ga2O3 

is highly suitable for applications such as solar-blind UV photodetectors, power devices, 

and photocatalysis for solar water splitting. Over recent decades, its band gap has been 

efficiently engineered through compositional tuning and alloying with materials 

possessing similar crystal structures or properties.

The band gap of β-Ga2O3 can be tailored significantly by alloying it with materials 

such as In2O3, ZnO, GaN, or I₂O compounds (where I = Li, Cu, or Ag). 96 For instance, 

alloying Ga2O3 with In2O3 has demonstrated a systematic reduction in the band gap from 
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4.8 eV to as low as 2.9 eV. 7 Among alloy systems, the Ga2O3–Al2O3 solid solution has 

garnered particular attention due to the high solubility of Al2O3 in Ga2O3 and its broad 

band gap tunability. This solid solution exploits the structural and compositional 

flexibility between the monoclinic β-phase of Ga2O3 and the trigonal α-phase corundum 

structure of Al2O3. 14 The equilibrium phase diagram predicts an aluminium solubility of 

approximately 67% at 1625 °C, a value closely aligning with the 71% solubility 

determined using hybrid density functional theory. 14 These findings suggest that (AlxGa1-

x)2O3 ternary alloys with high aluminium content are both feasible and stable under 

appropriate conditions. 

The structural evolution of (AlxGa1-x)2O3 alloys plays a pivotal role in their 

properties. Calculations indicate that the monoclinic phase of (AlxGa1-x)2O3 remains 

energetically favourable and stable for aluminium incorporation levels up to 71%. 

Beyond this composition, the alloy transitions to the corundum phase, which becomes the 

thermodynamically stable structure. 97 This structural transformation significantly 

influences the crystalline and energy band properties of the material. Increasing the 

aluminium composition (x) in (AlxGa1-x)2O3 profoundly modifies both its crystalline 

structure and band gap, enabling precise control over its electronic and optical behaviour. 

98 Al2O3, with its exceptionally large band gap of 6.4 eV for amorphous films and 8.8 eV 

for bulk material, further enhances the band gap tuning potential of (AlxGa1-x)2O3. The 

similar electron configurations of Al and Ga atoms facilitate the preparation of aluminium 

gallium oxide (AGO) materials, which exhibit band gaps ranging from 5 to 7 eV, making 

them suitable for a wider range of applications. 99 

Various deposition techniques, such as pulsed laser deposition (PLD), 13, 100 

chemical vapor deposition (CVD), 92 sputtering, 101, 102 and molecular beam epitaxy 

(MBE), 103 have been employed to synthesize AGO films. β-Al2xG2-2xO3 thin films have 
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been successfully grown on (100)-oriented Ga2O3 single-crystal substrates using plasma-

assisted MBE. The substrates were thermally annealed at 1100 °C to enhance surface 

quality, and the films, deposited at a growth temperature of 800 °C, maintained the β-

phase structure up to an aluminum content of x = 0.61. 16  

Similarly, bandgap-tuneable (AlGa)2O3 films were deposited on (0001) sapphire 

substrates using pulsed laser deposition (PLD) with a KrF excimer laser source. The PLD 

chamber was evacuated to a base pressure below 9 × 10⁻⁶ Pa, with an oxygen pressure of 

0.1 Pa and a substrate temperature of 400°C during growth. Targets with varying Al 

content (mole ratios of Al/(Ga + Al): 0.22 to 1.0) were used to deposit films. Films grown 

with varying aluminium contents demonstrated band gap values of 5.2, 5.6, 6.1, 6.3, and 

6.8 eV for Al mole fractions of 0.24, 0.54, 0.76, 0.89, and 0.98, respectively. (Figure 2.17). 

13 

 

Figure 2.17. The bandgap as a function of Al content (x) in the PLD-grown (201) β- (AlxGa1- x)2O3 

layers. 13 
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β-(AlxGa1-x)2O3 thin films were successfully grown on (201) β-Ga2O3 substrates 

via metal-organic chemical vapor deposition (MOCVD) to explore the solubility of Al in 

the β-phase structure, achieving Al compositions as high as 48%. The growth process 

involved varying chamber pressures (80 and 20 Torr) and temperatures (880°C and 

920°C), while maintaining a consistent [TMAl] / [TMAl+TEGa] molar flow rate ratio of 

3.82%. The films exhibited Al compositions of 21%, 28%, 35%, 41%, and 48%, 

corresponding to energy bandgap values of 5.20, 5.35, 5.44, 5.54, and 5.72 eV, 

respectively. 4 The bandgap energies were found to be slightly influenced by the Al 

content, as illustrated in Figure 2.18. Due to current material growth limitations, β-

(AlxGa1-x)2O3 offers a relatively narrow tuneable bandgap range from 4.9 to 5.7 eV. These 

results demonstrate the potential of β-(AlxGa1-x)2O3 for optoelectronic applications, with 

its bandgap tunability enabling targeted design for specific device needs (Figure 2.18). 104 

To summarize, a comparison of key synthesis parameters and corresponding bandgap 

values for β-(AlxGa1-x)2O3 thin films reported in literature is provided in Table 2.3. 

 

Figure 2.18. Bandgap of β-(AlxGa1-x)2O3 as a function of Al content. 104 
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Table 2.3. Summary of synthesis methods, conditions, and resulting bandgap values for β-

(AlxGa1-x)2O3, providing context for the chosen experimental approach. 

Method Substrate 
Growth 

temp 

Al content 

(x) 

Bandgap 

(eV) 
Pressure Ref. 

PLD Sapphire (0001) 400°C 0.24-0.98 5.2-6.5 
O2 (0.1 Pa), high 

vacuum 
13 

MOCVD β-Ga2O3(201) 880-920°C 0.21-0.48 5.2-5.72 20-80 Torr 4 

MBE β-Ga2O3(100) 800°C Up to 0.61 No reported 
Plasma-assisted, 

vacuum 
16 

 

2.4.2. Optical Properties of (AlxGa1-x)2O3  

Aluminium gallium oxide (AlxGa1-x)2O3 is an emerging material with significant 

potential for optoelectronic applications due to its tuneable bandgap and distinctive 

luminescence characteristics. By incorporating aluminium into Ga2O3, the material's 

electronic and optical properties can be tailored. Understanding the influence of native 

defects on its optical properties and band structure is crucial for optimizing performance 

in devices such as ultraviolet (UV) photodetectors, power electronics, and optical 

coatings. 

Photoluminescence studies provide valuable insights into the defect states within 

(AlxGa1-x)2O3 primarily by analysing electron recombination mechanisms. When excited 

with a 266 nm laser, (AlxGa1-x)2O3 samples exhibit emission bands across the UV, blue 

(BL), and green spectral regions, with weak red luminescence observed in some cases, as 

shown in Figure 2.19. The intensity of luminescence correlates strongly with defect 
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density, with higher defect concentrations enhancing the UV and green emission bands. 

98 

 

Figure 2.19. PL spectra of various (AlxGa1-x)2O3 samples with an excitation wavelength of 266 

nm. 98 

 

Gaussian peak fitting analysis of PL spectra identifies five dominant emission 

peaks occurring at approximately 3.64–3.67 eV, 3.22–3.26 eV, 2.97–3.00 eV, 2.62–2.65 

eV, and 2.23–2.25 eV. The high-energy UV emissions (3.2–3.7 eV) originate from 

recombination events between free electrons and self-trapped holes. 28, 36, 105 The blue 

luminescence (2.7–3.0 eV) is attributed to donor-acceptor recombination, where donors 

typically include oxygen vacancies (VO) and interstitial gallium (Gai), while acceptors 

consist of gallium vacancies (VGa) and gallium-oxygen vacancy complexes (VO-VGa). 29, 

30 Green emissions near 2.25 eV remain less well understood but are likely linked to 

neutral oxygen interstitials or clusters of oxygen vacancies, 28, 106 which have been 

observed in other materials like ZnO. 
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As the aluminium concentration in (AlxGa1-x)2O3 increases to approximately 70%, 

its electronic band structure shifts closer to that of Al2O3. The separation between the 

Fermi level and the valence band top varies with aluminium content and the Fermi level 

moves toward the conduction band as Al content decreases. These shifts are indicative of 

changes in charge carrier dynamics and defect state distributions which are essential for 

tailoring the material's properties for specific optoelectronic applications. 98 

Native point defects significantly influence the optical and electronic behaviour 

of (AlxGa1-x)2O3, particularly in modifying its conduction characteristics and introducing 

new emission pathways in the PL spectrum. Oxygen vacancies, gallium interstitials, and 

vacancy complexes contribute to optical transitions and can be leveraged for bandgap 

engineering through controlled defect manipulation. These defects also affect nonlinear 

optical properties, similar to those observed in other wide-bandgap materials such as 

LiNbO3, ZnO, Al2O3, and TiO2. 107-110 While β-Ga2O3 has been extensively studied, 

systematic investigations into Al-doped β-Ga2O3 remain limited. Further experimental 

and theoretical studies are necessary to elucidate defect formation mechanisms and their 

impact on optoelectronic properties. Future research should focus on defect control 

strategies, such as doping optimization, or surface passivation, to optimize (AlxGa1-x)2O3 

for advanced photonic and electronic applications. 

To complement these optical studies, a summary of synthesis conditions and 

corresponding bandgap values reported for β-(AlxGa1-x)2O3 thin films is presented in 

Table 2.3. Conventional methods such as MOCVD, PLD, and MBE require complex 

infrastructure, vacuum systems, and elevated processing temperatures. In contrast, the 

liquid-metal-based approach adopted in this thesis provides a low-temperature, scalable, 

and composition-tunable alternative for synthesizing ultrathin β-(AlxGa1-x)2O3  



40 
 

nanosheets. These features make it a compelling platform for investigating the influence 

of aluminum content and defect states in wide-bandgap semiconductors. 

2.4.3. Liquid-Metal Exfoliation of β-(AlxGa1-x)2O3 Nanosheets 

2.4.3.1. Introduction to Post-Transition Metals 

Post-transition metals occupy a unique position in the periodic table, situated 

between transition metals and metalloids. This group includes elements such as gallium 

(Ga), aluminium (Al), indium (In), tin (Sn), lead (Pb), and Bismuth (Bi), all of which 

exhibit distinctive physical and chemical properties. 111, 112 These metals are characterized 

by relatively low melting points, weak metallic bonding, and a propensity for covalent or 

ionic behaviour due to their electron configurations.  

The distinct electronic properties of post-transition metals, including increased 

ionization energies and reduced atomic radii due to higher nuclear charges, reduce the 

availability of electrons for metallic bonding and make these elements prone to covalency. 

As a result, these properties contribute to their semiconducting behaviour and other 

remarkable features. 50, 113 Post-transition metals are typically characterized by low 

mechanical strength, limited malleability and ductility, as well as relatively low melting 

points. 

Among these metals, gallium stands out due to its unique properties. It has a 

melting point of 29.7 °C, allowing it to transition into a liquid state near room 

temperature, while its high boiling point (~2403 °C) ensures stability over a broad 

temperature range. These characteristics make gallium an ideal material for flexible, 

stretchable, and self-healing devices. 114, 115 However, since its melting point is slightly 

higher than room temperature, alloying gallium with other elements—most commonly 

post-transition metals—has led to the development of eutectic alloys with even lower 
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melting points. For example, adding 14 wt% indium to gallium produces the eutectic alloy 

Ga-In (EGaIn), which melts at just 15 °C, as shown in Figure 2.20, and This concentration 

is known as the eutectic point of the Ga–In system. 116 Similarly, the addition of tin forms 

the eutectic alloy EGaInSn (Galinstan), which remains liquid down to -19 °C. These 

alloys are highly soluble within each other, forming a monophasic system. Members of 

the post-transition metal family form many eutectic alloys with melting points below 

330°C, including many that melt below 100 °C. 117 These alloys are not only accessible 

and thermally stable but are also safer to handle compared to alkali metals and less toxic 

than mercury, making them valuable for material synthesis, catalysis, and flexible 

optoelectronic applications. 117-121 

 

Figure 2.20. Phase diagram of the Ga–In binary system, with various experimentally determined 

data points. 116 
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A unique feature of post-transition metals is their capacity to promote interface 

atomic layering on the surfaces of liquid metals. 122 The surfaces of liquid metals, such as 

gallium, are known to be atomically smooth due to their low viscosity and high surface 

tension. Upon exposure to ambient conditions, a thin, self-limiting oxide layer form 

spontaneously, creating a stable and uniform platform for nanosheet synthesis. 123 This 

surface layering minimizes positional fluctuations of near-surface ion cores, resulting in 

atomically smooth surfaces. These properties make liquid metals excellent templates for 

the synthesis of 2D materials. 124, 125  

Upon exposure to oxygen, an ultrathin, uniform, and atomically flat oxide layer 

forms on liquid metal surfaces. This surface oxidation significantly affects their physical 

properties and offers convenient pathways for the easy synthesis of 2D materials. 126-128 

According to thermodynamic principles, the oxide layer composition is determined by 

the metal oxide with the lowest Gibbs free energy (ΔGf), allowing for controlled synthesis 

of metal oxide layers on liquid metals. 18 For instance, the surfaces of pure gallium (Ga) 

or eutectic gallium-based alloys oxidize rapidly, forming an amorphous oxide layer 

typically 0.5–3 nm thick. This oxide layer reduces the liquid metal's surface tension, 

prevents further oxidation, and enhances its stability. A well-known example is the Ga2O3 

coating on the surface of the galinstan (EGaInSn) alloy, where Ga2O3 dominates due to 

its lower Gibbs free energy compared to In2O3 and SnO2 in an oxygen atmosphere. 129-131 

These ultrathin oxide layers maintain their atomic flatness, enabling the production of 

uniform 2D materials. The synthesized 2D surface layers can be readily exfoliated and 

transferred to different substrates using mechanical or chemical methods, as shown in 

Figure 2.21. The weak interaction between the 2D layer and the liquid core, combined 

with van der Waals forces between the 2D material and polar substrates, facilitates low-

temperature exfoliation for creating thin films on various surfaces. 18, 132  
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Figure 2.21. Schematic of van der Waals exfoliation: An oxide layer forms on a liquid metal 

droplet upon exposure to oxygen. Contact with a substrate enables transfer of this interfacial layer. 

Optical image shown on right. 18 

 

Unlike bulk materials, 2D materials—comprising single or few atomic layers—

exhibit unique electronic, optical, and mechanical properties, making them highly 

valuable for electronic and optical devices as dielectric layers, conductors, 

semiconductors, or piezo-responsive materials. They also play a crucial role in catalysis, 

energy storage, and the fabrication of flexible optoelectronic devices. 128 The ability of 

post-transition metals, particularly Ga-based liquid metals, to form eutectic alloys with 

low melting points and remain stable under ambient conditions further enhances their 

potential for material innovation. The liquid state of these metals provides an ideal 

platform for the scalable synthesis of atomically thin layers and ultrathin metal oxides, 

enabling the efficient production of high-quality 2D materials. 

2.4.3.2. Properties of Gallium-Based Liquid Metals 

Gallium-based liquid metals exhibit remarkable electrical, thermal, mechanical, 

and fluidic properties. Their low melting points, unique surface behaviours, and oxidation 

characteristics make them highly versatile for applications in functional electronics, 

flexible devices, and 2D material synthesis. The following sections explore the 
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fundamental origins of their low melting points, the distinct surface phenomena that 

enable novel applications, and the role of surface oxidation in 2D material synthesis.   

The melting points of metals are influenced by multiple factors, including valence 

electron delocalization, ionization extent, and crystal structure in the solid state. 117  

Metals with pseudo-noble gas configurations, such as the group 12 elements (Zn, Cd, 

Hg), exhibit low melting and boiling points. This is due to their fully filled d and s shells, 

which reduce their tendency to form strong interatomic bonds, leading to weak metallic 

interactions. 111, 133 In contrast, post-transition metals—characterized by fully occupied d 

shells and partially filled p shells—generally display low melting points but relatively 

high boiling points, resulting in an extended liquid-state temperature range. The presence 

of unpaired p-electrons enables the formation of metallic or covalent bonds, particularly 

in lighter post-transition metals, contributing to their higher boiling points. 134, 135 

 

Figure 2.22. Liquidus phase diagram of the Ga–In–Sn system. 136 
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Gallium, a post-transition metal with the lowest melting point in its group, exhibits 

both metallic and covalent bonding in its solid phase. The crystal structure and electron 

delocalization of gallium significantly impact its melting temperature. The formation of 

eutectic alloys further reduces melting points, as observed in the Ga-In system, which has 

a eutectic point at ~16 °C with 14.2% indium concentration (figure 2.20). 116 Adding tin 

(Sn) to create a ternary alloy lowers the melting point even further (figure 2.22). 136 

Computational studies attribute this reduction to two key effects: increased atomic 

disorder from the addition of In and Sn, and localized charge density differences (figure 

2.23), where In atoms possess tightly bound, low-energy valence electrons that act as 

atomic-scale lubricants, reducing interatomic interactions within the alloy. 137 The 

solubility of metals in liquid gallium, governed by Hume–Rothery rules, further 

influences melting behaviour, requiring similar atomic diameters, crystal structures, 

valencies, and electronegativities for high solubility. These unique low-melting properties 

of Ga-based systems not only underscore their complex bonding behaviour but also pave 

the way for innovative applications, including the development of liquid metals and 

thermally tuneable materials. 
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.  

Figure 2.23. Electron density distribution map of Galinstan based on DFT calculations. Regions 

in red indicate high electron density, while blue areas represent low electron density. 137 

 

In addition to their tunable melting behavior, gallium-based liquid metals exhibit 

extraordinary surface phenomena that make them ideal candidates for advanced materials 

engineering and nanotechnology. Liquid metals exhibit remarkable surface phenomena, 

including atomic layering, surface segregation, and surface freezing, which have 

profound implications for materials science and nanotechnology. 138, 139 While the bulk of 

liquid metals lacks both long- and short-range atomic order due to their fluid nature, their 

surfaces often display a quasi-crystalline arrangement of atoms. This surface-induced 

atomic layering, first predicted theoretically in the early 1980s, arises from the unique 

electronic structure of liquid metals and the steep variation in electron density across the 

liquid-vapor or liquid-solid interface. 124, 125, 140 Surface layering has been experimentally 

observed in various metals, including gallium and mercury, and later in alloys such as 

Ga–In, Ga–Sn, and Ga–Bi. 126, 141-145 These surface layers, typically a few nanometres 

thick, provide liquid metals with atomically flat surfaces, making them excellent 

templates for synthesizing ultrathin 2D materials. Notably, de Vries et al. demonstrated 
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that the phenomenon persists even when liquid metals, such as gallium, are in contact 

with solid surfaces, including the (111) surface of diamond, not only when in contact with 

vapor. This property has been instrumental in advancing the use of liquid metals as 

templates for 2D material fabrication. 146 

In addition to atomic layering, liquid metal alloys exhibit surface segregation, a 

phenomenon where elements with lower surface energy concentrate at the surface, 

leading to distinct compositional gradients between the surface and the bulk. 139 This 

effect is particularly pronounced in alloys such as Ga–In and Ga–Sn, where the surface 

becomes enriched with indium or tin, despite their lower bulk concentrations. The 

interplay of surface segregation and atomic layering enables precise control over surface 

composition, offering novel pathways for tailoring surface chemistry in catalysis, 

electronics, and energy applications. 126, 143 Another notable phenomenon, surface 

freezing or surface crystallization, occurs in certain liquid metal alloys at temperatures 

slightly above their melting points. In this state, a solid crystalline layer forms on the 

liquid metal’s surface, as observed in eutectic Au-Si alloys through grazing incidence X-

ray diffraction measurements. 138  

Together, these surface phenomena—atomic layering, surface segregation, and 

surface freezing—highlight the exceptional properties of liquid metals and their alloys. 

These unique characteristics enable their use in advanced applications, including the 

templating of atomically precise materials, the synthesis of ultrathin structures, and the 

creation of compositional gradients or crystalline surface layers. 

2.4.3.3. Surface Oxidation of Liquid Metals for 2D Material Synthesis 

Surface oxidation of liquid metals provides a versatile and innovative approach 

for synthesizing 2D materials. 122 The unique properties of liquid metals—including their 

fluidity, minimal interfacial energy, and ability to form atomically smooth surfaces—



48 
 

facilitate the clean exfoliation of ultrathin oxide films without compromising structural 

integrity. By controlling reaction conditions and alloy compositions, this method enables 

tuneable synthesis, opening new possibilities in materials science.  

 

Figure 2.24. Spherical models illustrating the oxidation process of a metal particle in an oxidizing 

environment. 147 

 

Liquid metals are highly reactive and rapidly oxidize upon exposure to ambient 

oxygen, a property extensively utilized for fabricating 2D metal oxides. 122 The oxidation 

behaviour typically involves a rapid initial rate that diminishes over time, forming a stable 

oxide layer. This behaviour aligns with the Cabrera-Mott model, which describes how an 

electrostatic potential (Mott potential) forms between the oxide-metal and oxygen-oxide 

interfaces (Figure 2.24). 147, 148 This potential facilitates the diffusion of metal ions 

through the oxide layer, promoting growth until a self-limiting thickness is reached. The 

relationship between oxidation time and oxide thickness follows the equation 1/X = A-B 

˟ ln t, where X is the oxide thickness, t is oxidation time, and A and B are constants. 147 

While this process is often described as ‘self-limiting,’ it is more accurately characterized 

as kinetically limited by the Cabrera–Mott mechanism, in which oxide growth slows 

dramatically and effectively saturates under ambient conditions. Though some minimal 

continued growth may occur over long timescales, the rate becomes negligible for most 
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practical purposes. This self-limiting oxidation behaviour underpins the synthesis of 

ultrathin, uniform 2D metal oxides such as Ga2O3, PbO, and ZnO (Figure 2.25). 149-151 

 

Figure 2.25. Controlled oxide surface layer growth on liquid metal for 2D metal oxide deposition 

(Ga2O3 and ZnO). (A) A large-area amorphous 2D Ga2O3 layer deposited on a 2-inch Si-SiO2 

substrate. (B) Atomic model schematic illustrating the structural transition of the amorphous 2D 

Ga2O3 layer into crystalline 2D β-Ga2O3 through thermal annealing. (C) High-resolution TEM 

image of the 2D crystalline Ga2O3, with an inset showing the corresponding SAED pattern. (D) 

Optical microscopy image of a uniform, millimeter-scale ZnO sheet deposited on a Si-SiO2 wafer 

(scale bar: 100 µm). (E) AFM image of a 0.6-nm-thick ZnO sheet (scale bar: 500 nm).  (F) AFM 

image of a 1.1-nm-thick ZnO sheet (scale bar: 4 µm). (G) TEM image of a ZnO sheet, highlighting 

its preferred growth direction in the wurtzite phase (scale bar: 1 nm). 150, 151 

 

While the Cabrera-Mott model applies to many liquid metals, others-such as Sn, 

In, and Bi-do not follow Cabrera-Mott kinetics and exhibit continuous oxidation, leading 
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to porous or unstable oxide layers that grow continuously and leading to thicker, non-

uniform oxide layers. For instance, molten tin exposed to air undergoes progressive 

oxidation, forming a sequence of tin oxides (SnO, SnO2, Sn2O3, Sn3O4). The oxidation 

process influences the resulting oxide layer’s color, composition, and morphology (Figure 

2.26 A-E). By adjusting oxygen concentrations to 10–100 ppm, it is possible to 

reproducibly deposit monolayer SnO films over large areas (Figure 2.26 F-I). 152-154  

 

Figure 2.26. (A) Schematic representation of tin oxide layers with varying thickness, morphology, 

and color, formed by exposing molten tin to ambient air for different durations. (B-E) TEM 

images of fresh, yellow, pink, and grey tin oxides synthesized at different reaction times. (F) TEM 

image of a nanosheet produced in a continuously purged glovebox (N2 atmosphere, with O2 

concentration typically between 10 and 100 ppm). (G) TEM image of a freestanding edge of a tin 

oxide nanosheet. (H) High-resolution TEM image of a sample synthesized under reduced oxygen 

conditions, with an inset displaying the Fast Fourier Transform (FFT) image indexed to SnO. (I) 

AFM image of tin oxide grown under reduced oxygen conditions, showing step heights of 1.1 nm 

(red line) and 0.4 nm (blue line). 152, 154  

Liquid metal alloys introduce additional versatility through selective oxidation, 

governed by thermodynamic principles. The surface oxide of an alloy is dominated by 



51 
 

the metal oxide with the lowest Gibbs free energy of oxidation. 18 For example, in gallium-

based eutectic alloys like EGaIn and Galinstan, the surface is predominantly covered by 

Ga2O3 due to gallium's high reactivity. This allows for the deposition of high purity 2D 

Ga2O3. 155 

For alloys containing metals with comparable reactivity, oxidation can lead to 

mixed oxides or compositions influenced by surface energy effects. Notably, alloying 

gallium with high-melting-point metals like Al, Gd, or Hf enables the synthesis of 

ultrathin Al2O3, Gd2O3, and HfO2. These oxides, with thicknesses ranging from 0.5 to 1.1 

nm, extend 2D material synthesis to non-layered structures materials (Figure 2.27). 18 

 

Figure 2.27. (A) Gibbs free energy of formation for selected metal oxides, with those to the right 

of the red dashed line likely to dominate the surface of gallium-based liquid metals. (B) Cross-

sectional schematic of a liquid metal droplet, depicting the possible crystal structures of ultrathin 

HfO2, Al2O3, and Gd2O3 layers. (C) TEM images, high-resolution TEM images, and 

corresponding SAED patterns of Ga2O3, HfO2, Al2O3, and Gd2O3 nanosheets formed via liquid 

alloy oxidation. 18 
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Beyond oxides, exposing liquid metals to other reactive gases, such as hydrogen 

sulfide (H2S), facilitates the synthesis of 2D metal sulfides, demonstrating the method’s 

adaptability across diverse material classes. The oxide layer can be exfoliated and 

transferred onto substrates using techniques such as touch printing or squeeze printing. 

These methods rely on the weak van der Waals forces at the oxide-metal interface, 

allowing clean separation and preserving structural integrity. Touch printing involves 

briefly contacting the oxide surface with a substrate, enabling uniform transfer over large 

areas. Alternatively, Bubbling and sonication can be used to produce high-yield 

nanoflakes with smaller lateral dimensions. 18, 156 For ternary oxides like indium-tin 

oxides (ITOs), competitive oxidation of indium-tin alloys yields transparent, conductive 

films suitable for flexible substrates. The touch-printing method has also been adapted to 

produce such complex oxides, showcasing its versatility in synthesizing both binary and 

ternary 2D materials with exceptional control over thickness and uniformity. 

The surface oxidation of liquid metals presents a scalable and innovative method 

for synthesizing high-quality 2D materials with exceptional uniformity and tuneable 

thickness, overcoming previous challenges in fabricating high-melting-point oxides. This 

approach enables precise thickness control through self-limiting growth, facilitates high-

purity material deposition via selective oxidation, and supports large-area production 

using scalable exfoliation techniques. Furthermore, its compatibility with diverse 

chemistries beyond oxides expands its potential applications. These advantages position 

liquid metal oxidation as a foundational technique for next-generation materials in 

electronics, optoelectronics, catalysis, and energy storage, driving transformative 

advancements in nanoscale science and technology. 
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In summary, this chapter has outlined the fundamental properties and recent 

developments in β-Ga2O3, ZnGa2O4, and β-(AlxGa1-x)2O3 alloys, including their crystal 

structures, optical behavior, and photocatalytic potential. The review highlights the 

significance of intrinsic and extrinsic defects, cation disorder, and compositional tuning 

in governing their performance across various applications. Additionally, the emergence 

of liquid-metal-based synthesis methods offers a low-temperature, scalable pathway for 

fabricating ultrathin oxide semiconductors with controlled properties. The insights from 

this chapter provide a critical foundation for understanding the motivation, methodology, 

and interpretation of the experimental studies presented in Chapters 3 and 4, which focus 

on the hydrothermal synthesis of ZnGa2O4 nanostructures and the liquid-metal-assisted 

exfoliation of Al-enriched β-(AlxGa1-x)2O3 nanosheets. 
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Chapter 3. Experimental details 

This chapter presents the experimental methodologies employed for the synthesis, 

transfer, and characterization of oxide-based nanostructures explored in this thesis. Two 

main fabrication techniques are detailed: a hydrothermal synthesis route used to grow 

stoichiometric ZnGa2O4 microplates, and a low-temperature, liquid-metal-based 

exfoliation method to produce two-dimensional (2D) β-(AlxGa1-x)2O3 nanosheets. The 

chapter also outlines the key post-synthesis treatments and photocatalytic measurements 

conducted on ZnGa2O4, as well as the environmental conditions used to control oxide 

growth on liquid Ga–Al alloys. Following the synthesis sections, a comprehensive 

overview of the characterization techniques—including Raman spectroscopy, AFM, 

XRD, SEM, and cathodoluminescence (CL)—is provided to demonstrate how the 

structural, morphological, and optical properties of the materials were evaluated. 

Together, these experimental approaches form the foundation for the results and 

discussion presented in subsequent chapters. 

3.1. Hydrothermal method 

The hydrothermal synthesis method is a widely used wet chemical technique that 

offers several advantages, including affordability and high efficiency. By allowing precise 

control over synthesis parameters such as temperature, time, and pressure, this method 

produces single crystals. It is particularly effective for creating stoichiometric ZnGa2O4 

microplates. The duration of the hydrothermal reaction significantly impacts the 

formation of nanocrystalline structures, with microplates of varying crystallite sizes being 

achieved at different reaction times. 
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3.1.1. Synthesis of ZnGa2O4 microplates  

All the chemicals were used as received without further purification. Gallium 

nitrate (Ga(NO3)3, 99.9%), zinc acetate (Zn(CH3CO2)2, 99.99%), and ethylenediamine 

(C2H4(NH2)2) were purchased from Sigma-Aldrich.  

The synthesis procedure to produce ZnGa2O4 nanoplates in this work is illustrated 

in the schematic shown in Figure 3.1. In a typical synthesis, 2 mmol of Ga(NO3)3 and 1 

mmol of Zn(CH3CO2)2 were dissolved in 26 mL of deionized water to obtain a Zn:Ga 

molar ratio of 0.5. Subsequently, an aqueous solution of ethylenediamine C2H4(NH2)2 

was added dropwise to the mixture while stirring magnetically, adjusting the pH to 12. 

This pH was selected based on previous studies that identified it as optimal for the 

formation of high-quality, single-phase ZnGa2O4. 157 The resulting solution was stirred 

continuously for 60 minutes to ensure homogeneity before being transferred to a Teflon-

lined autoclave and heated at 180 °C for up to 48 hours. The product was collected by 

centrifugation, washed with methanol, and dried under vacuum at 60 °C for 12 hours. The 

ZnGa2O4 microplates were subjected to annealing to enhance their crystallinity. The 

annealing process was conducted in an argon (Ar) atmosphere at a temperature of 800 °C. 

The temperature was increased at a rate of 5 °C per minute, and the microplates were 

maintained at this temperature for a duration of 2 hours to achieve the desired 

improvement in crystallinity.  
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Figure 3.1. Schematic illustration of the hydrothermal synthesis procedure used to fabricate 

ZnGa2O4 microplates.

3.1.2. Photocatalytic activity of ZnGa2O4 microstructures

The photocatalytic activity of ZnGa2O4 nanoplates was evaluated through the 

photodegradation of Rhodamine B (RhB) under irradiation from an Eagtac ultraviolet A 

(UVA) 12 W torch, which emits light in the 350–385 nm range with a peak intensity at 

365 nm. All photocatalytic measurements were conducted at room temperature. For 

comparison, Ga2O3 nanorods (radius ~ 0.5 µm, sourced from Sigma-Aldrich) were tested 

under identical conditions. In a typical experiment, 2 mg of ZnGa2O4 nanoplates were 

dispersed in 4 mL of a 5 μM RhB solution; this RhB concentration was chosen to provide 

absorbance below 1 for optimal light quantification using a Cary 60 UV-Vis spectrometer.

The suspension was stirred in the dark for 30 mins to establish adsorption-desorption 

equilibrium. Following the irradiation, the ZnGa2O4 photocatalyst was separated by 

centrifugation in a 4 mL glass vial and the remaining RhB concentration was measured 

by monitoring its characteristic absorption peak at 554 nm in a polystyrene cuvette using 

the UV-Vis spectrometer. To maintain consistency, a fresh RhB solution was prepared for 

each irradiation interval. The degradation rate of RhB was expressed as ln(A/A0), where 
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A is the absorbance at each time interval and A0 is the initial absorbance at the adsorption–

desorption equilibrium. The entire measurement process took 90 minutes to complete, 

with photocatalytic activity recorded every 15 minutes. 

3.2. Exfoliation of Two-Dimensional β-(AlxGa1-x)2O3 from Liquid 

Metals 

3.2.1. Introduction 

The liquid metal-based exfoliation method is a transformative approach for 

synthesizing two-dimensional (2D) nanosheets. This technique leverages the unique 

properties of liquid metals or their alloys, where selective oxidation occurs at the liquid 

metal surface, forming atomically thin oxide layers. Key parameters, such as the 

composition of the liquid metal alloy and the ratio of elements, are precisely controlled 

to achieve desired compositions and structures. This method is particularly advantageous 

for producing doped 2D materials, as the spontaneous migration of elements with lower 

Gibbs free energy of oxide formation (ΔGf) allows for efficient and selective doping.  

Unlike conventional methods, the liquid metal-based approach eliminates the 

need for high temperatures or complex, multi-step processes. It offers a one-step, low-

temperature synthesis route that enables precise control at the atomic scale, facilitating 

the production of high-quality nanosheets with tuneable properties. This method not only 

simplifies the synthesis process but also enables access to a broader range of 

compositions, making it a pivotal technique in advancing the field of 2D material 

research. 

3.2.2. Extraction and Transfer of β-(AlxGa1-x)2O3 from Liquid Metals  

All the chemicals were used as received without further purification. Gallium 

(round shots, 99.9%) was purchased from Roto metals, USA, and Aluminium (wire with 
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a diameter of 1.0 mm, 99.999%) was purchased from Thermo Fisher Scientific. 

Thermally oxidised Si substrates with a ~300 nm SiO2 layer were employed for nanosheet 

exfoliation and transfer. 

To investigate the correlation between Al concentration in the Ga–Al liquid alloy 

and the resulting nanosheet composition, Ga–Al alloys with Al concentrations ranging 

from 0.01 to 10 at% were prepared by mixing and melting high-purity Ga and Al metals 

at 250 °C in a nitrogen-filled glovebox. Once the alloy was homogenized, a small droplet 

was transferred onto a preheated Si/SiO2 substrate. A second substrate, also preheated, 

was then used to gently compress the droplet, spreading the alloy into a thin film and 

promoting surface oxidation. This process, known as squeeze printing, enabled the 

transfer of (AlxGa1-x)2O3 oxide layers from the liquid metal surface to the substrate, as 

illustrated in Figure 3.2. Layers of Ga2O3 were produced from pure liquid Ga. Sample 

preparation and nanosheet harvesting were conducted in a nitrogen glove box with an 

oxygen level maintained at 0.1 – 0.2% to regulate interfacial oxidation. This controlled 

environment facilitates the formation of an ultrathin, self-limited oxide layer on the liquid 

metal surface via the Cabrera–Mott mechanism.156 The nonpolar nature of the liquid metal 

prevents strong adhesion to the surface oxide, allowing the weakly adhering oxide layer 

to be readily transferred onto a substrate via van der Waals attractive forces. 18   
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Figure 3.2. Schematic illustration of a liquid Ga-Al droplet and the van der Waals squeeze printing 

process for the fabrication of 2D β-(AlxGa1-x)2O3 sheets on Si/SiO2 substrates. 

 

3.3. Characterisation Techniques 

A range of characterization tools and techniques was employed in this research 

for the morphological, structural, and optical analysis of the samples. The details of these 

methods are described in the subsequent sections. 

3.3.1. Raman Spectroscopy 

Confocal Raman spectroscopy was conducted in a backscattering configuration 

using a Horiba LabRAM HR Evolution Raman spectrometer to analyse the crystal 

structure of synthesized ZnGa2O4 and 2D β-(AlxGa1-x)2O3. The samples were excited with 

a 532 nm laser at room temperature, enabling detailed characterization of the vibrational 

modes and structural properties of the microplates.  
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3.3.2. Atomic force microscopy (AFM) 

Atomic Force Microscopy (AFM) is a versatile and powerful technique for 

analysing the three-dimensional surface morphology of thin films and nanostructured 

materials. Unlike other microscopy techniques, AFM does not require the material to be 

conductive, making it suitable for semiconductors, insulators, and conductive samples. 

AFM operates by measuring the interaction forces between a sharp probing tip and the 

sample surface, allowing for high-resolution imaging of topographical and structural 

features. A schematic view of the AFM setup and tip image (SEM) is shown in Figure 

3.3. 

In AFM, a sharp tip at the end of a cantilever is raster-scanned across the sample 

surface. The tip height typically ranges from 3–6 μm, with a radius smaller than 10 nm 

for precise measurements. A laser beam is focused on the back of the cantilever, and the 

reflected light is captured by a quadrant photodiode. Variations in the deflection of the 

cantilever, caused by the interatomic forces between the tip and the sample, are monitored 

and translated into detailed topographical maps. AFM can operate in various modes, 

including contact and non-contact. In contact mode, the tip maintains physical contact 

with the surface, which may cause sample degradation. In contrast, non-contact mode 

uses oscillating tips to detect Van der Waals forces without touching the surface, 

minimizing potential damage.  



61 
 

 

Figure 3.3. Schematic of a typical AFM setup. 158 

 

In this study, a Park XE7 AFM (figure 3.4) and a Nanoscope IIIa Dimension 3100 

Scanning Probe Microscope (Digital Instruments) were used to investigate the 

morphology of ZnGa2O4 microplates and 2D β-(AlxGa1-x)2O3. The non-contact mode was 

selected to ensure accurate imaging while preserving the integrity of the samples. The 

Olympus AC160TS cantilever, designed for non-contact applications, was utilized. This 

cantilever features a high resonant frequency and a backside reflective coating, ensuring 

high sensitivity and resolution. 

The analysis provided detailed insights into the surface topography, including the 

root-mean-square roughness and structural features of the samples. Software tools such 

as XEI and NanoScope Analysis were employed to process the AFM images and extract 

quantitative data. This comprehensive approach enabled precise characterization of the 

ZnGa2O4 microplates and the thickness of 2D β-(AlxGa1-x)2O3, highlighting the potential 

of AFM for studying nanoscale materials. 
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Figure 3.4. The Park XE7 AFM system was set up on a vibration-isolated optical table within the 

Microstructural Analysis Unit (MAU) at UTS. 

 

3.3.3. X-ray diffraction (XRD) 

To characterize the structures of ZnGa2O4 microplates and β-(AlxGa1-x)2O3 

materials, X-ray diffraction (XRD) analysis was performed. A Bruker D8 Discovery 

diffractometer with Cu Kα radiation (λ = 1.54 Å) and a scanning step size of 0.02° was 

used for ZnGa2O4 microplates. For the bulk and 2D β-(AlxGa1-x)2O3 materials, phase 

compositions were analyzed using a multi-purpose XRD system and an Empyrean thin-

film XRD instrument, both employing Cu Kα radiation (λ = 1.54 Å). 

3.3.4. Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a powerful technique that utilizes a 

focused beam of high-energy electrons (typically 1–30 keV) to interact with the surface 

of solid materials, resulting in the emission of various signals. These include secondary 

electrons (SE), backscattered electrons (BSE), characteristic X-rays, and 

cathodoluminescence (CL). The interaction between the electron beam and the material 

generates signals that provide detailed insights into different properties of the sample. 

Secondary electrons, with low energy (1–3 eV), are emitted from the near-surface region 
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of the sample, offering high-resolution topographical information. In contrast, 

backscattered electrons, which are higher in energy, originate from deeper within the 

material and provide compositional and crystal structure details. Characteristic X-rays, 

emitted due to the ionization of inner-shell electrons, reveal the elemental composition 

and concentration within the sample. CL, another signal generated during electron beam 

interaction, provides information on electronic transitions and the electronic structure of 

the material. Figure 3.5 illustrates the interaction of an electron beam with a material and 

the various signals generated. In this study, a Field Emission Scanning Electron 

Microscope (FESEM) system, the Zeiss Supra 55VP, was employed for high-resolution 

surface imaging of the samples. 

 

Figure 3.5. Schematic illustration of the incident electron beam, the resulting emitted electronic 

and photonic signals, and their interaction volumes within the material. 159 

 

3.3.5. Luminescence spectroscopy 

Cathodoluminescence (CL) spectroscopy is a non-invasive method frequently 

used to explore the optical and electronic characteristics of materials. This technique 

involves bombarding a material with high-energy electrons, which promotes electrons 
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from the valence band to the conduction band, leaving holes in the valence band. As the 

electrons recombine with the holes, light is emitted, which is collected to form a CL 

spectrum. CL spectra provide crucial insights into material features like defects, dopants, 

impurities, and bandgap energies. The emission mechanisms can be categorized into 

intrinsic, where recombination occurs directly between conduction band electrons and 

valence band holes, and extrinsic, which involves localized states within the bandgap, 

such as donor and acceptor levels, deep-level defects, and bound excitons. 

Figure 3.6 illustrates the various recombination processes responsible for 

cathodoluminescence (CL) emissions. The first channel shows the direct band-to-band 

transition, where an electron in the conduction band recombines with a hole in the valence 

band, producing light with energy equal to the bandgap. Channels 2, 3, and 4 encompass 

excitonic recombination— free (FX) and bound (BX)—as well as neutral donor to free 

hole recombination and the recombination of free electrons with neutral acceptors. 

Channel 5 focuses on donor-acceptor pair (DAP) transitions, while Channel 6 highlights 

internal transitions within emission centres, such as point defects, transition metals, or 

rare earth elements. Lastly, Channel 7 represents non-radiative recombination, where 

energy is released without the emission of light. These various emission processes enable 

CL to provide detailed information about a material’s electronic and luminescent 

behaviour, especially for wide bandgap semiconductors, with high spatial resolution at 

the nanoscale. 
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Figure 3. 6. Schematic of recombination channels among electrons, holes and defect states in a 

semiconductor. 160 

 

3.3.5.1. Experimental setup of cathodoluminescence 

The cathodoluminescence (CL) setup used for measuring the optical and electrical 

properties of ZnGa2O4 microstructures and 2D β-(AlxGa1-x)2O3 consists of a FEI Quanta 

200 scanning electron microscope (SEM) integrated with an Ocean Optics QE65000 

CCD array spectrometer. A schematic diagram of the experimental setup for CL is shown 

in Figure 3.7. This system includes a parabolic light collector positioned above the 

sample, optical monochromators, and a hot/cold sample stage for temperature control 

during CL spectroscopy. The high-energy electron beam, with a diameter smaller than 3 

nm, is rastered across the sample surface by the SEM’s electron beam scanning system, 

operating at variable electron energies ranging from 1 to 30 keV. 

The parabolic mirror collects the emitted light from the sample and directs it 

through an optical system to the spectrometer for analysis. The spatial resolution of CL is 

influenced by factors such as electron beam energy, beam diameter, the stopping power 

of the sample, and the recombination length of injected carriers. For highly luminous 

samples, the recombination length (L), determined by carrier lifetime and mobility (both 

temperature-dependent), defines the spatial resolution. Additionally, a Hamamatsu 

spectrometer with various grating configurations is used to obtain high-resolution spectra, 
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especially useful for fine spectral structure examination. The setup allows for sample 

characterization over a temperature range of 300 K to 10 K using liquid nitrogen, liquid 

helium, and a cold SEM stage. 

 

Figure 3.7. Schematic diagram of the experimental setup for CL. 160 

 

3.3.5.2. Cathodoluminescence Spectrum Correction  

All cathodoluminescence (CL) spectra were corrected to account for the overall 

response of the collection system, using an Oriel 63358 45W quartz tungsten halogen 

(QTH) lamp. This lamp, with a known emission intensity spectrum versus wavelength, 

was utilized to correct the intensity of the CL spectral data. The calibration of the lamp 

was performed by the National Institute of Standards and Technology (NIST) in the 

United States. The following equation was used to obtain the corrected intensity values: 

Corrected data = correction curve × measured data                                    (3.1) 

 

For high-resolution wavelength correction, atomic spectral lines from a mercury 

lamp were measured. The calibrated wavelengths were then converted into energy units 

(eV) using the equation:  

Ephoton =
1239.841856

𝜆(𝑛𝑚)
                                               (3.2) 
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The conversion of CL intensities to energy space was performed using:  

𝐼(𝑒𝑉) = 𝜆2𝐼(𝑛𝑚)                                               (3.3) 

 

This equation was then used to convert the wavelength spectra of CL/PL to their 

corresponding energy spectra.  

3.3.5.3. Power-dependent CL 

In this study, power-dependent cathodoluminescence (CL) measurements were 

conducted to examine the recombination kinetics of luminescence centres under varying 

excitation conditions. The beam current was adjusted while keeping the accelerating 

voltage constant, allowing the effect of changing excitation power on emission intensity 

to be assessed. The integrated intensity of each emission peak was calculated through 

Gaussian fitting of the spectrum. 

The relationship between the integrated CL intensity (ICL) and excitation power 

(Pb) follows a power law, expressed as: 161 

𝐼𝐶𝐿 𝛼  𝑃𝑏
𝑛                                                             (3.4) 

Here, n is a power law exponent that reveals the nature of the recombination 

process. To determine n, the logarithmic values of the integrated intensity log (ICL) and 

excitation power log (Ib) are plotted, and a linear fit is applied. The value of n indicates 

the type of recombination: n ≥ 1 162 suggests fast processes such as excitonic or band-to-

band recombination, while n < 1 163, 164 is indicative of slower processes related to deep-

level defects, which may saturate at high excitation powers due to slower recombination 

rates.  



68 
 

By analysing the power dependence of the CL intensity, we gain valuable insights 

into the dynamics of the recombination channels, differentiating between rapid band-to-

band transitions and slower defect-related recombination processes. 

3.3.5.4. Temperature-resolved CL 

Temperature-resolved cathodoluminescence (CL) measurements are employed to 

explore the origins of excitons, optical bandgaps, and defect-related luminescence in 

semiconductor materials. In this study, the CL system operates over a temperature range 

from 5 K to 600 K. For temperatures below 80 K, liquid helium is used, while 

temperatures between 80 K and 300 K are achieved using liquid nitrogen, along with two 

different thermal controllers and stages. 

Typically, as the temperature increases, the luminescence emission peaks broaden 

due to enhanced electron-phonon interactions. Conversely, at lower temperatures, the 

peaks narrow. The temperature rise leads to thermal shrinkage of the bandgap, causing a 

redshift in the emission peaks associated with free excitons and donor-bound excitons. 

During temperature-dependent CL measurements, there is a competition between bound 

and free exciton recombination. Bound excitons generally exhibit higher intensity at 

lower temperatures (below 100 K), while free excitons become more prominent at higher 

temperatures (above 100 K). 

The activation energy for excitonic or non-excitonic recombination processes can 

be determined through temperature-resolved CL analysis using the Arrhenius 

relationship: 

𝐼

𝐼0
=  

1

1+𝐶𝑒𝐸/(𝑘𝑇)                                                     (3.5)    

Where I is the intensity at temperature T, I0 is the intensity at the lowest 

temperature measured, C is a constant, E is the activation energy, and k is the Boltzmann 
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constant. This approach provides insights into the temperature-dependent behaviour of 

the luminescence centres and their associated recombination processes. 
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Chapter 4. Enhanced Luminescence and Photocatalytic 

Activity in Highly Inverted Spinel ZnGa2O4 Nanoplates  

In this chapter, a comprehensive characterization of ZnGa2O4 nanoplates 

synthesized via the hydrothermal method is presented. The focus is on investigating the 

effect of anti-site defects on the electronic and optical properties of ZnGa2O4 nanoplates, 

and how these properties correlate with the material’s photocatalytic performance in 

degrading Rhodamine B (RhB). Various characterization techniques, such as XRD, TEM, 

XPS, Raman spectroscopy, and CL, are employed to analyse these properties.   

  

4.1 Abstract  

Zinc gallate (ZnGa2O4) has recently emerged as a promising wide-bandgap 

material for light emitting and power electronic devices. This study investigates the 

impact of cation site inversion on the luminescence and photocatalytic properties of 

ZnGa2O4. High-quality nanoplates of ZnGa2O4 with pure spinel phase, lateral dimensions 

up to 10 m and thicknesses around 40 nm are synthesized via hydrothermal reaction. 

Photoemission and Raman spectroscopies reveal significant cation inversion, where Ga3+ 

ions occupy tetrahedral sites (GaZn) and Zn2+ occupy octahedral sites (ZnGa), forming anti-

site defects. The cation inversion parameters are measured as 0.36 ± 0.04 for GaZn and 

0.25 ± 0.02 for ZnGa. The nanoplates exhibit stable, bright broadband luminescence, 

featuring a UV band at 3.2 eV associated with self-trapped holes and three visible bands 

attributed to defects. These optical measurements provide crucial insight into the nature 

and role of defect states, which are key to understanding and enhancing photocatalytic 

activity. Furthermore, the ZnGa2O4 nanoplates demonstrate superior photocatalytic 

efficiency in degrading Rhodamine B (RhB) under ultraviolet A (UVA) irradiation 
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compared to Ga2O3. Band structure analysis reveals strong tail states extending the 

valence and conduction band edges of Ga2O3, reducing the bandgap to 3.9 eV and 

facilitating hydroxyl radical production for enhanced photocatalysis. 

Keywords: spinel ZnGa2O4; cation inversion; photoemission; broadband phosphor; 

photocatalysis 

4.2. Introduction 

Ga2O3 and its alloys are gaining considerable attention for applications in power 

electronics, deep ultraviolet (UV) optoelectronics and phosphors due to their wide 

bandgap, high critical breakdown fields and intrinsic radiation hardness.165, 166 Among 

these alloys, zinc gallate (ZnGa2O4) stands out as it exhibits a bright, multi-wavelength 

emission, along with high chemical and structural stability under electron beam 

irradiation, making it an promising candidate for color displays and photocatalysis.58, 167, 

168 Recent experimental studies have shown that thin films of ZnGa2O4 can be switched 

from n-type to p-type conductivity with a hole concentration up to 1015 cm-3 by adjusting 

the relative concentrations of Ga and Zn precursors during growth.8, 9 This is in contrast 

to monoclinic Ga2O3, which exhibits auto n-type conductivity and presents challenges for 

p-doping.7 Consequently, ZnGa2O4 offers great potential as a superior alternative to 

Ga2O3 in phosphor and electronic applications. 

In the normal spinel structure of ZnGa2O4, Zn occupies tetrahedral sites while Ga 

resides on octahedral sites. However, this spinel compound has a high degree of freedom 

in compositional design and can adopt an inverted lattice configuration, where Ga atoms 

occupy tetrahedral sites (GaZn) and Zn atoms occupy octahedral sites (ZnGa), resulting in 

anti-site defects. This inversion leads to a partially spinel inverse structure, with trivalent 

Ga3+ on tetrahedral sites acting as donors and divalent Zn2+ on octahedral sites acting as 
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acceptors. These stoichiometric defects can significantly influence the electrical and 

optical properties of ZnGa2O4, though their precise roles are not completely understood. 

Experimental studies have reported n-type conductivity in ZnGa2O4 thin films grown by 

metal-organic chemical vapour deposition (MOCVD), with electron densities up to 1019 

cm-3 – three orders of magnitude higher than in Ga2O3 – and an electron mobility of 5.3 

cm2 V−1s−1 and this unintentional doping has been attributed to both GaZn anti-site defects 

and oxygen vacancies (VO).8, 9 Theoretical calculations have shown that GaZn and its 

defect complexes possess the lowest formation energies among the native defects under 

oxygen-poor conditions,52, 167 making them the likely source of unintended n-type 

conductivity. Conversely, under oxygen-rich conditions, ZnGa and Zn vacancies (VZn) 

have the lowest formation energies and act as acceptors, compensating n-type 

conductivity.52 Consequently, engineering cation anti-site defects presents a viable self-

doping strategy for ZnGa2O4, eliminating the need for traditional dopants.  

Furthermore, defect engineering in oxides has garnered major interest as a means to 

enhance their photocatalytic performance, with VO and anti-site defects playing important 

roles.169, 170 In oxides, such as TiO2 and ZnO, these defects can induce intragap states, 

modify electron-hole recombination rates, or serve as trapping sites to improve the 

separation of photogenerated carriers.80, 170-172 In ZnGa2O4 nanostructures and junctions, 

defects particularly oxygen vacancies (VO) have been shown to play an important role in 

improving photocatalysis and hydroxyl radical generation at the surface.75, 173, 174 Anti-

site defects also play a significant role in photocatalysis, for example, Ga³⁺-doped ZnO, 

where Ga substitutes for Zn, improves photocatalytic performance due to enhanced 

charge carrier separation and increased hydroxyl radical production.82, 83 Similarly, Zn-

doped Ga₂O₃ exhibits higher photodegradation efficiency compared to undoped Ga₂O₃ 

due to the extended lifetime of trapped carriers in native defect states.84, 85 
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This work investigates the impact of anti-site defects in ZnGa2O4 on its optical and 

photocatalytic properties. The synthesized ZnGa2O4 nanoplates possess a single-phase 

spinel structure with a high concentration of anti-site defects and exhibit modified band 

tail states that enhance UVA absorption and photocatalytic efficiency. 

Cathodoluminescence (CL) analysis reveals UV emission from self-trapped holes (STHs) 

and defect-associated optical emissions, underscoring the role of anti-site defects in its 

luminescence properties. This study highlights defect engineering as a viable self-doping 

strategy, contributing to advancements in semiconductor processing and photocatalytic 

technologies. 

4.3. Results and discussion 

ZnGa2O4 nanoplates were synthesized via a hydrothermal method using a Zn:Ga 

molar ratio of 0.5. Aqueous solutions of Ga(NO3)3 and Zn(CH3CO2)2 were mixed and 

adjusted to pH 12 using ethylenediamine, then reacted in a Teflon-lined autoclave at 

180 °C for durations ranging from 6 to 48 hours. After centrifugation and drying, the as-

prepared samples were annealed in Ar at 800 °C for 2 hours to improve crystallinity. (Full 

synthesis details are provided in Chapter 3.) 

Figure 4.1a show the XRD patterns of the ZnGa2O4 nanoplates synthesized with 

hydrothermal treatment times ranging from 6 and 48 hours. The patterns closely match 

the spinel phase of ZnGa2O4, with the main diffraction peaks corresponding to the (220), 

(311), (400), (511) and (440), which are indexed to the spinel structure (JCPDS No. 38-

1240). The absence of any detectable ZnO and Ga2O3 impurity phases confirms the high 

phase purity and homogeneity of the spinel phase of the ZnGa2O4 nanoplates. The 

similarity between the XRD patterns across different reaction times indicates the 

successful formation of single-phase spinel ZnGa2O4 through hydrothermal synthesis. 
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The average crystallite size (D) of the ZnGa2O4 nanoplates is analysed using the Sherrer 

equation,175 based on the most intense (311) XRD peak obtained from standard Bragg–

Brentano geometry. The FWHM values are extracted by fitting the XRD peak with a 

Lorentzian function (Figure 4.1b). The (311) peak is shifted to a higher 2 angle for 48 

hours reaction time, indicating a reduction in the lattice parameter. The lattice parameter 

a is determined to be 0.8290, 0.8281, 0.8292, and 0.8254 nm for the 6, 12, 24, and 48 

hours reaction times, respectively, using the d311 spacing. 176 This reduction likely arises 

from the substitution of a large Zn²⁺ ions with smaller Ga³⁺ ions in the lattice. Figure 4.1c 

presents the FWHM values and corresponding crystallite sizes for the synthesized 

nanoplates, showing that the crystallite size increased to 34 nm at 24 hours, followed by 

a decrease to 28 nm at 48 hours, likely due to the material redissolution under prolonged 

reaction conditions.177 The dependence of crystallite size on hydrothermal reaction time 

has been attributed to the crystallization process of spinel microstructures.178 The 

ZnGa2O4 nanoplates synthesized at a reaction time of 24 hours, which exhibit the sharpest 

XRD peaks and the largest crystallite size of 34 ± 3 nm, were selected for further analysis. 

Their high crystalline quality is essential for investigating the impact of cation site 

inversion on the luminescence and photocatalytic properties of ZnGa2O4, as crystallinity 

could influence carrier kinetics and defect-related luminescence emission. It is noted that 

the calculated crystallite size refers to the coherent domain size along the [311] direction 

and not to the lateral dimensions of the nanoplates. 
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Figure 4.1. (a) XRD patterns of ZnGa2O4 nanoplates synthesized at different hydrothermal 

reaction times (6 and 48 hours). (b) Symmetrical (311) XRD profile of the ZnGa2O4 nanoplates 

synthesized for a hydrothermal reaction time at 6, 12, 24, and 48 hours. Lorentzian fitting of the 

profiles provides integral peak widths (β), revealing the narrowest profile and highest crystallinity 

at 24 hours. (c) Variations of the FWHM of the (311) peak and the crystallite size as a function 

of reaction time, showing that the largest crystallite size of 34 ± 3 nm is achieved after 24 hours.  
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The SEM and AFM images in Figure 4.2a, b show that the synthesized ZnGa2O4 

nanoplates have lateral dimensions ranging from 1 to 10 µm and thicknesses between 40 

and 50 nm, with a roughness of 3.2 nm measured over an area of 5 × 5 µm2. TEM and 

SAED analyses reveal the highly crystalline nature of the nanoplates. The bright field 

TEM image in Figure 4.2c shows that the nanoplate is comprised of aligned, overlapping 

platelets with diameters between 200 to 1000 nm. The accompanying SAED pattern 

displays Bragg spots indexed to the spinel structure with the Fd3m space group and a unit 

cell parameter of 0.82 nm. This value slightly smaller than the reported value of 0.8335 

nm for normal spinel ZnGa2O4, likely due to the substitution of Zn²⁺ ions with smaller 

Ga³⁺ ions in the lattice.179 The HRTEM images in Figure 4.2d reveal lattice spacings of 

0.29 and 0.25 nm, corresponding to the (220) and (311) planes of spinel ZnGa2O4, 

respectively. The EDX spectrum in Figure 4.2e confirms the presence of Zn, Ga and O in 

the nanoplates, with no detectable impurities. Quantitative EDX microanalysis suggests 

a Zn deficiency of up to 15 at%, likely due to the higher volatility of Zn compared to Ga 

during growth, consistent with previous studies.180, 181 The Raman spectrum in Figure 4.2f 

displays two dominant peaks at 415 and 345 cm-1, corresponding to A2u and Eg modes of 

cubic spinel ZnGa2O4, respectively.182 Additionally, the peaks at 474 and 608 cm-1 have 

been attributed to the T2g modes, while the broad peak at 710 cm-1 is associated with the 

A1g mode.183, 184 Notably, the observed peaks at 628, 653 and 765 cm-1, which are absent 

in the normal ZnGa2O4 spinel structure,185 have been previously reported and assigned to 

the stretching and bending modes of GaO4 tetrahedra.186-188 The observed Raman peaks 

associated with GaO4 tetrahedra provide strong evidence of Ga3+ ions occupying 

tetrahedral sites, indicating a partially inverted spinel structure in the ZnGa2O4 nanoplates. 

The A₂ᵤ mode, which is typically silent in Raman spectroscopy, becomes active due to 
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local symmetry breaking induced by antisite defects, resulting in its observation in the 

spectrum.189 These high-frequency Raman peaks are tentatively assigned to Ga3+ ions 

occupying Zn tetrahedral sites. This inversion, a common phenomenon in spinel 

compounds, occurs when Ga3+ occupies both tetrahedral and octahedral lattice sites and 

ZnGa2O4 is known to accommodate on ordered structure with an inversion parameter of 

up to 0.3.190  
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Figure 4.2. (a, b) SEM and AFM images of ZnGa2O4 nanoplates synthesized after 24 hours 

hydrothermal reaction, displaying lateral sizes between 1 to 5 m. The inset in (b) shows the AFM 

height profile along the line in the image, revealing a thickness of 40 ± 4 nm. (c, d) Low- and 

high-resolution TEM images of a nanoplate and corresponding SAED pattern along the [-112] 
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zone axis. The two HRTEM images show lattice fringes for the (220) and (311) planes, with 

respective lattice spacings of 0.29 and 0.25 nm, confirming the single crystalline nature. (e) EDX 

spectrum (Ebeam = 20 kV) showing characteristic X-ray emissions of Zn, Ga and O, with the Zn 

and Ga atomic percentages calculated from 15 samples. (f) Raman spectrum, showing vibrational 

modes of spinel ZnGa2O4, with three additional peaks at 629, 654 and 765 cm-1 attributed to anti-

site defects.    

 

Figure 4.3a, b presents the XPS spectra of Zn 2p and Ga 3d core levels for the 

ZnGa2O4 nanoplates. Both spectra exhibit asymmetrically broadened peaks towards the 

high binding energy side, suggesting that Zn2+ and Ga3+ ions occupy more than one of the 

available coordination sites. The Zn 2p spectrum is deconvoluted into two sets of doublets 

corresponding to Zn ions on the tetrahedral (ZnO4) and octahedral (ZnO6) sites, with Zn 

2p3/2 peaks located at 1021.9 eV and 1023.9 eV, respectively, as shown in Figure 4.3a. 

The spin-orbit splitting of Zn 2p3/2 and 2p1/2 is kept constant at 23.1 eV for both sites 

during the fitting process. Similarly, the Ga 3d spectrum is deconvoluted into four peaks 

corresponding to Ga 3d3/2 and 3d5/2 at octahedral and tetrahedral sites, with the main Ga 

3d3/2 peak located at 20.9 and 22.6 eV. The obtained binding energies align well with 

previously reported values.9, 191 Peak fitting analysis yields cation inversion parameters 

(defined as the fraction of divalent cations on octahedral sites or trivalent cation on 

tetrahedral sites) of 0.25 ± 0.02 for Zn2+ and 0.36 ± 0.04 for Ga3+ ions. The lower inversion 

parameter for Zn2+ is consistent with the Zn deficiency observed in the EDX 

microanalysis. The O 1s and valence band (VB) spectra of the nanoplates are shown in 

Figure 4.3c, d. The O 1s spectrum which is acquired at a photon energy of 1486.6 eV, is 

deconvoluted into three peaks, representing lattice O2– ions at a binding energy of 530.6 

eV, O2- ions with a nearby VO at 532.1 eV, and surface hydroxyl groups (-OH) groups at 

533.0 eV.192 The deconvolution indicates that high concentrations of VO and surface -OH, 
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as expected for solution-processed nanoplates. The valence band of these nanoplates 

resolved into three Gaussian peaks, which can be attributed to pure O 2p states (peak I), 

hydridized O 2p and Zn 3d (peak II), and hydridized O 2p and Ga 3d (peak III). A linear 

extrapolation of the valence band spectrum reveals that the Fermi level is located at 2.4 eV 

above the valence band edge.   
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Figure 4.3. XPS spectra of (a) Zn 2p and (b) Ga 3d for the ZnGa2O4 nanoplates. The Zn 2p doublet 

is deconvoluted into four Gaussian peaks, corresponding to the 2p1/2 and 2p3/2 levels of Zn atoms 

occupying the tetrahedral and octahedral sites. Similarly, the Ga 3d spectrum is fitted with four 

components representing the Ga 3d3/2 and 3d5/2 levels for Ga atoms at octahedral and tetrahedral 

sites. The Ga 3d spectrum partially overlaps with the O 2s signal. (c) O 1s spectrum of the 

synthesized ZnGa2O4 nanoplates is fitted using a Shirley background and three peaks 
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corresponding to three different chemical states of oxygen: lattice O2– ions, O2- with a nearby 

oxygen vacancy (VO) and surface hydroxyl groups (-OH). (d) a linear extrapolation of the valence 

band spectrum reveals that the Fermi level is located at 2.4 eV above the valence band edge.  

 

NEXAFS spectra of ZnGa2O4 and Ga2O3 collected in TEY mode illustrated in 

Figure 4.4 revealing unoccupied electronic states in the CB. In the Ga L3-edge spectrum 

of Ga2O3 (figure 4.4a), absorption peaks are observed at 1119.6 eV (Ga1), 1121.9 eV (Ga2) 

and 1124.0 eV (Ga3), corresponding to Ga 4s, 3d, and 4p states hybridized with oxygen. 

193 For ZnGa2O4, these peaks broaden and shift to lower energies due to structural disorder 

caused by the substitution of trivalent Ga3+ for divalent Zn2+, resulting in a ~0.4 eV 

downward shift of the CB edge compared to Ga2O3. In the O K-edge spectrum (Figure 

4.4b), both materials exhibit a peak at 535.4 eV (peak O1), assigned to antibonding 

orbitals from by the hybridization of O 2p states with Ga 4s and Zn 4s states. The peaks 

between 539.4 eV and 548.3 eV (O2 to O4) correspond to O 2p orbitals hybridized with 

Ga and Zn orbitals. 194, 195 The peak intensities vary significantly between the two 

materials due to differing oxygen coordination in monoclinic Ga2O3 and spinel ZnGa2O4. 

Notably, the O-derived CB edge of ZnGa2O4 also shifts to a lower energy by ~0.5 eV, 

similar to the Ga spectra. Finally, the Zn L3-edge spectrum (Figure 4.4c) display four 

peaks at 1023.5, 1026.3, 1032.3 and 1036.1 eV, corresponding to unoccupied Zn s- and 

d-derived states. 195 
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Figure 4.4. NEXAFS spectra of (a) Ga L3-edge, (b) O K-edge and (c) Zn L3-edge collected in 

TEY mode for ZnGa2O4 and Ga2O3, revealing unoccupied electronic states in the CB. 
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The optical properties of the ZnGa2O4 nanoplates are investigated using UV-Vis 

optical absorption spectroscopy (Figure 4.5a). The nanoplates exhibit high transparency 

in the UV and visible regions, with a sharp absorption edge at ~ 320 nm. A Tauc analysis 

yields a bandgap of 3.9 ± 0.1 eV. The luminescence properties of the spinel ZnGa2O4 

nanoplates are further investigated by temperature-resolved CL microanalysis as 

presented in Figure 4.5b-d. The 24-hour nanoplates were chosen for these analyses 

because its highest crystallinity. The spectra reveal a distinct intrinsic UV peak at 3.2 eV 

and an asymmetric, broad visible band centred around 2.26 eV, composed of three 

overlapping defect-related luminescence peaks. In ZnGa2O4, holes can be spontaneously 

self-trapped and recombine radiatively, producing the broad UV emission band, which 

aligns well with density functional theory (DFT) calculations.52, 167 The visible band is 

attributed to three emission peaks arising from radiative recombination channels 

involving VO, VZn and anti-site defects.167  

The CL spectra are deconvoluted into four peaks, using reported peak positions 

from the literature. 66, 191, 196 Fitting the UV peak with a Gaussian function yields EUV = 

3.2 eV and FWHMUV = 0.76 eV as depicted in Figure 4.5c. This large FWHM for the UV 

peak is expected since the hole-trapped polaron state is strongly coupled to the lattice, 

resulting in a broad Gaussian line shape. The green 2.25 eV band at 80 K is fitted with 

three defect-related Gaussian-like peaks: red luminescence (ERL = 1.75 eV, FWHM = 0.60 

eV) and yellow (EYL = 2.07 eV; FWHM = 0.6 eV) and green luminescence (EGL = 2.32 

eV; FWHM = 0.67 eV). The broad FWHM of these bands is a common characteristic of 

defect-related emissions due to their strong electron-phonon coupling with the lattice. The 

dominant GL emission has been ascribed to GaZn,191 consistent with the high degree of 

Ga inversion in the nanoplates. The RL band has been attributed to VO defects in the GaO6 

octahedron, resulted from the migration of the O atom from its lattice site,197 as it emerged 
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after annealing at ~ 800 oC.191, 198 This assignment for the RL consistent with our XPS 

results, which reveal a high concentration of VO defects in the annealed nanoplates.  

Arrhenius analysis of the UV, GL, YL and RL emission band intensities versus 

temperature is performed to determine the thermal activation energy of their electronic 

transitions as illustrated in Figure 4.5d. The presence of two distinct linear temperature 

ranges spanning from 80 to 160 K and 160 to 280 K for both YL and UV bands indicates 

the existence of two separate activation processes. Activation energies are obtained by 

fitting straight lines to each of the linear regions over the lower and upper temperature 

ranges, and the results are summarized in Table 4.1. The weak temperature dependence 

of the RL suggests that this emission is associated with a phonon-assisted excitation of 

the GaO6 site.198 The temperature profiles of the defect-related YL and GL are completely 

different, confirming they originate from different electronic transitions. Notably, the YL 

and UV bands above 160 K, as well as the GL band over the entire temperature range, 

exhibit remarkably similar activation energies of 10 ± 2 meV, which is comparable with 

the value estimated for the charge carrier activation in the electrical conduction of 

ZnGa2O4 thin films.8 This similarity suggests that optical transitions in the ZnGa2O4 

nanoplates are mediated by a shallow electronic state, likely associated with GaZn donors 

that act as a competitive recombination center.  
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Figure 4.5. (a) Optical transmission spectrum of the synthesized ZnGa2O4 nanoplates showing 

transmission of ~ 75% at wavelengths below 390 nm. Inset presents the Tauc plot indicating a 

bandgap Eg = 3.9 ± 0.1 eV. (b) Temperature-resolved CL spectra of the ZnGa2O4 nanoplates over 

the temperature range from 80 K to 280 K. (c) Typical CL spectrum resolved into four Gaussian 

peaks centred at 1.8, 2.1, 2.3, and 3.2 eV, which represent RL, YL, GL, and UV emission bands, 

respectively. (d) Arrhenius plots of ln(ICL) versus 1000/K and linear analysis for the four emission 

bands, yielding the thermal activation energies (Ea) displayed within the graph.  

 

Table 4. 1. Activation energies derived from the Arrhenius analysis of the integrated peak 

intensities for RL, YL, GL, and UV luminescence bands. 

Peak 
Activation energy (meV) 

Below 160 K Above 160 K 

RL 1.8 eV 4.3 ± 0.2 

YL 2.1 eV 16.6 ± 2.4 10.3 ± 1.2 

GL 2.3 eV 10.9 ± 0.9 

UV 3.2 eV 21.5 ± 3.5 10.2 ± 1.5 

 Carrier recombination kinetics of the ZnGa2O4 nanoplates is further investigated 

using excitation power-dependent CL analysis (Figure 4.6). Here, the CL peak intensities 
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are measured as a function of e-beam current, which is increased from 0.15 to 29.4 nA, 

while the beam energy (EB = 25 keV) remained constant. No noticeable changes in the 

peak positions and spectral shape of all four emissions were observed, indicating that the 

nanoplates are highly colour-stable phosphors under electron beam irradiation. Figure 

4.6b shows the recombination kinetic behaviours of the four emission peaks in a log-log 

plot using the power-law model ICL  IB
k, where ICL and IB refer to the integrated intensity 

of an emission band and the e-beam current, respectively.160 The power law fits yield the 

exponent k between 0.59 and 0.68 (± 0.05) for the RL, YL and GL bands; these strongly 

sublinear dependences confirm these emissions originate from strongly lattice-coupled 

deep defect levels. 52, 199 Furthermore, the UV band has a sublinear dependence on 

excitation power, with k  0.71, consistent with the localized nature of the self-trapped 

holes.52 ZnGa2O4 phosphors typically exhibit emission in the UV and blue range, peaking 

in the range of 2.8 to 3.4 eV, and doping this material with transition metals such as Cr, 

Mn or Eu has been a general approach to realize full colour emission in the visible 

range.200-202 This work demonstrates that strong, broadband emission from red to green 

in ZnGa2O4 can be achieved by engineering anti-site defects without the utilization of a 

dopant.  
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Figure 4.6. (a) Excitation power-resolved CL spectra for the ZnGa2O4 nanoplates acquired at VB 

= 25 keV, IB = 0.15 – 29.4 nA. (b) Analysis of the integrated peak intensities of the four fitted 

bands using the power-law model (ICL  IB
k). Dashed lines are power law fits to the data, which 

yields the exponent value k between 0.59 and 0.71 (± 0.05). Carrier recombination involving 

self- trapped holes and deep levels, such as free-to-bound transitions, typically shows sublinear 

relationship with excitation power with k < 1 due to their strong lattice coupling 199. This result is 

consistent with theoretical assignments of the UV to self-trapped holes and visible bands to deep 

defect levels in ZnGa2O4. 52
 

 

The photocatalytic activities of ZnGa2O4 and Ga2O3 are evaluated by monitoring 

the photodegradation of RhB under UVA light (Figures 4.7 and Figure 4.8). The control 

experiment, conducted with RhB in the absence of a photocatalyst, shows minimal 

spectral changes, indicating weak photo-dissociation of RhB under UVA irradiation alone 

[Figure 4.7a].75 In contrast, the ZnGa2O4 nanoplates exhibit substantial photocatalytic 

performance, reducing the RhB concentration by 91% after 90 minutes (figure 4.8a). 

During the degradation process, a blueshift in the absorbance peak was observed and the 

color of the RhB solution gradually changed from pink to colorless (Figure 4.7c). This 

transformation can be attributed to the formation of degradation intermediates with 

different optical properties and the cleavage of the conjugated chromophore structure of 
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RhB during photocatalysis.203 The degradation kinetics follow a first-order reaction 

behavior, with the rate constant k is calculated using the rate law, ln (At/Ao) = -kt. The rate 

constant for ZnGa2O4 is determined to be k = 0.026 min⁻¹, significantly higher than the 

control experiment (k = 0.002 min⁻¹) and for Ga2O3 (k = 0.016 min⁻¹), highlighting the 

higher photocatalytic efficiency of ZnGa2O4. The k value for the ZnGa2O4 nanosheets is 

comparable to previously reported values of ~ 0.03 min-1 under UV light irradiation.204, 

205
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Figure 4.7. (a) Absorption spectra of a 5 M RhB solution under UVA irradiation without a 

photocatalyst at various time intervals. While no spectral shift is observed, there is a slight 

decrease in the characteristic absorption peak at 554 nm, indicating minimal photodegradation of 

RhB. (b) Absorption spectra of the RhB solution in the presence of Ga2O3 photocatalysts, showing 

a gradual redshift with irradiation time and a photocatalytic degradation effect. (c) discoloration 

of the RhB solution as a function of UV irradiation time in the presence of ZnGa2O4 nanoplates.
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To investigate the impact of the structural disorder in ZnGa2O4 on its electronic 

structure and photocatalytic activity, we analyze the band structures of ZnGa2O4 and 

Ga2O3 based on the their valence band and O K-edge NEXAFS spectra [Figure 4.8(c)]. 

Detailed analysis of the unoccupied electronic states of the ZnGa2O4 CB is provided in 

Figure 4.4. In Figure 4.8c, the NEXAFS spectra are normalized and aligned according to 

with the experimentally measured bandgaps (3.9 eV for ZnGa2O4 and 4.8 eV for 

Ga2O3).206, 207 The zero eV point on the common axis, aligned with the Fermi level EF, is 

determined from the VB photoemission measurement. Near EF level, two distinct CB 

peaks and one VB peak are observed, with comparable positions for ZnGa2O4 and Ga2O3. 

However, ZnGa2O4 exhibit pronounced band tailing, extending the CB edge closer to the 

EF. This band tailing is attributed to the high densities of GaZn and VO defects as revealed 

by the CL characterization results, which create a continuum that merges with the CB, 

contributing the Urbach energy. It is known that the Urbach energy plays a crucial role in 

enhancing the photocatalytic activity by facilitating the generation of trapped electrons 

and holes as well as increasing optical absorption through band-to-tail and tail-to-tail 

transitions.208 During the degradation process, RhB is oxidized directly by holes in the 

VB, while highly reactive hydroxyl radicals (•OH) are generated either through water 

decomposition or the reaction of holes with hydroxyl groups (OH-).84, 208 Simultaneously, 

photogenerated electrons strongly interact with O2, leading to the formation of superoxide 

radicals (•O2
⁻).84 The •OH and •O2

⁻ radicals drive the oxidative degradation of RhB, 

breaking it into smaller intermediates and sustaining the process until the complete 

mineralization of RhB into CO2 and H2O.205 Both VO and ZnGa are deep-level defects and 

can act as electron acceptors during photocatalytic degradation, temporarily trapping 

electrons, which further suppresses electron-hole recombination and improves 

photocatalytic efficiency. Moreover, the significant defect-induced band tailing in the 
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ZnGa2O4 nanoplates enhances light absorption and photocatalytic activity in the UVA 

region. The improved separation of photogenerated electrons and holes, coupled with the 

broader light absorption range, ultimately leads to the superior photocatalytic 

performance of the ZnGa2O4 nanoplates. 

Figure 4.8. (a) Absorption spectra of a 5 M RhB solution with ZnGa2O4 photocatalysts at various 

UV irradiation times between 0 and 90 minutes. (b) Degradation kinetics of RhB in the presence 

of ZnGa2O4 and Ga2O3, compared with the control experiment (absence of photocatalysts). (c) 

Band structures of ZnGa2O4 and Ga2O3 derived from valence band photoelectron and O K-edge 

NEXAFS spectra, presented on a common energy axis.

4.4. Conclusions

In summary, ZnGa2O4 have been successfully fabricated using a hydrothermal growth 

method, and post-growth annealing resulted in highly crystalline quality, pure spinel-

phase nanoplates. Photoemission and Raman spectroscopy reveal the presence of both 
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octahedral Zn2+ and tetrahedral Ga3+, leading to a partially inverse spinel structure with a 

cation inversion parameter up to 0.36. The ZnGa2O4 nanoplates exhibit stable and bright 

broadband luminescence over the UV and visible ranges, characterized by four emission 

bands: UV, green, yellow and red. The activation energy of the UV emission, associated 

with self-trapped holes, is determined to be 10 ± 2 meV. This energy value aligns with the 

defect-related green and yellow emissions, indicating that optical transitions in the inverse 

ZnGa2O4 structure are mediated by a shallow electronic state, likely associated with anti-

site GaZn. These results highlight the role of spinel cation site inversion in the optical 

properties of ZnGa2O4 phosphors. The superior photocatalytic performance of ZnGa2O4 

nanoplates, compared to Ga2O3, in the photodegradation of RhB under UVA irradiation 

is primarily due to the formation of Urbach energy induced by high densities of GaZn and 

ZnGa defects. These defects enhance the UVA light absorption and improve charge carrier 

generation, thereby improving photocatalytic efficiency. These findings underscore 

defect engineering as an effective self-doping strategy for semiconductor processing and 

photocatalytic technologies. 
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Chapter 5. Bandgap Tuning of β-(AlxGa1-x)2O3 Nanosheets via 

Liquid Metal Interface Engineering 

This chapter investigates the exfoliation of β-(AlxGa1-x)2O3 nanosheets with a high 

Al concentration using liquid metals. The focus is on engineering the bandgap of β-

(AlxGa1-x)2O3 nanosheets by controlling the concentration of Al in the exfoliated 

nanosheets. In addition, the effect of incorporating a high Al concentration in β-(AlxGa1-

x)2O3 nanosheets on their optical properties is studied. The chapter presents the use of 

various characterization techniques, such as XRD, TEM, XPS, EELS, UPS, Raman 

spectroscopy, and CL, to analyse these properties.  

 

5.1 Abstract  

Precise engineering of the electronic band structure in 2D metal oxides is essential 

for advancing optical and electronic nanodevices, yet achieving compositional control at 

the nanoscale remains challenging. Here, a low-temperature liquid metal-based synthesis 

method is used to fabricate β-(AlxGa1-x)2O3 nanosheets with tuneable composition (x = 0 

– 0.88). This approach enables selective aluminium enrichment in nanosheets while 

preserving the monoclinic crystal structure and adopting the (-201) orientation, similar to 

conventional β-Ga2O3 thin films. The synthesized nanosheets exhibit large lateral 

dimensions (> 100 m) and an average thickness of 3.2 ± 0.5 nm, making them suitable 

for nanoscale device applications. By varying the Al content from 0 to 10 at% in the liquid 

metal, the bandgap is tuned from 4.50 eV (pure β-Ga2O3) to 6.41 eV (β-(Al0.88Ga0.12)2O3). 

The β-(AlxGa1-x)2O3 nanosheets retain key -Ga2O3 characteristics, including self-trapped 

hole formation, ensuring structural and electronic integrity. The liquid metal synthesis 

method overcomes limitations of conventional deposition techniques, offering a scalable 
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approach for tailoring 2D metal oxide properties and enabling bandgap-engineered 

optoelectronic applications. 

Keywords: 2D materials; β-AlGaO; monoclinic oxide semiconductors; liquid metal 

synthesis; bandgap engineering 

 

5.2 Introduction 

Ga2O3 is an wide bandgap semiconductor with excellent chemical stability, high UV 

transparency, a large breakdown electric field, making it highly promising for high-power 

electronics, UV photodetectors and optoelectronics.4, 209, 210 Bandgap engineering plays a 

critical role in optimizing the optical and electronic properties of Ga2O3, enabling 

tuneable photodetectors, wavelength-selective optical filters and high-efficiency power 

devices.12 Expanding the bandgap range enhances device flexibility, improving 

operational efficiency and performance. One effective approach to bandgap modulation 

is making compounds of Ga2O3 together with materials such as In2O3, ZnO, Al2O3 and 

GaN.96, 211 Among these, Al2O3 (bandgap ~ 8.7 eV) is particularly advantageous due to 

the similar electronic structures of Al and Ga, which enable seamless incorporation of Al 

into the β-Ga2O3 lattice. As a result, β-(AlxGa1-x)2O3 alloys is attractive for high power 

electronics and deep UV photodetectors.212 However, conventional synthesis techniques 

for Al incorporation, such as molecular beam epitaxy (MBE) and metal-organic chemical 

vapor deposition (MOCVD), require high-temperature processing and complex vacuum-

based deposition, limiting scalability and bandgap control. The highest Al incorporation 

achieved in β-(AlxGa1-x)2O3 has been reported as ~48% via MOCVD,213 with reports of 

up to 61% in specific orientations using MBE.16, 17  
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Liquid metal-based synthesis offers an alternative route for fabricating (AlxGa1-

x)2O3. This low-temperature, vacuum-free method enables direct and efficient oxide 

formation at the liquid metal interface, allowing precise control over Al incorporation, 

even at high Al x-fraction levels, by leveraging the selective surface oxidation of liquid 

metals to form atomically thin oxides with tailored compositions.18, 155 In Ga-based liquid 

metal alloys, elements with lower Gibbs free energy of oxide formation (ΔGf) 

preferentially migrate to the surface, where they undergo spontaneous oxidation. This 

surface-directed oxidation enables the formation of ultrathin oxide nanosheets with 

tunable stoichiometry. For example, Al, Gd, and Hf exhibit strong segregation tendencies 

in Ga-based melts, forming Al2O3, Gd2O3 and HfO2, respectively.18 Similar principles 

have been used to synthesize mixed oxide systems such as indium tin oxide (ITO) and 

Ga–Sn–Zn alloys via controlled atomic ratio adjustments.132, 214, 215   

The Ga–Al binary system forms a eutectic alloy with a melting point of 424°C at 

47 wt% Al, significantly lower than pure Al (660.3°C), facilitating Al2O3 formation at the 

liquid metal surface.216 By adjusting the Ga-to-Al ratio, Ga atoms can migrate to the 

surface, enabling the formation of (AlxGa1-x)2O3 nanosheets with precisely controlled Al 

content. This method circumvents the challenges associated with high-temperature 

synthesis, providing an efficient route for bandgap engineering. Density functional theory 

(DFT) calculations predict that the monoclinic β-phase structure of (AlxGa1-x)2O3 is stable 

and energetically favourable up to 71% Al incorporation,14 while experimental studies 

reveal a strong bowing bandgap effect.217, 218 Beyond composition control, point defects 

play a crucial role in the optical and electrical properties of (AlxGa1-x)2O3 alloys. While 

defect and self-trapped hole (STH) states in Ga2O3 have been extensively studied, their 

impact in high-Al-content alloys remains largely unexplored. Understanding these Al-
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mediated transitions is essential for engineering the electronic band structure for 

optoelectronic and power electronic applications. 

 In this work, we demonstrate the liquid metal-based synthesis of large-area β-

(AlxGa1-x)2O3 nanosheets with controlled Al incorporation. The structural, electronic and 

optical properties of these nanosheets are systematically investigated, with a focus on 

bandgap modulation and defect-related optical features. Our findings provide insights 

into the scalable synthesis of 2D wide bandgap oxide semiconductors. 

5.3. Results and discussion    

The (AlxGa1-x)2O3 nanosheets were fabricated using a squeeze-printing technique, 

in which liquid Ga–Al alloys (0.01–10 at% Al) were prepared at 250 °C and compressed 

between two preheated Si/SiO2 substrates under an inert atmosphere. This process 

enabled the controlled transfer of ultrathin oxide layers formed on the liquid metal 

surface. A nitrogen-filled glovebox with O₂ levels of 0.1–0.2% was used to regulate 

surface oxidation. (Full synthesis details are provided in Chapter 3.) 

Optical microscopy confirms the uniform and continuous morphology of the 

harvested (AlxGa1-x)2O3 nanosheet (Figure 5.1a), while AFM imaging reveals a nanosheet 

thickness of 3.2 ± 0.5 nm (Figure 5.1b). These findings demonstrate the efficiency and 

reproducibility of the squeeze printing technique for fabricating (AlxGa1-x)2O3 nanosheets. 

Bright-field transmission electron microscopy (TEM) and selected area electron 

diffraction (SAED) were performed to analyze the harvested nanosheets deposited onto a 

lacy carbon grid (Figure 5.1c). The TEM image reveals the smooth, electron-transparent 

and uniform surface of (Al0.71Ga0.29)2O3 nanosheets harvested from Ga99-Al1 liquid metal. 

The corresponding SAED pattern exhibits diffuse halos without distinct diffraction spots 

or sharp rings, indicating significant structural disorder in the nanosheet and absence of 
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long-range crystallinity. This observation is consistent with the Near Edge X-ray 

Absorption Fine Structure (NEXAFS) results discussed below. Energy-dispersive X-ray 

spectroscopy (EDS) elemental mapping of the Ga L Al K and O K intensity, 

acquired using TEM at 200 kV, presented in Figures 5.1d, show a uniform distribution of 

Ga, Al, and O across the nanosheet, with a notably higher intensity of Al compared to Ga, 

confirming preferential Al incorporation in the harvested nanosheets. Figure 5.1e displays 

the Raman spectra of the harvested Ga2O3 and (Al0.71Ga0.29)2O3 nanosheets, obtained from 

pure Ga and Ga99-Al1 liquid metals, respectively. Both nanosheets exhibit broad Raman 

peaks with characteristic Ag modes.219 The (Al0.71Ga0.29)2O3 nanosheet exhibit additional 

shoulders at ~ 330 and 450 cm-1, attributed to Al-O vibrational modes,220 indicating the 

coexistence of Al-O and Ga-O bonds in the lattice. A typical X-ray diffraction (XRD) 

pattern for the β-(Al0.71Ga0.29)2O3 nanosheets is shown in Figure 5.1f. To enhance the 

XRD signal strength, three squeeze-printing cycles were performed. Diffraction peaks at 

18.4°, 37.8° and 58.9° correspond to the (-201), (-402) and (-603) crystal planes of β-

(Al0.71Ga0.29)2O3, 
221 confirm the crystalline nature of the nanosheet. Although their 

crystallinity is lower than that of MBE-grown β-(AlxGa1-x)2O3 thin films on conventional 

sapphire substrates at high temperatures (> 800 oC), as evidenced by the absence of SAED 

spots, the nanosheets retain a preferential (-201) orientation. The full width at half 

maximum (FWHM) of the (-402) peak (~ 0.55o) is much broader than in thin films, 222 

likely due to incoherent scattering in the ultrathin nanosheets. The absence of the (-401) 

peak at ~ 30o, typically associated with random oriented β-Ga2O3, 223 and the lack of 

diffraction peaks from other phases indicate a strong preference for the β-(-201) 

orientation. 
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Figure 5.1. (a) Optical image of a single squeezed β-(Al0.71Ga0.29)2O3 nanosheet from Ga99-Al1 

droplets. (b) AFM image of the nanosheet, with the inset showing a height profile indicating a 

thickness of 3.2 ± 0.5 nm. (c) Bright-field TEM image and corresponding SAED pattern of the 

nanosheet. (d) TEM image and corresponding EDS elemental maps of Ga L, Al K and O K 

X-ray intensity. (e) Raman spectra of the β-Ga2O3 and β-(Al0.71Ga0.29)2O3 nanosheets, harvested 

from pure Ga and Ga99- Al1 liquid metals, respectively. (f) XRD pattern plotted on a logarithmic 

intensity scale, showing a dominant Si (002) peak and weak β-phase diffraction peaks from the 

nanosheet, with enlarged views of the (-201) and (-402) reflections. 
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X-ray Photoelectron Spectroscopy (XPS) and Near Edge X-ray Absorption Fine 

Structure (NEXAFS) were performed to analyse the atomic composition and chemical 

states in the β-(AlxGa1-x)2O3 nanosheets. Figures 5.2a-c present the XPS spectra of Ga 2p, 

Al 2p and O 1s for the nanosheets harvested from Ga99-Al1 liquid metal. The Ga 2p3/2 and 

Ga 2p1/2 peaks at 1118.8 and 1145.3 eV, respectively, confirm the Ga3+ oxidation state for 

β-(AlxGa1-x)2O3 nanosheets.224 The Al 2p spectrum exhibits doublet peaks at 74.0 eV and 

74.3 eV, corresponding to Al2O3. 225, 226 The O 1s spectrum can be deconvoluted into two 

peaks at 532.3 eV and 530.7 eV, attributed to oxygen in the SiO2 substrate and β-(AlxGa1-

x)2O3, respectively (Figure 5.2c).153 Even when the Al content in the liquid alloy is 

increased to 10 at%, resulting in the formation of (Al0.88Ga0.12)2O3 nanosheets, there is no 

significant change in the nanosheet thickness or in the Ga and Al chemical states, as 

shown in Figure 5.3. These XPS results, along with the analysis of NEXAFS data shown 

in Figure 5-4, indicate that Al and Ga predominantly exist as Al3+ and Ga3+, respectively, 

with no detection of metallic phases, and that the nanosheets possess a disordered 

monoclinic structure without traces of α-Al2O3. 



99 
 

 

Figure 5.2. (a-c) XPS spectra of Ga 2p, Al 2p, and O 1s in the (Al0.71Ga0.29)2O3 nanosheet harvested 

from Ga99-Al1 liquid metal. (d) Variation of Al concentration in the nanosheet as a function of 

Al content in the Ga-Al droplet. Error bars represent the standard deviation from a minimum of 

five measurements.  

XPS analysis reveals strong Al enrichment in the nanosheets compared with the 

bulk liquid metal, as shown in Figure 5.2d and Table 5.1. Even a trace amount of 0.01 

at% Al in Ga99.99-Al0.01 liquid metal results in 67 at% Al, corresponding to the 

composition of (Al0.67Ga0.33)2O3. Increasing the Al concentration from 0.1 to 5 at% in the 

liquid metal leads to a steady rise of Al content in the nanosheets, reaching a plateau at 

~87% for Ga95-Al5 liquid metal. Beyond this threshold, additional Al in the liquid metal 

does not further increase Al incorporation in the oxide nanosheet, suggesting a 

thermodynamic limit to Al enrichment in the interfacial layer. This enrichment pattern 

indicates that despite its lower atomic fraction in the liquid metal, Al preferentially 
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concentrates in the interfacial oxide due to its greater thermodynamic stability (ΔGf

reduction), along with solubility and temperature effects.227 Similar behavior has been 

observed in other liquid-metal-derived 2D materials. For example, Bi2O3-doped SnO 

nanosheets exhibit higher Sn concentrations in the interfacial oxide than in the bulk Bi-

Sn alloy,132 while TeO2 dominates the oxide layer in a 5 wt% Te–95 wt% Se eutectic 

mixture due to greater exophilicity of Te.228  

Figure 5.3. (a) AFM image of a (Al0.88Ga0.12)2O3 nanosheet harvested from Ga90-Al10

liquid metal. The inset shows a height profile indicating a thickness of 3.0 ± 0.4 nm. (b-

d) XPS spectra of Ga 2p, Al 2p, and O 1s in the nanosheet. Comparing with the images 

and spectra of the nanosheets with lower Al content shown in Figures 1 and 3, no 

significant variation in nanosheet thickness or changes in the Ga and Al chemical states 

are observed in the (Al0.88Ga0.12)2O3 nanosheet. 
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Table 5.1. Composition of Ga-Al liquid alloys and the corresponding Ga and Al atomic 

percentages in the harvested oxide nanosheets as determined by XPS analysis. Standard 

deviations are based on five measurements. 

Alloy 

composition 

Oxide Nanosheet 
Oxide Nanosheet 

Ga (at%) Al (at%) 

Ga99.99-Al0.01 

Ga99-Al1 

Ga98-Al2 

Ga95-Al5 

Ga90-Al10 

33.3 ± 5.1 

29.2 ± 2.0 

33.0 ± 5.6 

12.7 ± 4.1 

12.3 ± 1.0 

66.7 ± 5.3 

70.8 ± 2.1 

67.0 ± 6.1 

87.3 ± 4.5 

87.7 ± 1.1 

(Al0.67Ga0.33)2O3 

(Al0.71Ga0.29)2O3 

(Al0.67Ga0.33)2O3 

(Al0.87Ga0.13)2O3 

(Al0.88Ga0.12)2O3 

 

Figures 5.4a-c present the NEXAFS spectra of Ga L3-edge, O K-edge and Al K-edge 

collected in TEY mode for the harvested β-(Al0.71Ga0.29)2O3 nanosheets, together with β-

Ga2O3 and -Al2O3 reference films for comparison. The Ga L3-edge NEXAFS spectra 

exhibit resonant features corresponding to electronic transitions from the Ga 2p3/2 core 

level to unoccupied Ga-derived states. In the β-Ga2O3 reference film, three well-defined 

peaks are observed at ~1119.7 eV (Ga1), 1121.9 eV (Ga2) and 1124.0 eV (Ga3), 

corresponding to transitions into Ga 4s, 3d, and 4p states hybridized with oxygen orbitals. 
193 The β-(Al0.71Ga0.29)2O3 nanosheets exhibit a more pronounced Ga1 peak, while Ga2 

and Ga3 merge into a broad peak, indicating significant structural disorder, likely due to 

Al incorporation into the 2D lattice. The O K-edge NEXAFS spectra show similar 

absorption features for both the β-(Al0.71Ga0.29)2O3 nanosheets and reference β-Ga2O3. 

The peak at 535.3 eV (O1) corresponds to hybridization of O 2p states with Ga 4s and 4p 

orbitals, while peaks between 537.7 eV and 540.8 eV (O2 and O3) arise from interactions 

with Ga and Al orbitals. 229, 230 Compared with β-Ga2O3, peaks O1 and O3 in β-

(Al0.71Ga0.29)2O3 nanosheets are significantly broader, due to the presence of both Ga-O 

and Al-O bonds. The Al K-edge NEXAFS spectra of β-(Al0.71Ga0.29)2O3 nanosheets and 

-Al2O3 provide insights into the coordination of Al atoms The spectrum of -Al2O3 

exhibits two main peaks at 1566.3 eV (Al1) and 1571.3 eV (Al2), corresponding to Al 1s 
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→ 3p transitions. 231, 232 Notably, the -Al2O3 pre-edge at ~ 1556 eV is absent in the β-

(Al0.71Ga0.29)2O3 spectrum, 233 which confirms the nanosheets do not contain any 

detectable -Al2O3 phase. The XPS results, along with the analysis of NEXAFS data 

confirm that Al and Ga predominantly exist as Al3+ and Ga2+, respectively, with no 

detection of unalloyed metallic phases, and that the nanosheets possess a monoclinic 

structure without traces of α-Al2O3. 
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Figure 5.4. NEXAFS spectra of (a) Ga L3-edge, (b) O K-edge and (c) Al K-edge collected in the 

total electron yield (TEY) mode for the harvested β-(Al0.71Ga0.29)2O3 nanosheets, shown alongside 

β-Ga2O3 and -Al2O3 reference films for comparison. 

Electron energy loss spectroscopy (EELS) was used to estimate the electronic 

bandgap (Eg) of oxide nanosheets harvested from liquid alloys with Al concentrations 

ranging from 0 to 10 at% (Figure 5.5a). Eg was determined by extrapolating linear fits to 

the intensity rise relative the background. For β-Ga2O3 nanosheets, Eg = 4.5 eV, slightly 

lower than the bulk value of 4.8 eV. As shown in the inset of Figure 5.5a, the bandgap of 

the β-(AlxGa1-x)2O3 nanosheets increases with Al concentration, in agreement with 

theoretical predictions.14 However, an anomalously low bandgap of 5.20 eV is observed 

for β-(Al0.67Ga0.33)2O3) nanosheets obtained from Ga98-Al2 liquid alloy, followed by a 

monotomic increase to 6.41 eV for β-(Al0.88Ga0.12)2O3 nanosheets obtained from Ga90-

Al10. This trend is consistent with β-(AlxGa1-x)2O3 thin films grown by MOCVD, which 

exhibit bandgap widening up to 6.1 eV at x = 0.84 due to the redistribution of Ga d 

states.234, 235 The greater bandgap widening in the β-(AlxGa1-x)2O3 nanosheets is likely 

due to quantum confinement effects.236 The work function () of the oxide nanosheets is 

extracted by applying a linear fit to the secondary electron cut-off in ultraviolet 
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photoelectron spectroscopy (UPS) spectra (Figure 5.5b),237 yielding 3.03 eV for β-Ga2O3

nanosheets. As shown in the inset of Figure 5.5b,  gradually increases to 3.29 eV for β-

(Al0.67Ga0.33)2O3 nanosheets (harvested from Ga98-Al2 liquid alloy) but decreases with 

further Al incorporation in the nanosheet. Figure 5.5c and its inset illustrate the valence 

band maximum (VBM) values, extracted from the valence band onset. The VBM for β-

Ga2O3 nanosheets is 6.20 eV below the vacuum level and gradually increases to 6.90 eV 

as the Al fraction rises from 0.67 to 0.88 in β-(AlxGa1-x)2O3 nanosheets. The electronic 

band structures of β-(AlxGa1-x)2O3 nanosheets extracted from Al-Ga liquid alloys are 

shown in Figure 5.5d, with corresponding data presented in Table 5.2.

Figure 5.5. (a) EELS spectra of β-(AlxGa1-x)2O3 nanosheets, with the inset showing their bandgap 

as a function of Al concentration in the nanosheets. (b) UPS spectra, with the inset illustrating the 

work function. (c) Valence band spectra, with the inset demonstrating a monotonic shift in valence 

band onset with increasing Al concentration. (d) Electronic band structures of β-(AlxGa1-x)2O3

nanosheets derived from the EELS, XPS and UPS results. 
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Table 5.2. Electronic structure parameters of β-Ga2O3 and β-(AlxGa1-x)2O3 nanosheets harvested 

from Ga-Al liquid metals with Al concentrations ranging from 0 to 10 at%. The valence band 

maximum (VBM) and conduction band minimum (CBM) energies are referenced to the vacuum 

level (zero energy). These values are determined using EELS, UPS secondary electron cut-off 

and XPS valence band analysis. 

Oxide nanosheet 

  Bandgap 

(Eg) 

(eV) 

Work function () 

(eV) 

Valence band 

maximum (VBM) 

(eV) 

Conduction band 

minimum (CBM) 

(eV) 

β-Ga2O3 4.50 3.03 -6.20 -1.70 

β-( Al0.67Ga0.33)2O3 5.20 3.27 -6.67 -1.47 

β-( Al0.71Ga0.29)2O3 5.71 3.28 -6.78 -1.07 

β-( Al0.67Ga0.33)2O3 5.20 3.29 -6.54 -1.34 

β-( Al0.87Ga0.13)2O3 6.12 3.23 -6.83 -0.71 

β-( Al0.88Ga0.12)2O3 6.41 3.19 -6.90 -0.49 

 

Temperature-resolved cathodoluminescence (CL) spectra of β-(AlxGa1-x)2O3 

nanosheets reveal the effect of Al incorporation on their optical properties (Figures 5.6a, 

b). Below 160 K, the spectra are dominated by emissions from STHs, which are quenched 

rapidly with increasing temperature due to their thermal instability.210 These spectra 

exhibit broad, overlapping emission peaks arising from strong electron-phonon coupling, 

leading overlapped emissions from STHs and defects. As shown in Figure 5.6c, the CL 

spectrum of pure β-Ga2O3 nanosheets displays predominantly STH-associated UV 

emission, together with week defect-related green luminescence (GL) and blue 

luminescence (BL) bands. In contrast, the β-(Al0.71Ga0.29)2O3 nanosheets in Figure 5.6d 
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show significant changes in emission profile: the GL band is strongly enhanced and the 

overall emission shifts toward the deep ultraviolet (DUV) region, indicating a widened 

bandgap and altered defect structure. To elucidate the underlying emission mechanisms, 

Gaussian peak fitting is applied for spectral deconvolution.196, 238 For β-Ga2O3 

nanosheets, the CL spectrum (Figure 5.6c) is deconvoluted into three peaks: a broad UV 

emission at 3.20 eV (FWHM = 0.75 eV), blue luminescence (BL) at 2.58 eV (FWHM = 

0.95 eV) and green luminescence (GL) at 2.10 eV (FWHM = 0.98 eV). The UV peak 

originates from holes trapped in lattice-coupled polaron states, which relax radiatively, 

yielding a Gaussian-like band.210  

The BL and GL peaks are attributed to donor-acceptor pairs (DAP) recombination, 

likely involving VO donors, VGa acceptors and (VO-VGa) complexes.238, 239 For β-

(Al0.71Ga0.29)2O3 nanosheets, the CL spectrum (Figure 5.6d) similarly features UV (3.20 

eV, FWHM = 0.78 eV), BL (2.60 eV, FWHM = 0.90 eV), and GL (2.10 eV, FWHM = 1.0 

eV) peaks. Notably, a deep ultraviolet (DUV) peak emerges at 3.80 eV (FWHM = 0.9 

eV). The two UV bands in β-(Al0.71Ga0.29)2O3 are attributed to the radiative recombination 

from distinct STH states,240, 241 with the emerged DUV peak is attributed to radiative 

recombination of an STH localized at an oxygen site adjacent to an Al atom, analogous 

to dopant-induced hole trapping states in β-Ga2O3.31 The two STH states are separated by 

0.6 eV as estimated from the spectral deconvolution. The DUV band exhibits thermal 

quenching behavior similar to the UV band, becoming nearly undetectable above 200 K. 

This indicates that Al incorporation into oxide nanosheets introduces a new 

recombination pathway, extending the emission into the DUV region. As shown in Fig 

5.6(c, d) both the BL and GL intensities are higher in β-(Al0.71Ga0.29)2O3 compared with 

β-Ga2O3 nanosheets, suggesting an increased density of VO defects. Comparison of the 

CL spectra for β-Ga2O3 and β-(Al0.71Ga0.29)2O3 nanosheets (Figure 5.6e) reveals a ~ 60% 
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reduction in emission intensity, likely due to the lower crystallinity of the alloy oxide 

nanosheets and random potential fluctuations inherent in the alloy.242  

Arrhenius analysis (Figures 5.6f) yields activation energies (Ea). The extracted 

activation energies for β-(Al0.71Ga0.29)2O3 are 2.4 meV (GL), 3.5 meV (BL), 10.9 meV 

(UV) and 8.1 meV (DUV). These relatively small activation energies indicate weak 

temperature dependence, likely due to thermal quenching via phonon-assisted excitation 

of localized states.238 The higher Ea values for the UV and DUV bands indicate that the 

STH formation in the nanosheets is highly sensitive to temperature. These findings 

highlight the potential of β-(AlxGa1-x)2O3 nanosheets for deep-UV photodetectors as well 

as optical and power electronic devices, where tunable electronic band structures and 

defect engineering are critical for performance optimization.  
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Figure 5.6. (a, b) Temperature-resolved CL spectra of the β-(Al0.71Ga0.29)2O3 and β-Ga2O3

nanosheets. (c) CL spectrum of β-Ga2O3, deconvoluted into three Gaussian peaks centred at 2.10 

eV (GL), 2.58 eV (BL), and 3.20 eV (UV). (d) CL spectrum of β-(Al0.71Ga0.29)2O3, resolved into 

four components GL, BL and UV, alongside a new DUV at 3.80 eV. (e) CL spectra of harvested 

β-Ga2O3 and β- (Al0.71Ga0.29)2O3 nanosheets acquired at 100 K. (f) Arrhenius analysis of the 

emission bands, resulting in the thermal activation energies (Ea) indicated in the graph.
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5.3. Conclusion 

We demonstrated a liquid metal-based synthesis method for β-(AlxGa1-x)2O3 

nanosheets with controlled composition and the (-201) orientation, consistent with thin 

films fabricated by epitaxial growth. This approach enables bandgap engineering, 

achieving values from 4.50 eV (pure β-Ga2O3) to 6.41 eV (β-(Al0.88Ga0.12)2O3) by varying 

Al incorporation in the Al-Ga liquid alloy. The nanosheets exhibit nano-crystallinity, large 

lateral dimensions (> 100 m) and atomic-scale thickness, making them suitable for 

optoelectronic and power device applications. The β-(AlxGa1-x)2O3 nanosheets exhibit 

robust broadband luminescence, with Al incorporation introducing a distinct deep-UV 

emission while preserving the dominant β-Ga2O3 UV emission associated with self-

trapped holes. The ability to synthesize β-(AlxGa1-x)2O3 nanosheets with tuneable 

electronic structures via a scalable, low-temperature process offers significant advantages 

over conventional deposition techniques. These findings open new avenues for the 

development of next-generation wide-bandgap semiconductors for deep-UV detection 

and power electronics. 
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Chapter 6. Conclusions and Outlook  

6.1. Summary 

This thesis investigated the synthesis and characterization of ZnGa2O4 nanoplates 

and β-(AlxGa1-x)2O3 nanosheets, focusing on their optical and electronic properties. 

Specifically, it examines how cation site inversion influences the optical and 

photocatalytic properties of ZnGa2O4 and how Al incorporation enables bandgap 

engineering in β-(AlxGa1-x)2O3.  

The first part of this study explored the role of cation site inversion in tuning the 

properties of ZnGa2O4 nanoplates, a promising wide-bandgap material for light-emitting 

and power electronic devices. High-quality, pure spinel-phase ZnGa2O4 nanoplates were 

successfully synthesized via a hydrothermal method and exhibited significant anti-site 

defects, where Ga³⁺ ions occupy tetrahedral sites (GaZn) and Zn²⁺ ions occupy octahedral 

sites (ZnGa). These inversion defects were confirmed by photoemission and Raman 

spectroscopies, with measured cation inversion parameters of 0.36 ± 0.04 for GaZn and 

0.25 ± 0.02 for ZnGa. The nanoplates demonstrated broadband luminescence, with a UV 

emission band at 3.2 eV (associated with self-trapped holes) and multiple visible defect-

related emissions. Furthermore, ZnGa2O4 nanoplates exhibited superior photocatalytic 

efficiency in degrading Rhodamine B (RhB) under UVA irradiation, outperforming 

Ga2O3 counterparts. This enhancement is attributed to the increased UVA absorption and 

charge carrier generation induced by inversion defects. These results underscore the 

significance of cation site inversion in modifying the optical and photocatalytic properties 

of ZnGa2O4 nanoplates, making it highly suitable for optoelectronic and photocatalytic 

applications. 
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The second part of this thesis focused on the synthesis and characterization of β-

(AlxGa1-x)2O3 nanosheets using a low-temperature, liquid metal-based synthesis 

technique. This method provided precise control over the Al content, enabling bandgap 

modulation from 4.5 eV (pure β-Ga2O3) to 6.4 eV (β-(Al0.88Ga0.12)2O3) by varying the Al 

concentration in the liquid metal alloy. The Al-enriched nanosheets exhibited distinct 

optical properties, retaining the self-trapped hole emission of β-Ga2O3 around 3.2 eV, 

while an additional deep-UV emission emerged, which is attributed to singly ionized 

oxygen vacancies localized at Al–O sites. These findings highlight the effectiveness of 

selective Al incorporation in tailoring the electronic and optical properties of 2D metal 

oxide nanosheets, paving the way for their application in next-generation optoelectronic 

devices with tuneable bandgaps. 

While this thesis investigated two distinct oxide systems, a unifying principle 

emerges: controlling defects at the atomic level is essential for tuning the properties of 

wide-bandgap materials. In ZnGa2O4, cation site inversion changed how the material 

emits light and performs in photocatalysis. In β-(AlxGa1-x)2O3, changing the amount of 

aluminium adjusted the bandgap and luminescence. The two synthesis methods used—

hydrothermal growth and liquid metal-based exfoliation—provided practical ways to 

create and study these materials. Together, these results offer important insights for 

designing new oxide semiconductors for use in electronics, light-based technologies, and 

energy devices. 

In summary, this thesis demonstrates how intrinsic cation site inversion in 

ZnGa2O4 nanoplates contributes not only to their broadband luminescence but also 

significantly enhances their photocatalytic activity, outperforming β-Ga2O3 in the 

degradation of RhB under UVA irradiation. These findings emphasize the critical role of 
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GaZn anti-site defects, which introduce shallow electronic states that mediate optical 

transitions. Additionally, the liquid metal synthesis approach developed here enables 

precise Al incorporation into β-(AlxGa1-x)2O3 nanosheets, offering a practical method for 

bandgap engineering. This strategy introduces distinct deep-UV emission while 

preserving the self-trapped hole emission of β-Ga2O3, paving the way for the design of 

next-generation optoelectronic materials with tuneable properties. 

6.2. Outlook   

Building upon the findings of this thesis, several aspects warrant further 

investigation to deepen the understanding of ZnGa2O4 nanoplates and β-(AlxGa1-x)2O3 

nanosheets. One important direction is to explore the influence of synthesis conditions, 

particularly the effect of pH and the initial Zn/Ga ratio, on the formation of anti-site 

defects in ZnGa2O4. A systematic study of these parameters could provide insights into 

defect control and their impact on optical and photocatalytic properties. 

For β-(AlxGa1-x)2O3 nanosheets, further research is needed to understand the effects of 

high Al concentrations on emission properties, particularly in the green and blue spectral 

regions, which are relevant to for optoelectronic applications. Additionally, since 

breakdown field strength is a critical parameter for power electronic devices, future work 

should investigate not only the breakdown characteristics but also the semiconducting 

behavior and carrier mobility of β-(AlxGa1-x)2O3 nanosheets. These properties are 

essential for evaluating their true suitability for integration into high-power electronic 

applications. These future studies will contribute to a more comprehensive understanding 

of defect chemistry and bandgap engineering in these materials, enhancing their potential 

for next-generation electronic and optoelectronic devices. 
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