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ABSTRACT 

 

Wide bandgap semiconductors are receiving extensive attention due to their 

exceptional physical and chemical properties making them useful for high efficiency and 

high power electronic devices. Comparing other conventional wide bandgap materials, 

monoclinic β-Ga2O3 also represents an outstanding semiconductor oxide for next 

generation of UV optoelectronics and high temperature sensors due to its wide band gap 

(~4.9eV). This new semiconductor material has higher breakdown voltage (8MV/cm) and 

n-type conductivity which make it more suitable for potential application as high power 

electronics. The properties and potential applications of these wide bandgap materials have 

not yet fully explored. In this study, the growth and characterization of single crystal -

Ga2O3 thin films grown on c-plane sapphire (Al2O3) substrate using two different 

techniques; molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) techniques 

has been investigated. The influence of the growth parameters of MBE and PLD on 

crystalline quality and surface has been explored. Two methods have been used to grow 

Ga2O3 using MBE; one method is to use elemental Ga and the second is the use of a 

polycrystalline Ga2O3 compound source with and without an oxygen source. Using the 

elemental Ga source, growth rate of -Ga2O3 thin films was limited due to the formation 

and desorption of Ga2O molecules. In order to mitigate this problem, a compound Ga2O3 

source has been introduced and used for the growth of crystalline -Ga2O3 thin films 

without the need for additional oxygen since this source produces Ga-O molecules and 

additional oxygen. Two different alloys (InGa)2O3 and (AlGa)2O3 has been grown on c-
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plane sapphire substrate by pulsed laser deposition technique to tune the bandgap of the 

oxide thin films from 3.5-8.6 eV suitable for applications such as wavelength-tunable 

optical devices, solid-state lighting and high electron mobility transistors (HEMTs). 

The crystallinity, chemical bonding, surface morphology and optical properties 

have been systematically evaluated by a number of in-situ and ex-situ techniques. The 

crystalline Ga2O3 films showed pure phase of (2̅01) plane orientation and in-plane XRD 

phi-scan exhibited the six-fold rotational symmetry for -Ga2O3 when grown on sapphire 

substrate. The alloys exhibit different phases has been stabilized depending on the 

compositions. Finally, a metal-semiconductor-metal (MSM) structure deep-ultraviolet 

(DUV) photodetector has been fabricated on β-Ga2O3 film grown with an optimized growth 

condition has been demonstrated. This photodetector exhibited high resistance as well as 

small dark current with expected photoresponse for 254 nm UV light irradiation suggesting 

β-Ga2O3 thin films as a potential candidate for deep-UV photodetectors. While the grown 

Ga2O3 shows high resistivity, the electrical properties of (In0.6Ga0.4)2O3 and (In0.8Ga0.2)2O3 

alloys show low resistivity with a high carrier concentration and increasing mobility with 

In content. 
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I. INTRODUCTION 

Since the 1950s semiconductor materials have been used for devices and have 

continued to be used in present-day electronic technology that includes computer 

microprocessor, solar cells, and power amplifiers among others. Silicon (Si), the second 

most abundant element, is an inexpensive semiconductor and has properties such as being 

mechanically strong and non-toxic that makes it suitable for the fabrication of a variety of 

devices. Due to the evolution of Si-based device technology, it is now possible to make 

high density miniature transistors on a single piece of silicon; this increases in density is 

responsible for the present boom in information technology [1]. The increase in transistor 

density is due to scaling according to Moore’s law and has reached the limits of planar 

device technology. Additionally, a major disadvantage of Si is that it has an indirect 

bandgap that makes it inefficient in its use for optical devices. Specifically, for opto-

electronics devices that includes LED and laser its potential becomes limited due to a low 

intrinsic quantum efficiency and detection of photons [2], [3]. In addition, Si devices is 

also limited for high power and high-temperature applications. On the other hand, materials 

with wide bandgap are more suitable than Si for power devices because of their high 

breakdown voltage [4], [5]. Moreover, direct bandgap materials would make efficient opto-

electronic devices with the wavelengths that depends on the bandgap. 

Wide bandgap semiconductors such as GaN, SiC can be used in heterostructures 

with similar alloys to fabricate high power electronics due to their exceptional physical and 

chemical properties [6], [7] and because of their direct bandgaps, are becoming important 

for making optical devices for white light illumination, color displays, blue-violet laser 

diodes and UV or deep UV light sources with high efficiency and larger breakdown voltage 
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compare to devices made from silicon [8], [9]. Another promising field for wide bandgap 

semiconductor is in the electronic industry that requires device operating at high frequency 

and high power as well as under extreme environment [8]. Since high-quality SiC and GaN 

substrates are expensive, power devices based on these materials are not favorable to mass 

production opening the possibility for new materials to enter into the market [9].  

Recently transparent conducting oxides (TCOs) have attracted strong attention due 

to their important electrical and optical properties [10]. The term “Transparent Conducting 

Oxide” originated from the unique combination of high transparency and electrical 

conductivity properties. Typically, materials having low electrical resistivity (10-4-10-7 Ω 

cm) are not able to transmit visible light while most of the transparent materials have high 

electrical resistivity (>1010 Ω cm) act as electrical insulators. Hence, a single material with 

a combination of both of these properties becomes very unique and can be used to develop 

transparent optoelectronic devices. TCOs can be divided into two different classes and 

those are (i) wide band gap TCOs (WB-TCO), and (ii) narrow band gap TCOs (NB-TCO) 

(Fig. 1.1) [11].  

WB-TCOs such as ZnO and SnO2 have large band gaps (3 eV), which give these 

materials transparencies to visible light. By doping these materials extrinsically, electron 

carrier concentrations can be modified which changes their intrinsic n-type conductivity 

[12]. In contrast, stoichiometric NB-TCOs are not transparent. However, a blue-shift of 

their optical band gap, Eopt, can be induced by means of doping providing optical 

transparency (Fig. 1.1). This interesting phenomenon is known as the Moss–Burstein effect 

[13]. 
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Figure 1.1: Schematic diagram of different TCOs: (a) Wide bandgap TCOs, (b) Narrow bandgap TCOs, 

where the Fermi level denotes the electron chemical potential for highly doped n-type materials [11]. 

 

Besides electrical conductivity and optical transparency, TCOs can extend their 

functionality incorporating additional properties such as photoconductivity, dielectric 

constant, catalysis, and electronic structure. This flexibility makes TCOs very attractive 

and promising materials for diverse applications such as flat-panel displays, optical 

windows, high temperature chemical gas sensors, and dielectric layers [10], [14]. Much 

effort is currently being paid by researchers to further understand and optimize known 

TCOs. There is a need to also develop other novel materials with desired characteristics, 

viz, high mobility, indium-free materials, p-type materials at a lower cost. Moreover, over 

the past decade there has been considerable interest on TCOs for diodes and transistors 

because of applications in flexible and transparent electronics. An amorphous oxides with 

high electron mobility helps to overcome the shortcomings concerning energy efficiency 

and cut-off frequencies of amorphous silicon but it is expected that crystalline materials 
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will result in higher mobilities [15].  

However, while most of the transparent conductive oxides such as In2O3, SnO2, ZnO and 

ITO are useful for numerous applications, their small band gaps (~3eV) are not suitable for 

opto-electronic devices operating in the UV wavelength region [10] representing a 

significant limitation in this field. Gallium oxide (Ga2O3) represents an outstanding 

transparent semiconductor oxide which is considered to possess the widest bandgap 

(~4.9eV) among the TCOs making it highly transparent from the visible to UV wavelengths 

[4], [9]. Ga2O3 has five different crystal structures with the most stable being the β phase. 

A comparison on important properties of materials between major semiconductors and β-

Ga2O3 has been shown in Table 1. 

Table 1: Material properties of important semiconductors and β-Ga2O3 [16]. 

 Si GaAs 4H-SiC GaN Diamond β-Ga2O3 

Bandgap, Eg (eV) 1.1 1.4 3.3 3.4 5.5 ~4.9 

Electron mobility,  

(cm2V-1S-1) 

1400 8000 1000 1200 2000 300 

Breakdown field, Eb 

(MVcm-1)  

0.3 0.4 2.5 3.3 10 8 

Relative dielectric 

constant,  

11.8 12.9 9.7 9.0 5.5 10 

Baliga’s FOM, Eb
3  1 15 340 870 24664 3444 

Thermal conductivity  

(Wcm-1K-1) 

1.5 0.55 2.7 2.1 10 0.23 [010] 

0.13 [100] 

 

The plot in fig. 1.2 (a) shows the breakdown electric field of important materials as 

a function of their bandgap. From interpolation of the relationship between bandgaps and 

breakdown electric fields, β-Ga2O3 is expected to have a breakdown electric field of 8 

MV/cm, which is higher than Si, GaN or SiC, the conventional semiconductor materials 
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for high-power device applications [16]. Because of this characteristic the use of β-Ga2O3 

is progressing significantly in the high-power electronics field. Fig 1.2 (b) shows a plot of 

the theoretical limits of on-resistances vs. breakdown voltage calculated from the given 

parameters in Table 1 for well-known materials. This indicates that with the same 

breakdown voltage, β-Ga2O3 devices can exhibit lower on-resistance, and thus lower 

conduction loss compared to Si, SiC, and GaN devices [16].  

 

Figure 1.2: (a) Breakdown field as a function of bandgap, (b) theoretical limits of on-resistances vs. 

breakdown voltage plot for conventional semiconductors and β-Ga2O3 [16].  

 

Additionally, the Baliga figure of merit (BFOM) of β-Ga2O3 is higher than that of 4H-SiC 

and GaN with an expected maximum bulk electron mobility of 300 cm2/Vs. The BFOM 

corresponds to the lowest specific on-resistance of a vertical electronic device which makes 

β-Ga2O3 an excellent candidate for low loss, high-voltage switching applications such as 

high-breakdown Schottky diodes and field-effect transistors [16].  

β-Ga2O3 based field-effect transistors (FETs) and Schottky barrier diodes have been 

studied by various group [9], [16]–[18]. Higashiwaki et al. [16] has reported on the 

fabrication of metal oxide semiconductor FETs (MOSFETs) and metal semiconductor 

FETs (MESFETs) on (010) β-Ga2O3 substrate [16]. They revealed good characteristics of 



 

6 

the transistor operation including a high on/off ratio (~104) and a high breakdown voltage 

of 370 V. Schottky barrier diodes has been fabricated by Sasaki et al. [19] where a Pt 

contact was used on the (010) β-Ga2O3 crystal. They demonstrated a breakdown voltage of 

~150 V, an ideality factor close to unity and a Schottky barrier height of 1.3-1.5 eV [17]. 

Ga2O3 is predicted to be a superior power device material than SiC and GaN in terms of 

device performance as well as cost effectiveness [9].  

Another important feature of β-Ga2O3 is the possibility of fabricating large single-

crystal β-Ga2O3 substrates using melt-growth methods including float-zone (FZ) and edge-

defined film-fed growth (EFG) [20], [21]. It is thus more suitable for low-cost mass 

production at lower energy consumption than producing SiC and GaN wafers since these 

cannot be grown by melt growth but requires much more expensive and complicated 

growth processes. This is an important advantage of Ga2O3 over conventional wide 

bandgap semiconductors such as SiC, GaN, and diamond for the mass production of power 

devices [22], [23].  

In addition, depending on the growth conditions, it is possible to vary the Ga2O3 

conductivity from insulator to conductor [24] making it more suitable for prospective 

applications in luminescent phosphors, high temperature sensors, antireflection coatings, 

and UV optoelectronics [10]. Recently, UV photodetectors have become very important 

because of their wide applications including various commercial and military applications 

for space and astronomical research, missile launch detection, UV radiation calibration and 

monitoring, environmental monitoring, and optical communication [25], [26].  

In the field of DUV photodetectors, other wide bandgap materials such as AlGaN, 

ZnMgO, diamond have recently been used but the shortcomings such as rigorous growth 
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methods, low-crystalline quality, low responsivity (<1A/W), low external quantum 

efficiency (EQE) (~10%) and higher dark current of these materials limit the utilization of 

these devices [27], [28]. Because of its wide bandgap of ~4.9 eV, Ga2O3 represents a 

promising candidate for UV photodetector technology allowing it to be used in the solar-

blind spectrum region. Higher thermal stability, and intrinsic solar blindness have also been 

demonstrated using Ga2O3 because of its high breakdown electric field [4]. This chemically 

and thermally stable transparent semiconductor oxide exhibits lower dark current which is 

a major requirement for UV photodetectors [4]. Guo, et al. have demonstrated a prototype 

photodetector device based on β-Ga2O3 films with a metal-semiconductor-metal structure 

on (0001) Al2O3 substrates with the Ga2O3 layer grown by molecular beam epitaxy [27]. 

Expected photoresponse under 254 nm UV light irradiation has been exhibited by such 

device further indicating β-Ga2O3 as a potential candidate for solar-blind photodetectors 

[27].  

The objective of this thesis is to study the growth and properties of wide bandgap 

transparent conducting oxide, β-Ga2O3 thin film as a promising candidate for high power 

semiconducting device and opto-electronic device application. The optimization of the 

growth conditions to improve β-Ga2O3 properties is critical to the development of this 

technologically important class of material. The outcome of this study will increase the 

understanding of this material. Epitaxial single crystal β-Ga2O3 thin films will be grown 

on c-plane (0001) sapphire substrate by PAMBE method using two different sources with 

oxygen plasma: a compound Ga2O3 source material and the second using an elemental Ga. 

The properties of the Ga2O3 films, including chemical composition, optical properties, and 

surface morphology, will be investigated and compared between these two MBE growth 
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methods. Additional studies will be carried on layers grown using pulsed laser deposition 

(PLD) technique. Detail growth and characterization of wide bandgap oxide alloys such as 

(InGa)2O3 and (AlGa)2O3 will be developed by the PLD technique. The development of 

alloy growth will enable the tunability of the bandgap and the fabrication of high electron 

mobility device structures.  

1.1       Literature Review 

1.1.1 Crystal Structure of Ga2O3 

Ga2O3 can be crystallized in five different structures and those are α, β, γ, δ and ε 

phases. Among them the monoclinic β-Ga2O3 phase is the most chemically and thermally 

(melting point at 1780°C) stable structure which is the most appropriate for device 

applications [10]. Corundum structure α-Ga2O3 is the second metastable polymorph that is 

stable at lower temperature when deposited on sapphire substrates [29]. It has been reported 

that the heteroepitaxial growth of defective-spinel structure γ-Ga2O3 thin films is possible 

[30]. The metastable crystalline phase formation strongly depends on the substrate lattice 

and growth temperature. Usually, for β-Ga2O3 thin films formation, high growth 

temperatures are required for both homoepitaxial and heteroepitaxial growth on foreign 

substrates [22]. This research is mostly focused on β-Ga2O3 thin films. The lattice 

parameters of monoclinic β-Ga2O3 are a =12.23Å, b=3.04Å, and c=5.80Å with a lattice 

angle β =103.7° and space group C2/m [22]. 
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Figure 1.3: Unit cell of β-Ga2O3. It has two inequivalent Ga sites: Ga(I), Ga(II) and three inequivalent O-

sites: O(I), O(II) and O(III). Illustrated the projection of β-Ga2O3 unit cell along the c-(1), a-(2) and b-axis 

(3). 

 

Figure 1.3 shows the unit cell of β-Ga2O3. There are two crystallographically 

inequivalent Ga positions, one with tetrahedral geometry Ga (I) and another with 

octahedral geometry Ga (II). The arrangement of oxygen ions is in a “distorted cubic” 

closed packing array. It contains three crystallographically different locations signified as 

O(I), O(II) and O(III), respectively. One is coordinated tetrahedrally and two oxygen atoms 

are coordinated trigonally [31]. Average interionic distances are: tetrahedral Ga-O, 1.83 Å; 

octahedral Ga-O, 2.00 Å; tetrahedron edge O-O, 3.02 Å; and octahedron edge O-O, 2.84 

Å [32].  

Kohn et al. [33] reported the lattice parameters of the β polymorph of Ga2O3, and 

Geller [32] determined that the structure in space group C2/m. It was concluded with the 

support of the Negative tests for piezo- and pyroelectricity that, C2/m was the most feasible 

space group for the crystal. Lower morphological symmetry of the β-Ga2O3 crystals than 
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that of the established point group 2/m was pointed out by Walton and Chase [34] and 

supported by optical and SEM studies. According to their suggestion, the crystal cell of β-

Ga2O3 has the pseudo symmetrical triclinic structure with the proper space group P1. 

However, other scientists who were working in this field questioned this conclusion 

because numerous investigations had been carried on β-Ga2O3 crystals where no deviation 

had been found from the monoclinic structure of this crystal. Hence, if there is any 

deviation from the more symmetric structure, certainly that must be an insignificant 

deviation [31].  

Ahman et al [35] published the latest and precise study on the crystal structure of 

β-Ga2O3. Although there is a small difference in the results from the previously published 

data of Konh [33] and Geller [32], the accuracy of that study was almost ten times more 

appropriate than in the previous works. There is a clear indication of a C-centered 

monoclinic cell which has space group C2/m according to X-ray diffraction symmetry and 

systematic extinctions. In contrast, no additional enhancement has been reported on the 

improvement of the structure in space group P1 [31].  

1.1.2 Material Properties of β‐Ga2O3 

The β-phase is the most well-studied and familiar polymorph of gallium oxide with 

the reported bandgap of ~4.9 eV. For this phase, a relatively easy and most recognized 

technology is n-type doping. In Ga2O3, Sn and Si atoms are identified as shallow donors 

which have small activation energies. Controlled doping results in the wide range of 

electron densities (n) of 1015-1019 cm-3 [36], [37]. In contrast, effective hole conduction in 

Ga2O3 has not been reported so far. Acceptor atoms with a small activation energy is 

difficult to find out because of the wide bandgap of Ga2O3. Moreover, first principles 
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calculation of the Ga2O3 band structure predicted a very small effective p-type conductivity 

in Ga2O3 due to a very limited hole mobility [38]. Nevertheless, in the worst condition, 

tight localization of holes at definite positions in bulk Ga2O3 was also expected [39]. Ga2O3 

thermal conductivity shows a strong dependence on the crystal orientation because of its 

crystal structure asymmetry shown in figure 2.1. In the [010] direction, the maximum 

thermal conductivity (22.8W (m K)-1) is two times higher compared to the [100] direction. 

However, the thermal conductivity of Ga2O3 in the [010] direction is still much lower 

compared to other semiconductors [22]. Basic properties of β-Ga2O3 are reported in Table 

2. 

Table 2: Basic properties of β-Ga2O3 material [31]. 

Property Value 

Direct Bandgap ~4.9eV 

Melting point 1725C 

Dielectric constant 6.5-7.6 

Refractive index 1.97 

Thermal conductivity [100]: 13.6W/mK 

[010]: 22.8W/mK 

[2̅01]: 13.3±1.0W/mK 

Density 5.95103kg/m3 

Specific heat capacity 0.49103J/kgK 

 

             For n=1015-1016 cm-3, bulk electron mobility of Ga2O3 can be obtained by the 

extrapolated experimental results which is a comparatively large value of about 300 cm2V-

1s-1 and vertical power transistors and diodes usually uses that for the drift layers [40]. 

There is an agreement of this relatively high mobility of β-Ga2O3 with theoretical 

calculations which reveals its electron effective mass is 0.23-0.34mo (mo: free electron 
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mass) comparable with those of typical wide bandgap (3-4 eV) semiconductors [9].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

1.1.3 Growth Method and Defect Structure of β‐Ga2O3 

           To fabricate the β-Ga2O3 thin films, various techniques have been used to date 

including plasma-enhanced atomic layer deposition [41], sputtering [42], chemical-vapor 

deposition (CVD) [43], metalorganic CVD [44], molecular-beam epitaxy (MBE) [16], 

pulsed laser deposition (PLD) [45] and plasma-assisted MBE (PAMBE) [46], [47]. This 

research will be focused on MBE technique which is mostly used for single crystalline β-

Ga2O3 growth. Additional studies will be carried using pulsed laser deposition. 

MBE is well-known for providing an ultrahigh vacuum atmosphere and highly pure 

source materials to significantly diminish the impurity levels of the films grown by this 

technique. Usually, to provide Ga and dopant (Si, Sn) fluxes typical Knudsen effusion cells 

are used. Pure oxygen is not efficient since practically all oxygen molecules desorb [31]. 

Hence, two other sources are used including RF plasma [46], [47] or ozone [40] sources. 

The advantage of the ozone MBE technique is a higher growth rate up to 0.7 m/hr [40]. 

However, in Ga2O3 (010) films it is difficult to precisely control the densities of the 

intentional doping since the background pressure (>10-4Torr) is high [31]. Also, the growth 

rate depends on the crystallographic orientation. The Ga2O3 growth rate on the (100) plane 

was reported by Sasaki et al. [40] with the value of one-tenth of that on the (010) and (310) 

planes.  

Plasma assisted molecular beam epitaxy (PAMBE) represents an appropriate 

technology for the growth of high quality β-Ga2O3 single crystalline thin films, because it 

is well known for: (1) the reduction of the film impurity levels with an ultrahigh vacuum 

environment using high purity source materials and (2) in situ monitoring of atomic-layer 
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growth by reflection high energy electron diffraction (RHEED). The lower unintended 

impurity levels in the epitaxial films allow for the investigation of the unexplained 

conduction mechanism with reproducible doping control through the improvement of the 

crystalline quality [10], [47]. The maximum growth rate of the Ga2O3 films grown by 

PAMBE has been reported as 132 nm/hr [31].  

Pulsed laser deposition (PLD) technique is one of the promising technique for the 

growth of Ga2O3 thin films and the usage of this technique is increasing in recent days for 

Ga2O3 growth because it provides consistent composition of target to the grown film 

completely with high kinetic energies of ablated species. Another advantage of using PLD 

technique for oxide growth is having the ability to use wide variety of gases with high 

background pressure to provide stoichiometry composition. Fei-Peng et al. [48] fabricated 

a solar-blind photodetector based on Ga2O3 grown by PLD at various substrate 

temperatures (400 to 1000 °C) on sapphire substrate. They investigated the structural, 

optical and electrical properties of the grown thin films and found that, the crystallinity is 

influenced by the substrate temperature with the film grown at 800C showed higher crystal 

quality compare to those grow at low temperature. The ratio of oxygen to gallium in the 

thin films is increased with increasing the substrate temperature from 800 to 1000C 

indicated reduced oxygen vacancies and defects. Therefore, their fabricated device showed 

better performance with the substrate temperature of 800C. Growth rate of the PLD grown 

Ga2O3 is higher than that of MBE with lower substrate temperature because the ablated 

species have high kinetic energy [49]. When the Ga2O3 thin film are deposited by PLD 

technique, the growth is also influenced by the oxygen pressure and they showed a rapid 

change in the surface morphologies and roughness of Ga2O3 with increasing oxygen 
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pressure [50].  

In prior reports, a variety of substrates including glass, quartz, Si, GaAs, BeO, and 

sapphire (Al2O3) were used to deposit β-Ga2O3. Among them, sapphire exhibits the 

smallest lattice mismatch while providing an electrically insulating substrate which is also 

transparent into the deep UV [10]. 

It has been reported that monoclinic β-Ga2O3 films can be grown epitaxially on 

sapphire along different directions including (0001), (112̅3) and (112̅0) and their epitaxial 

relationship are [51]: 

                   (201̅) β-Ga2O3  (0001) A12O3 

                   (310) β-Ga2O3  (112̅3) A12O3 

                   (1̅12) β-Ga2O3  (112̅3) A12O3     

                   (111) β-Ga2O3  (112̅0) Al2O3 

Schematically a projected geometrical epitaxial relationship has been reported [27] among 

the (2̅01) plane of β-Ga2O3 thin film and the (0001) Al2O3 substrate which is shown in 

figure 1.4 (a). The arrangement of oxygen atoms in the c-plane (0001) plane of sapphire 

substrate is the same as in the (2̅01) plane of β-Ga2O3. Moreover, it is shown that, four 

lattice planes of β-Ga2O3 in the [010] direction are closely matched with three lattice planes 

of Al2O3 in the [011̅0] direction, and two lattice planes of β-Ga2O3 in the [2̅01] direction 

are closely matched with three lattice planes of Al2O3 in the [21̅1̅0] direction [52]. By the 

domain variation principle, the lattice mismatches are found to be −1.6% and + 3.13% 

respectively. So that, gallium “does not feel” any difference when making bonds to the 

oxygen atom layer between the Al2O3 (0001) and the β-Ga2O3 (2̅01) during the formation 

of β-Ga2O3 on the Al2O3 (0001) substrate which suggests the growth mode to be domain 

matching epitaxy [27].  

132 β-Ga2O3  11̅00 Al2O3    
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Figure 1.4: (a) Schematically projected geometrical epitaxial relationship among the (2̅01) plane of β-

Ga2O3 thin film and the (0001) Al2O3 substrate. The film and substrate lattices are intentionally offset a 

little for clarity, (b) positional relation among the unit cell of β-Ga2O3 and sapphire recognized as 

hexagonal cylinder. β-Ga2O3(2̅01) plane is parallel to the (0001) sapphire. 

Figure 1.4 (b) shows that the [2̅01] β-Ga2O3 direction is vertical to the sapphire 

{100} planes resulting in six crystal types depositing on the c-plane (0001) sapphire and 

from the [11̅0] direction rotated 60 each. The arrangement of oxygen atoms on the 

substrate surface is very influential for the β-Ga2O3 crystal orientation when growing on 

Al2O3 (0001) indicating the highly precise crystalline growth of β-Ga2O3 thin film on 

Sapphire (0001) [53].  

Figure 1.5 (a) and (b) shows cross-sectional high resolution transmission electron 

microscopy (HRTEM) images of β-Ga2O3 film grown on sapphire substrate and their 

correlated electron diffraction pattern respectively. The enlarged view (Figure 1.5 (a) inset) 

of HRTEM image shows the interplanar spaces which correspond to the characteristic d-

spacing of the β-Ga2O3 (2̅01) film plane (∼0.47 nm) [54]. It is also clear from this figure 

that no structural defects and dumbbell interstitials is detected in epitaxial β-Ga2O3 thin 

films indicative of excellent crystallinity of the β-Ga2O3 films [4], [55].  

(a        

(a

)

(a       

(b

) 
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Figure 1.5: (a) HRTEM cross-sectional images of the β-Ga2O3 deposited on a sapphire substrate. The inset 

displays an enlarged portion of the HRTEM image. (b) Corresponding electron diffraction patterns of the 

β-Ga2O3 films [4].  

 

1.1.4 Conductivity Control and Doping 

An important condition for a semiconductor device usage is substitutional doping. 

In most cases, doping of both n-type and p-type polarities are vital. The success of doping 

any material with given polarity requires three conditions [56]; 

▪ The dopant solubility in the lattice 

▪ The dopant level shallowness 

▪ Compensation lacking of the dopant by an intrinsic defect 

In another way, the intrinsic defect (the vacancy) formation energy can be 

expressed as a function of the Fermi energy (Ef) [57]: 

∆𝐻 (𝐸𝑓) = 𝑞𝐸𝑓 + ∆𝐸 

 

Where ∆𝐻 is the formation energy. From this relationship, there might be a Fermi energy 

at which the defect formation energy is zero, as shown in figure 1.6. If a dopant is able to 

shift the Fermi level to this specific energy, referred to as the pinning energy, hence 
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vacancies will be created spontaneously [56].  

 

Figure 1.6: The doping pinning levels principle for n and p-type dopants upon the band diagram. The 

semiconductor can be doped when the pinning level located inside the bands; the semiconductor cannot 

simply be doped when it falls in the gap [56].  

 

For n-type and p-type doping, there is a corresponding pinning energy (denoted by 

Epin, n and Epin, p). In thermodynamic equilibrium, it will not be possible to move the Fermi 

level further away from these two pinning energies. When the pinning energies are located 

in the valence or conduction band (not into the gap), then doping is possible. It is worth 

noting that, defect compensation will be different for n-type and p-type doping [56]. 

Excellent n-type conductivity has been shown for β-Ga2O3 when fabricated with 

specific conditions. The n-type semiconductivity is typically attributed to oxygen 

vacancies. The Ga2O3 crystals fabricated by floating zone technique exhibits controlled 

conductivity by using doping atoms or by changing the gas ambient [31]. Ueda and Hosono 

et. al. [37] reported that depending on the amount of oxygen during the growth, Ga2O3 

crystal showed controlled conductivity from 10-9 to 38 Ω-1cm-1 [31].   

Due to the dependency of the conductivity of β-Ga2O3 crystals on the partial 
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pressure of oxygen in growth or annealing atmospheres, existence of oxygen vacancies is 

required for n-type conductivity [31] although Varley and co-workers [38] have questioned 

this assumption. Considering the hybrid functional theory of oxygen vacancies and several 

impurities in the β-Ga2O3, they conducted first-principle calculations which revealed that, 

oxygen vacancy cannot lead to n-type conductivity because it acts as a deep donor whose 

ionization energy is above 1 eV. Authors proposed that, the reason for increased electrical 

conductivity is hydrogen in β-Ga2O3 which is an unintentional doping as shown in figure 

1.7 [38].  

 

Figure 1.7: Formation energy is plotted as a function of Fermi level for the oxygen vacancy (a) and H impurities 

(b) in β-Ga2O3. O-rich and O-poor conditions values are shown. The labels (I), (II), and (III) denote the three 

inequivalent O sites [38].  

 

The use of different elements for doping is possible affecting the concentration of 

free electrons and electrical conductivity. For example, Ga site can be substituted by group 

IV elements (Si, Ge and Sn) or O site can be substituted by group VII elements (Cl and F) 

playing as shallow donors (figure 1.8) [38]. Si and Ge have preference to the Ga(I) site 

tetrahedral coordination and Sn has preference to the Ga(II) site octahedral coordination. 

F and Cl both have preference to the O(I) site threefold coordination [31].  
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Figure 1.8: Formation energy is plotted as a function of Fermi level for several shallow donor impurities 

in β-Ga2O3 under (a) O-rich and (b) O-poor conditions. The labels (I) and (II) denote to the inequivalent 

Ga or O sites; the lowest-energy site results are shown only [38].  

 

Suzuki et al. [58] and Ueda et al. [37] reported the effects of Sn doped Ga2O3 

crystals grown by Float-Zone method. Float-Zone method grown Ga2O3 crystal exhibited 

high conductivity when Ga2O3 rods were doped with Sn (2-10 mol.%). It has been reported 

that, conductivities of 0.96 Ω-1cm-1 and 56 Ω-1cm-1 with mobility in the range of 50-100 

cm2/Vs were found while producing the crystal under oxygen environment [37], [58]. SnO2 

doped Ga2O3 crystals exhibited blue coloration [37]. K. Sasaki et al. [40] reported on ozone 

MBE grown Sn doped Ga2O3 films. Ga metal and SnO2 powder heated in normal Knudsen 

cells were used to evaporate Ga and Sn in an MBE system with a mixture of ozone (5%)-

oxygen (95%) gas used as the oxygen source. Semi-insulating (010) Ga2O3 substrate doped 

with Mg was used to grow a 0.7 m thick Sn doped Ga2O3 film. By changing the 

temperature of the SnO2 K-cell, the carrier concentration of the grown β-Ga2O3 epitaxial 

films was controlled precisely over the range from 1016-1019 cm-3. With reduced 

concentration of carriers, the electron mobility increased [40].  
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Figure 1.9: Schematic illustration of radiative transitions observed in β-Ga2O3 and SnO2 [59]. 

 

A proposed schematic diagram (figure 1.9) was given by Maximenko, et al. [59] 

on several radiative transitions observed in β-Ga2O3 and SnO2. The blue emission which is 

related to the recombination  process (a), results from the recombination between trapped 

electron through oxygen vacancies at donor levels (ED-VO) and holes captured through 

gallium vacancies at acceptor levels in β-Ga2O3 (E-VC). The recombination process (b) (the 

red emission) arises when transitions occur among trapped electrons through oxygen 

vacancies and captured holes by nitrogen impurities on deep acceptor levels (EA-NO). (c) 

Recombination from donor levels, introduced when Sn atoms incorporate in Ga tetrahedral 

sites of β-Ga2O3 (ED-SnGa), to acceptor levels at the topmost part of the valannce band (EA). 

Transitions between trapped electrons by oxygen vacancies and captured holes introduced 

by Ga impurities (ED-VO) on deep acceptor levels (EA-GaSn) lead to the recombination 

channel (d) related to the red emission in SnO2 showed in figure 1.9 [59].  

Silicon acts as an effective dopant for Ga2O3 crystal as well. Atomic radii of Ga3+ 

and Si4+ have a relative difference of about -40% which is significant when comparing with 

the relative difference of atomic radii for Ge4+ (-16%) and Sn4+ (+14%) [60]. Taking the 
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atomic radius into consideration, in the cationic site of Ga3+, Ge4+ and Sn4+ possibly a better 

fit than Si4+. But as a n-type dopant, Si shows great advantage for growth by the melt 

technique because Ge and Sn tend to evaporate at a high rate unlike Si. Using Float-Zone 

method, Si doped Ga2O3 crystals were produced by Villora and coworkers [60]. When the 

Si concentration increases in the feed rod, the conductivity also increases continuously 

from 0.03 Ω-1cm-1 (undoped crystals) to 50 Ω-1cm-1 (highly doped crystals). The 

concentration of free-carriers exhibits a range of values three orders of magnitude (1016-

1018 cm-3) with silicon doping, while the mobility oscillated around 100 cm2/Vs. 

With available sapphire (0001) and β-Ga2O3 (100) substrates, Si doped β-Ga2O3 

thin film were grown by metal organic vapor phase epitaxy (MOVPE) [61]. 

Trimethylgallium, water vapors, and tetraethylorthosilicate were used as gallium, oxygen 

and silicon precursors, respectively. The growth temperature was varied from 800-850C 

with a fixed base pressure of 5 and 10 mbar. The incorporation of Si showed a maximum 

value of approximately 51019 cm-3 by SIMS measurements while low conductivity was 

determined from Hall and CV measurements for both as-grown and annealed films [61].  

 

Figure 1.10: I -V measurement performed on a i) N-doped β-Ga2O3 microwire, ii) undoped β-Ga2O3/N-

doped β-Ga2O3 microwire junction [62].  
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Still there is a dispute on the feasibility of p-type conductivity in Ga2O3. Achieving 

p-type conductivity in Ga2O3 nanowires by doping with nitrogen was claimed by Liu et al. 

[62]. Their conclusion on p-type conductivity of Ga2O3 was based only on I-V 

measurements (figure 1.10). However, they did not provide any profound analysis of 

concentration and carrier mobility. Zhang and co-workers performed a theoretical 

modeling which disclosed that a shallow acceptor impurity level at the top of the valence 

band is formed by nitrogen, shifting the Fermi level at the impurity level [31]. Ga2O3 single 

crystal growth using Ge and Ti dopants by the floating zone method showed p- and n-type 

conductivities according to Tomm et. al. [63] 105 cm-3 hole concentrations at room 

temperature were achieved, but for feasible applications this doping level is still very low 

[63].  

Theoretical calculations [39] showed that it is impossible to grow β-Ga2O3 with p-

type conductivity because holes have robust self-localization as a result of the ionicity of 

metallic oxides. Even if a substitutional dopant is able to provide a positive hole 

successfully, it is closely localized around a single oxygen atom preventing it to move 

inside the crystal lattice, even in the presence of an applied electric field [64]. So, it can be 

estimated that, at room temperature the hole mobility would give a very small value of 10-

6 cm2/Vs indicating insignificant p-type conductivity of Ga2O3, even if it is possible to 

introduce holes into the material [31].  

Using density functional theory, Guo,  et al. [65] showed the influence of 

photocatalytic activity and doping on the band edges of β-Ga2O3 for doping with nonmetal 

elements such as C, N, F, Si, P, S, Cl, Se, Br, and I. When doping with C, Si and P, few 

impurity states are confined in the center of the band gap which are responsible for 
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detrimental effect on photocatalysis due to the reduction of the semiconductors efficiency 

by the gap states acting as recombination centers (figure 1.11). Substitutional F on O sites 

does not narrow the band-gap. According to figure 1.11, doping with N, S, Cl, Br, I and Se 

are supposed to improve the ability of photo-reduction of Ga2O3. Doping with Se shifts the 

absorption edge from the UV to visible wavelength range [65].  

 

Figure 1.11: Schematic representation of the calculated VBM and CBM positions of X-doped Ga2O3 with 

reference to those of pure Ga2O3 [65].  

 

1.1.5  Alloy of (InxGa1-x)2O3 and (AlyGa1-y)2O3  

The alloy of (In-Ga-Al-O) is very promising for future semiconducting device as it 

is possible to tune the bandgap from 3.5-8.6eV which can cover the 144-354 nm 

wavelength range. As the (In-Ga-Al-O) alloy can cover nearly the complete UV spectrum, 

it can be a potential candidate for UV opto-electronics devices such as UV-identification, 

microorganism destructions for air or water purification, optical sensors and analytical 

instrumentations, solid-state lighting, medical imaging of cells, light therapy in medicine, 

forensic analysis and drug detection. The crystal structure of Al2O3, Ga2O3 and In2O3 is 

shown in figure 1.12. 
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Figure 1.12: Different crystal structures of Al2O3, Ga2O3 and In2O3 [66]. 

 

The (InxGa1-x)2O3 alloy has Ga2O3 and In2O3 components which have different 

lattice structure. In2O3 has bixbyite cubic structure which is stable at room temperature with 

16 In2O3 per unit cell where the dimension of the cell is 10.11 Å. The cation sited are 

divided into two ways: octahedral and tetrahedral. The (InxGa1-x)2O3 alloy shows three 

different structure and those are monoclinic, mixed phase or cubic structure depending on 

the composition of the alloy. The study of XRD (x-ray diffraction) [67] and hyperfine 

interaction of Cd in In-doped -Ga2O3 [68] verified that In ions prefer to occupy the 
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octahedral sites and thus In atomic orbitals contribute significantly to the conduction band 

edge as expected and demonstrated by Binet et al. [69].  

The initial work on (InxGa1-x)2O3 alloy by D. Edwards et al. [67] reported a decrease 

of In2O3 solubility limit (from 44.1 mol% to 41.4 mol%) in the -gallia structure when the 

temperature was increased from 1000-1400C. Binet et al. [69] showed the enhancement 

of (InxGa1-x)2O3 samples by coprecipitation and annealed at 1400C where -gallia phase 

was found for x<0.4. Wang et al. [70] reported on (InxGa1-x)2O3 films with x=0.0-1.1 grown 

by MOCVD with the conclusion that carrier scattering is determined by the existence of 

ionized or neutral impurity scattering centers not by the lattice distortion or high-angle 

grain boundaries. Oshima et al. [71] have damonstrated MBE grown (InxGa1-x)2O3 thin 

films with a buffer layer of Ga2O3 on a Al2O3 (0001) substrate. When the alloy was grown 

with high substrate temperature of 700-800C, In segregation and phase separation was 

observed for x=0.08 but lower substrate (600C) temperature is effective for the phase 

separation suppression. Nanowires based on (InxGa1-x)2O3 alloy have also been 

investigated. Linn et al. [72] reported on nanowires based on tunable growth of In-doped 

Ga2O3 (Ga2O3:In) and Ga-doped In2O3 (In2O3:Ga) on Au coated Si substrate by modulated 

water vapor in Ar with the temperatures of 700-750C.  

For the alloy of (AlyGa1-y)2O3 the components Al2O3 and Ga2O3 have corundum and 

monoclinic crystal structure respectively with the same electronic structure. The 

investigation of this alloy is continuing and a complete picture is needed to understand its 

full potential. Oshima et al. [73] reported the growth of -(AlyGa1-y)2O3 films on -Ga2O3 

(100) single crystal substrate using PAMBE. With the Al content of x=0.61, coherent 

growth was achieved but when the Al content is below than x=0.4, step-flow growth was 
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observed. Ito et al. [74] has grown corundum structured -(AlyGa1-y)2O3 films on c-plane 

sapphire substrate by spray-assisted mist CVD. However, the detail investigation on the 

bandgap engineering of this (AlyGa1-y)2O3 was not performed probably because the 

wavelength range of most spectrometers are limited. In order to solve this problem for high 

Al content alloy, it was recently revealed that, the bandgap of this alloy can be measured 

by using the onset of inelastic energy loss in core-level atomic spectra from x-ray 

photoelectron spectroscopy measurements [75]–[77]. In the inelastic collision, the plasmon 

in the bulk and at surface excitation and single particle excitation were caused by band-to-

band transitions. As the fundamental lower limit of inelastic loss can be defined as the 

bandgap energy, so that, the onset of the inelastic energy loss could be equivalent to 

bandgap energy of thin films [77].  
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II. GROWTH METHODS AND CHARACTERIZATION TECHNIQUES 

             

In this chapter, the two different deposition techniques viz. molecular beam epitaxy 

(MBE) and pulsed laser deposition (PLD) are described as this study covers both growth 

techniques to grow -Ga2O3. In this research, the crystal structure and preferred orientation 

of the thin films were investigated using X-ray diffraction measurements on a Rigaku 

SmartLab system with a Cu rotating anode. Four-bounce channel-cut Ge (220) crystals 

were used to obtain Cu K radiation and to eliminate vertical divergence. Aberration-

corrected JEOL JEM-ARM200CF scanning transmission electron microscopy (STEM) 

equipped with a cold field-emission source and an Oxford X-max 100TLE windowless 

SDD X-ray detector were utilized for crystal structure, microstructural and interfacial 

analysis at atomic resolutions. Epitaxial relationships between Ga2O3 and Al2O3 and the 

quality of interface was determined by both high-angle annular dark-field (HAADF) and 

annular bright-field (ABF) images acquired at 200 kV, with a collection semi angle from 

90 to 170 mrad and 11 to 22 mrad respectively. The cross-section sample was polished 

using Allied High Tech MultiPrep polishing system and then thinned down to electron 

transparency (<100 nm) using Fischione IonMill. The surface morphology and roughness 

were measured using a Park XE7 atomic force microscope (AFM). Chemical compositions 

and Ga oxidation states were investigated using x-ray photoelectron spectroscopy (XPS) 

with a Mg x-ray source. Refractive indices and film thicknesses were measured by a 

variable angle spectroscopic ellipsometry (SE) using J.A. Wollam, M-2000 ellipsometer 

and optical transparency were determined using a Shimadzu UV-2501 UV-Vis 

spectrometer. Finally, the electrical characterization was done by means of a Keysight 
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B1500A semiconductor device analyzer. 

2.1     Film Deposition Techniques 

2.1.1 Molecular Beam Epitaxy 

Molecular beam epitaxy (MBE) is a physical vapor deposition technique that has 

unique in-situ diagnostic capability and used to grow excellent quality single-crystal 

epitaxial films. This technique was developed to deposit the GaAs and GaAs/AlGaAs 

compound semiconductor material in the 1960’s at Bell Telephone Laboratories by J. R. 

Arthur and Alfred Y. Cho [78], [79] for investigating and understanding the nature of 

epitaxial thin film growth on an atomic level. It has since been applied to the growth of 

thin films of various semiconductor materials as well as metals and dielectrics. The 

advantage of using MBE technique to grow thin films is the capability of substituting 

cations randomly in a single growth of compound materials by removing the necessity of 

changing target or other discrete steps of multiple run growth that are needed for other 

deposition tools. Moreover, it has an exact layer-by-layer control on the growth resulting 

in having complete surface termination control of the growing film comparing to sputtering 

or pulsed laser deposition technique [80].  

A MBE system consists of one or more growth chambers with individual associated 

pumping system and load-lock to load and unload the samples or wafer into or from the 

MBE system without significantly affecting the vacuum condition of the growth chambers. 

In this way, growth chambers can be used efficiently with increased quality of operations 

by separating the equipment. The schematic diagram of a MBE chamber is shown in figure 

2.1. The oxide growth chamber used in this study is shown in figure 2.2 and has a base 

pressure of about 10-10 torr through a combination of turbo and cryopump, source of 
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materials called effusion cells which provides highly directional evaporation of material, a 

cryoshroud surrounding the growth region, ion gauge to measure the pressure of the 

chamber, manipulator to hold the substrate and heater, mechanical shutter to block the 

molecular beam if needed, in-situ RHEED (reflection high energy electron diffraction) to 

monitor the real time growth and a quadrupole mass analyzer to detect specific background 

gas species in the chamber. 

 

Figure 2.1: Schematic diagram of MBE system. 

 

In principle, the MBE technique involves highly controlled thermal evaporation of 

source materials from effusion cells directed to the substrate in a chamber with ultrahigh 

vacuum condition to achieve epitaxial growth of materials. The lower background gas 

pressure is needed to diminish the unintentional contamination resulting in relatively 

slower deposition rate of epitaxial growth [81], [82]. Because of this high vacuum 

condition, the mean free path of molecular beam and gases are greater (couple of order of 
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magnitude) than the distance between source and substrate (typically 20 cm). Mainly, the 

reactions occurred on the surface of the substrate by incorporating the source beam into the 

growing film. The shutters of the source are mostly made of molybdenum and tantalum 

which are used to grow complicated multilayer structures with different compositions in a 

monolayer level that are highly controlled by turning on or off the beams very quickly. 

However, the temperature of the high-purity pyrolitic Boron nitride (PBN) crucible which 

is in the effusion cell control of the atomic beam flux and associated with the vapor pressure 

of the evaporated source material. 

 

Figure 2.2: Oxide MBE chamber at advanced functional materials laboratory of Texas State University. 

 

            In oxide MBE, the source of O2 can be molecular oxygen or a reactive species either 

oxygen plasma or ozone or an oxygen/ozone mixture to oxidize the thin films. Among 
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them, ozone is very toxic and flammable, thus required careful action with additional 

equipment. Through the oxygen nozzle, the oxygen species are supplied into the chamber 

and a mass flow controller or a piezoelectric mass controller gas valve can be used to 

control the flow rate of the oxygen. The oxygen pressure for the growth in MBE is limited 

due to interaction with hot filaments and degradation. The use of molecular oxygen is 

limited and can only be used for metal which can easily oxidized. On the other hand, there 

are some other oxides such as Ga2O3, LaCoO3 and LaNiO3 that require a more reactive 

oxygen source to grow stoichiometric layer. The growth of simple metal oxides where the 

metal in its highest oxygen state is straightforward as it needs excess oxygen with a single 

metal flux whereas for the growth of multi-cation oxides (for example the perovskite 

oxides) is more difficult as it needs two matched metal flux for correct stoichiometry with 

correct phase. As a result, flux measurements is very important for MBE growth [83].  

There are three techniques available to monitor the flux in MBE and those are: (a) 

a nude ion gauge to measure beam-equivalent pressure, (b) a quartz crystal microbalance, 

and (c) using atomic absorption spectroscopy. One or two of these techniques are used to 

measure the flux. When an ion gauge is used for source flux measurement, the gauge is 

mounted on a retractable arm which can be set to the position of the substrate. By opening 

and closing the shutter of the effusion cells, ion gauge shows beam equivalent pressure 

which can be used to calculate the flux using simple equation [84]. When a quartz crystal 

microbalance is used to measure the flux, it is mounted on a arm which can be brought to 

the substrate position during flux measurement and variation of the oscillation frequency 

of a quartz crystal is utilized because deposited materials changes its total mass [85]. Quartz 

crystal microbalance takes over 30 minutes for stable reading. Because of its sensitivity to 
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temperature, quartz crystal monitors are usually cooled by water. The accuracy of the flux 

measurements obtained from ion gauge beam equivalent pressure and quartz crystal 

microbalance is around 5% which is insufficient for some specific applications. Atomic 

absorption spectroscopy flux measurement technique is used for those applications that 

require accuracy in the flux measurement in <1% [86]. In this process, light beam is guided 

in to the path of the evaporating material and the amount of absorbed light is measured by 

a detector. The measurement, is element specific element since the light absorption of 

atoms is specified by wavelength of light. However, this technique of flux measurement 

requires expensive set-up of instruments.    

Generally, a transition metal is one of the components in a complex oxide layer but 

some of those have very low vapor pressure that make them difficult to evaporate thermally 

with sufficient flux required for deposition at reasonable growth rates. Transition metal 

like titanium or vanadium can be thermally evaporated with stable flux but with low flux 

rate using effusion cell at 2000C while there are some other transition metals like niobium 

and ruthenium are not able to produce significant flux with a 2000C effusion cell 

temperature. Electron beam evaporation is also included in an oxide MBE chamber and is 

used for these type of transition metals with low vapor pressure though it has poor flux 

stability and reproducibility [87]. There is also a concern of using the effusion cells at high 

temperature due to availability of suitable crucible material. 

2.1.2 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a technique which can be used to deposit oxide thin films 

including heterostructures combining different oxide interfaces utilizing a series of high 

power pulsed laser focused onto the source material to transfer the desired composition to 
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the substrate under high vacuum [88], [89]. PLD technique was discovered during the 

growth of high Tc superconductors growth by the researchers at Bell Communications 

Research and developed into a very versatile and important deposition technique for the 

complex oxide thin films [90], [91]. A schematic diagram of the basic PLD is shown in 

figure 2.3.  

 

Figure 2.3: Schematic diagram of a PLD system [92]. 

 

PLD technique has several advantages making it favorable for the deposition of 

complex materials. The first advantage is the possibility of transferring the stoichiometry 

of the target material under optimized condition to the substrate due to the absorption of 

high laser energy by a small portion of target that creates a plume containing ablated 

material. Hence, there is no need to control precisely the evaporation rate individually for 

the elements of a compound material as the stoichiometry of the film is the same as that of 
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the target. The second advantage of using a PLD is having the capability of using 

background gases with a flexibility to adjust over a wide range of pressure that could be 

from ultrahigh vacuum to several Pascal during the growth.  This provides another 

parameter to optimize the growth process for the oxide growth. The third advantage is the 

deposition of the multicomponent film using a single stoichiometric target with several 

elements or different targets for every element with the help of a programmable rotation 

system of target to facilitate complex multilayer growths.  

In principle, a pulsed laser from the high-power KrF excimer source with 248 nm 

wavelength is excited and hit the target (source material) to deposit onto the substrate 

surface. The laser usually focused onto the target by means of a quartz lens that is located 

outside of the vacuum chamber. Due to the high energy of the laser, atoms from the target 

are evaporated hyper-thermally by every laser pulse and transported to the substrate with 

high kinetic energy (5-100 eV) making it possible to deposit material at lower substrate 

temperature since there is enough energy for sufficient surface diffusion.  

The main components of a PLD system are the substrate manipulator and target 

holder. The substrate manipulator also consists of a heater to increase the substrate 

temperature for the growth of single crystal epitaxial thin films. Most of the PLD systems 

use target rotation system and laser scanning/rastering to alleviate irregular target erosion. 

As the laser makes the targets very hot, the target holders are typically water-cooled. 

Targets have disc shape and there are several ways (mechanical clamping, bonding, or 

magnets) to mount the target onto the target holder which allow for easy accessibility and 

easy mounting or dismounting. The PLD system used in this research for the growth shown 

in figure 2.4. 
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Figure 2.4: PLD system installed at Texas State University. 

 

The most expensive and important hardware piece is laser in a PLD system where 

the laser wavelength is chosen so that it is absorbed by the target material and can provide 

high energy densities greater than 1 J/cm2. Usually PLD system uses excimer lasers with 

either KrF (248 nm) or XeCl (308 nm) because the optical wavelength required for 

successful deposition is in the range of 200-400 nm due to the need for creating the 

necessary plume from the target [89]. Optical elements are required between the growth 

chamber and the laser to focus and guide the laser beam. Other critical elements in the PLD 

system are the geometry of the growth chamber along with relative positions of the target, 

the beam focal point and the substrate. The required angle between the target and the laser 

port (through where laser enters into the chamber) is 45. Also, the distance between 

substrate and target is very crucial for the stoichiometric growth in PLD process. For 
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uniform deposition, a rotating substrate stage is used. The system also has a differentially 

pumped RHEED so that the crystal surface structure can be monitored during growth. 

For the growth of complex oxide thin films, several processing parameters such as 

laser fluence, repetition rate, the substrate temperature and the oxygen partial pressure are 

important parameters that can influence the composition and microstructure of the films 

[89]. The laser fluence is critical for target stoichiometry while the repetition rate has an 

important influence on the morphology [93].  

2.1.3 Target Preparation      

The ceramic targets need to be prepared for the thin film deposition by PLD 

technique. In this research, the preparations of the targets were done by widely used 

technique known as ceramic sintering which is based on solid state reaction between the 

materials. The first step of the standard ceramic synthesis process is mixing the oxide nano 

powders in different weight/atomic ratio for required mole fraction in alloys by using 

ultrasonic ball milling for 10-30min. After that, the mix powder was pressed by a hydraulic 

press machine to make ceramic disk for 10 hours with pressure of 10000 lb. The ceramic 

pellet was annealed by a high temperature furnace at 1000-1200C for 10-20 hours for the 

solid-state reaction. Porosity and density of ceramic pellet depend on the sintering process 

as the size and shape of the pores decreases and becomes spherical respectively during 

sintering. The targets for the thin film depositions were formed with the dense and hard 

ceramic pallet by polishing the surface using a sand paper. Finally, the targets were 

evaluated by the XRD measurements for further confirmation of the composition and 

loaded into the PLD chamber for the deposition.  
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2.2       Structural Characterization 

2.2.1    Reflection High Energy Electron Diffraction 

Reflection high energy electron diffraction (RHEED) is a unique in-situ surface 

characterization technique for real time monitoring of the growth. The basic principle of 

RHEED based on high energy electron diffraction from the surface of the material. This 

process has the sensitivity to surface morphology and allows the investigation of the crystal 

symmetry and atomic reconstructions on the material surface.  

 

Figure 2.5: Pictorial description of a RHEED operation and diffraction geometry during MBE growth. 

 

The basic components of the RHEED system are an electron gun to generate 

electrons and camera to collect the diffraction pattern from a phosphor screen (figure 2.5).  

The process of RHEED involves the high energy (10-30 kV) electrons emitted 

from the electron gun that are incident upon the sample surface at glancing angle (1-3) 

and a series of diffracted beams are viewed on an opposing phosphor-coated screen which 

are then collected by a charge coupled device (CCD) camera detector to make visible on a 

computer for analysis. This geometry setup does not interrupt the line of sight between 

evaporation source and substrate, so that it can be performed at the same time during 

growth to monitor in real time the growth process [83]. Atomic arrangement on the surface 
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of the sample are responsible for the RHEED pattern. Traditionally, RHEED is used with 

MBE technique. However, it is utilized with PLD system together with differential 

pumping to reduce the effect of high oxygen pressure during growth. 

 

Figure 2.6: RHEED characteristic patterns from different surfaces based on quality of flatness. (a) when 

flat regions on the flat surface are broader than the coherence length of the effective incident electrons. (b) 

when the flat surface contains uncorrelated terraces with widths which are narrow compare to coherence 

length. (c) when the surface is rough along with islands which shows transmission diffraction pattern [83].  

 

RHEED can be used to determine the crystal structure of the surface with 

corresponding crystal orientation (figure 2.6). However, there are several other applications 
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of RHEED and the most widely used one is to use the RHEED oscillation [94] to monitor 

the intensity of the specular spot when a layer by layer epitaxial film is growing. The 

intensity of the spot is minimum for the half of a layer growth and maximum for single 

complete layer (one monolayer) of material deposition. The number of layer of material 

that has been deposited can be counted precisely by plotting the RHEED intensity 

oscillations. The period of oscillation represents the growth rate of the film. Individual 

elemental fluxes can also be calibrated by using RHEED intensity oscillations for 

multicomponent oxides such as SrTiO3 [95] and YBa2Cu3Ox [96]. The growth mode (flat 

layer by layer or island growth) of the film can also be determined by the RHEED. 

Schematic RHEED patterns for different kind of surfaces is shown in figure 2.3. A “spotty” 

pattern along a circular arc (the zeroth Laue zone) can be seen for flat surface while Laue 

zone spots spread out into streaks for a typical flat surface which has uncorrelated short 

lateral terrace widths. A two-dimensional diffraction spots array is appeared for the rough 

surface where some electrons are transmitted through the islands [97].  

2.2.2    X-ray Diffraction 

X-ray diffraction (XRD) is a non-destructive powerful analytical technique is used 

to study the crystal properties by collecting the structural information of materials 

including powder to thin films [98]. This fundamental technique is used to identify the 

crystalline phases with information about unit cell dimensions, chemical compositions and 

physical properties of the materials. A beam of x-rays resulting in diffraction in various 

specific directions in this XRD process. The wavelength of the incident x-rays is fixed and 

a crystallographic arrangement of the crystal atomic planes are determined by every 

diffracted angle where atomic planes are defined by the periodic arrangement of atoms in 
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the crystal. The basic criteria for interference is the Bragg’s condition which is given by 

the following equation [98]: 

2𝑑 sin 𝜃 = 𝑛𝜆 

In this equation,  is the incident angle of x-rays, d is the spacing between the atomic planes 

of the crystal, λ is the wavelength of the x-rays, and n is the integer representing the order 

of the diffraction peaks. Bragg’s law can be described by figure 2.7.  

 

Figure 2.7: Schematic diagram of demonstrating Bragg’s law and here,  is the x-ray wavelength, n is an 

integer,  is the incident angle and d is the lattice spacing of the crystal.  

 

The incident parallel x-ray beam is incident onto a regular array of crystal atoms 

with an incident angle of  and diffracted from the parallel planes of crystal atoms [99]. 

Due to the different path travel, two consecutive reflected beams possess a phase 

difference. The reflected beams interference constructively only when the geometry 

satisfies the Bragg’s condition (equation 2.1) that is, the path difference which is multiple 

integer of the x-ray wavelengths [100]. Usually, generated characteristics x-ray spectrum 

is plotted as diffracted x-ray intensity versus 2 graph. The obtained spectrum is analyzed 

by comparing with the x-ray crystallographic library or database to obtain the orientation 

and composition of the layers in the grown structure. By using the above Bragg’s equation, 



 

41 

crystal properties such as atomic structure, lattice constant, and disorders can be 

determined. 

 

Figure 2.8: Highly functional Rigaku SmartLab XRD system of Texas State University. 

 

      In this study, a Rigaku SmartLab X-ray diffractometer (figure 2.8) is used to 

measure the XRD spectrum for grown films. It consists of Cu Kα source with a wavelength 

λ = 1.540562 Å operates at 40 kV and 44 mA, a goniometer stage where the sample is 

mounted and a detector to collect the diffracted X-rays. With the help of the various x-ray 

scattering methods provided by the system, different XRD measurements were carried out 

including -2, high resolution rocking curve and in-plane phi () scan.       

2.2.3    X-ray Photoelectron Spectroscopy 

            X-ray Photoelectron Spectroscopy (XPS) is a powerful technique to analyze the 

chemical nature of compounds using x-rays in an ultrahigh vacuum environment. A variety 
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of information for a sample can be investigated with this technique including elemental 

composition, chemical bonding, band structure and offsets. In principle, when soft x-rays, 

Al Kα (1486.6 eV) or Mg Kα (1253.6 eV) interact with core electrons, photoelectrons are 

ejected from the electronic shell due to the collision between x-rays and electrons [101]. 

An Auger electron is generated when an electron from valence shell filled the hole caused 

by the missing inner core electron in the electronic shell to conserve energy. A certain 

kinetic energy is released by the electrons corresponding to the characteristic binding 

energy of the electron from the atomic shell. The kinetic energies of the electrons are 

collected by the detector and is used to determine the binding energies of the electrons. The 

basic equation for XPS measurements is given below [101], [102]:  

𝐸𝐵 = ℎ𝑣 − 𝐸𝐾 − 𝜙 

Here, EB is the characteristics binding energy and EK is the kinetic energy of ejected 

electron, hv is the x-ray photon energy and  is the work function. Schematic illustration 

of XPS working principal is shown in figure 2.9.  

 

Figure 2.9: Basic working principle of photoelectron emission and Auger relaxation effect of XPS [103].  
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During measurements, samples are grounded to prevent the charge build up on insulating 

samples that can cause shifting of XPS spectrum to higher binding energy [104], [105]. 

Consequently, the measured kinetic energy of the electrons obtained will be different than 

the actual value. As carbon is the most common element that found in every air exposed 

sample, it is used to calibrate the energy position whereas when the XPS measurements are 

carried out in-situ immediately after growth, the oxygen peak is used as the reference.  

To analyze the measured XPS spectra, a computer with data acquisition and 

processing software is used to determine the elements with other relevant properties of the 

sample. Though the collected measurements are the kinetic energy of the electrons, typical 

XPS spectrum is plotted as a function of binding energy of the electrons because kinetic 

energy represents the incident x-ray energy whereas, characteristic binding energy 

represents individual elements which is not related to the system. Because of the electron 

redistribution around the constituent atoms of the crystal, the binding energy changes with 

energy shifts representing the differences in the chemical bonding which is used to extract 

information about the oxidation or chemical state of the sample [106].  

The XPS measurements were carried out using a SPECS X-Ray dual angle source 

viz. Mg Kα (1253.6 eV) and an energy analyzer made by Scienta (figure 2.10). A Shirley 

background is used to fit the measured data and acquire peak intensities. The deconvolution 

of obtained spectra were carried out by the summation of Gaussian line shapes which 

define individual components of the measured peaks with detail information of the 

chemical interactions properties.  
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Figure 2.10: SPECS XPS system of Texas State University. 

 

2.3 Surface Morphology 

2.3.1    Atomic Force Microscopy 

            Atomic Force Microscope (AFM) is the most used high resolution scanning probe 

technique to analyze the surface morphology or topography for both conducting and 

insulating samples [107]. AFM analysis reveals various properties of the materials 

including surface roughness and morphology. 
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Figure 2.11: The schematic diagram of AFM [108]. 

 

The schematic diagram is shown in figure 2.11 which shows that it consists of a 

sample stage, photo detector, laser diode, cantilever with sharp tip and a feedback control 

unit which produces the corresponding image of the sample surface morphology. The sharp 

AFM tip is attached to the end of the cantilever used to scan across the sample surface. The 

deviation of the cantilever in the direction towards or away from the sample surface 

depends on attractive or repulsive forces experienced from the surface atoms. The working 

principle of AFM is based on this atomic attraction and repulsive force mapping between 

the atoms of the AFM tip and sample surface [109], [110]. The weak interaction force that 

is Van der Waals force is utilized by the AFM technique during the scan when the probing 

tip is very closed to the sample surface and caused vertical deflection of cantilever. 

Cantilever deflection measurement required a very sensitive technique due to the small 

force (the order of nano-Newton) between sample and probe resulting in the use of a laser 

based optical technique. With the use of a feedback electric current, the transformation of 
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deflection signals in-to the physical surface morphology is possible [111], [112]. In this 

study, the AFM measurements of the thin films were carried out using Park XE7 Atomic 

Force Microscope shown in figure 2.12. 

 
 

Figure 2.12: Park XE7 AFM system of Texas State University 

 

2.4 Optical Characterization 

2.4.1 Spectroscopy Ellipsometry 

Ellipsometry is a widely-used technique to determine the optical constants as well 

as the thickness of the thin films ranging from sub-nanometers to few microns utilizing 

polarized light. It measures the change in polarization of the incident light after reflecting 

or transmitting from the surface of the sample. It can provide information about the optical 

properties of the measured sample which causes a modification of the incident polarization 

state that depends on the various optical properties of the sample including complex 

reflection index, dielectric constant or thickness [113]. Angstrom resolution can be 

achieved by ellipsometry due to its capability of using phase information with the 

polarization state of light despite the inherent diffraction limitation of optical techniques 
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[114].  

 

Figure 2.13: The basic configuration of ellipsometry [115]. 

 

The basic configuration of ellipsometry is shown in figure 2.13 which includes a 

light source, polarizer, polarization analyzer and detector. Optical components including 

polarizer, compensators and phase modulators are used to make the polarizer and analyzer. 

In principle, an electromagnetic wave is generated from a light source which is unpolarized 

light due to its arbitrary orientation and phase. This unpolarized light is converted into 

linearly polarized light with parallel (p) and perpendicular (s) components of same phase 

after passing through a polarizer. The linearly polarized light interacts with the sample and 

reflected to the analyzer and is detected with a changed amplitude and phase for both p- 

and s-polarized light. As shown figure 2.13, the electromagnetic wave having a random 

amplitude and phase is measured by ellipsometry representing an ‘elliptical’ polarized 

light. Thus, the term ‘Ellipsometry’ is related to the elliptical polarization [116].  

However, the optical constant and thickness cannot be measured directly by the 

VASE (variable angle spectroscopic ellipsometry) rather it gives complex reflectance ratio 

() of the system expressed by the Ψ and Δ can be stated by the basic equation of 

ellipsometry [113], [117]: 
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𝜌 =
𝑅𝑝

𝑅𝑠
= tan(𝜓) exp (𝑖Δ) 

Where, Rp ad Rs are the light polarized parallel and perpendicular to the plane 

respectively, tan () represents the amplitude ratio upon reflection and Δ denote the phase 

shift. 

As mentioned before, ellipsometry is an indirect method and hence, the analysis of 

a model needs to be performed. The measured Ψ and Δ data are fitted with the appropriate 

models over a range of wavelengths in order to obtain the thickness and other optical 

parameters. Based on the Fresnel’s equations, the model is established to calculate a 

prediction of response. Fresnel’s equation is used to calculate the Ψ and Δ values for the 

individual material in a multi-layer model with thickness and optical constants (refractive 

index and dielectric constant [118], [119]. The experimental data for Ψ and Δ values are 

compared with corresponding calculated Ψ and Δ values and the best fit is found by the 

estimator named Root Mean Squared Error (RMSE) by varying the parameters of the 

model during the fitting procedure and given as: 

𝑅𝑀𝑆𝐸 = √
1

2𝑛 −𝑚 − 1
∑[(𝜓𝑖

𝑐𝑎𝑙 − 𝜓𝑖
𝑒𝑥𝑝)2

𝑛

𝑖=1

+ (Δ𝑖
𝑐𝑎𝑙 − Δ𝑖

𝑒𝑥𝑝)2] 

Where, n denotes the number of data points in the spectra, m denotes the number 

of variable parameters in the model, and “exp” and “cal” represent the experimental and 

calculated data, respectively. The minimum RMSE value provides the information about 

the parameters such as, thickness, roughness, uniformity and refractive index of the 

measured sample. In this study, ellipsometry measurements were carried out by M-2000 

J.A. Woollam spectroscopic ellipsometry (figure 2.14). 
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Figure 2.14: J.A. Woollam spectroscopic ellipsometry. 

 

2.4.2 UV-Vis Spectroscopy 

            In order to measure the transparency of the grown thin films, a Schimadzu UV-

VIS-NIR optical spectrophotometer as shown in figure 2.15 with wavelength range of 200-

900 nm is used for this study. The measurements were performed on the samples at room 

temperature to investigate the optical properties (transmittance, absorbance or bandgap).  

A small piece of two-sided tape is used to mount the sample carefully in one of the 

beam paths for the spectrophotometer whereas a sapphire substrate is mounted in the other 

beam path as a reference. Sometimes no reference sample is used to leave the reference 

beam path open but in this study, a reference sample is always used for the measurements. 

Optical transmittance or absorption is determined as a function of wavelength since the 

monochromatic light is passed through the sample as well as the reference sample 

(sapphire) and the measured light from the sample is compared to the light in the reference 



 

50 

beam [120].  

 

Figure 2.15: Schimadzu UV-VIS-NIR optical spectrophotometer. 

 

The bandgap is calculated from the obtained transmittance of the measured sample 

and for that at first, the absorption coefficient (α) is determined by using the absorption 

data (A) at every wavelength with the following equation: 

𝛼 =
𝐴

𝜆
 

As wavelength, λ is in nm, it was multiplied by 10-7 to obtain the absorption 

coefficient in cm-1. 

The absorption of the thin films with the direct bandgap follows the power law 

which is used to determine the bandgap given below [121]: 

(𝛼ℎ𝜐) = 𝐵(ℎ𝜐 − 𝐸𝑔)
1
2⁄  

Where, h is the energy of the incident photon, B denotes the absorption edge width 

parameter and Eg denotes the band gap. Using Tauc plot analysis, the bandgap of the thin 

film is calculated by plotting of (h)2 versus h and by extrapolating the linear part of 

that graph, the bandgap value can be determined. Transmittance data can also be used to 
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calculate other optical properties such as extinction coefficient, dielectric constant and 

refractive index. 

2.5 Electrical Characterization 

To determine the electrical properties of the grown thin films, Au (100 nm)/Ti (50 

nm) circular electrodes were deposited on the surface of the thin film through a shadow 

mask by electron beam deposition technique. After that, the fabricated devices were 

thermally annealed for 10 min at 450C in an Ar atmosphere. The current-voltage (I-V) 

characteristics of the thin films were measured by means of a Keysight B1500A 

semiconductor device analyzer (figure 2.16) at room temperature.  

  

Figure 2.16: Keysight B1500A semiconductor device analyzer of Texas State University. 
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III. HETEROEPITAXIAL GROWTH OF -Ga2O3 THIN FILMS 

 

3.1       Introduction 

            The growth of Ga2O3 thin films requires a source of gallium and oxygen to 

completely oxidize the Ga atoms on the surface. This could be metallic Ga from an effusion 

source and a form of activated oxygen that is very reactive so that the oxidation can be 

completed at a low substrate temperature. In a conventional PAMBE technique, plasma-

activated oxygen flux is used to oxidize evaporated gallium (Ga) flux on a heated substrate 

to form a layer of Ga2O3. Typically, oxygen-rich condition is used to provide an 

overpressure of oxygen to the growth surface for stoichiometry control during the growth 

of -Ga2O3 whereas Ga-rich growth condition can be used for reducing Ga vacancies 

formation which act as compensating acceptors in -Ga2O3 [122], [123]. The reactions for 

the formation of the film growth and suboxide are: 2𝐺𝑎 + 1𝑂 → 𝐺𝑎2𝑂 and 2𝐺𝑎 + 3𝑂 →

𝐺𝑎2𝑂3. According to Vogt et al. [122], competition between the accumulation of Ga2O3 

and desorption of volatile Ga2O determine the growth rate of the film. Besides, the growth 

rate depends on the availability of oxygen species which constitutes a big challenge for the 

growth of thick layers of -Ga2O3 by PAMBE [122]. To reduce the formation and 

desorption of Ga2O an increase of oxygen flux is required. Also, the introduction of more 

reactive oxygen species such as ozone or plasma can reduce the desorption of Ga2O and 

consequently increase the growth rate of the -Ga2O3 film. However, there is a limitation 

on the partial pressure of oxygen that can be introduced into an MBE chamber, due to the 

risk of oxidation of filaments as well as exposure of the source materials in the effusion 

cells. To avoid this problem, the use of a Ga2O3 compound source would provide oxidized 
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Ga species to the growing surface in the form of Ga2O which would remove the 

requirement for a high oxygen pressure necessary to oxidize metallic Ga at the surface. An 

analysis of the heats of formation suggests that the use of Ga2O molecules and oxygen 

would result in the growth of the crystalline Ga2O3 thin films at a much lower temperature. 

It has been shown that, in comparison with using elemental Ga source, Ga2O3 compound 

source provides a relatively higher growth rate [10]. A similar technique was used for the 

growth of thick BaSnO3 by MBE where SnO2 source has been used instead of elemental 

Sn source to overcome the high overpressure of Sn and difficulty of incorporation into the 

ternary film [124]. Prior reports on the growth of an oxide thin film using Ga2O3 compound 

source with the films being amorphous [106], [125] were aimed for gate dielectric 

applications resulting in Fermi Level unpinning of GaAs surfaces. So, an in-depth study of 

the properties -Ga2O3 thin films grown using a Ga2O3 compound source also the subject 

of this investigation. To complement the study of the properties of -Ga2O3 thin films, a 

PLD technique was used because, unlike MBE where the oxygen partial pressure is limited 

during growth, oxygen partial pressure up to the millitorr level can be used. The increased 

oxygen pressure helps to maintain the stoichiometric composition of the films.  

In this chapter, the growth and properties of high quality -Ga2O3 epitaxial thin 

films on c-plane sapphire (Al2O3) substrates as a function of MBE growth parameters using 

a Ga2O3 compound source and an elemental Ga source is explored. In addition, because of 

the presence of oxidized Ga and oxygen from the source, the growth of single phase -

Ga2O3 using the compound source without the use of any additional oxygen will be 

investigated. In this approach, the required oxygen needed to form Ga2O3 will be obtained 

through the decomposition of the polycrystalline Ga2O3 source and transported to the 
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substrate surface along with the Ga2O molecules. To the best of our knowledge there are 

no reports on the growth of crystalline -Ga2O3 films without the use of an oxygen source 

by MBE. Part of this chapter also covers the growth and characterization of -Ga2O3 

epitaxial thin films by pulsed laser deposition technique. 

3.2       Growth of β-Ga2O3 Using Ga Elemental Source by PAMBE             

3.2.1.   Experimental 

Growth was carried out in an oxide MBE chamber with a base pressure of < 5×10-

10 torr using a combination of turbomolecular and cryopumps. Oxygen was supplied from 

a RF plasma source with a DC bias on the deflector plate to minimize the ions from 

reaching the substrate. During growth, the chamber cryopanels were cooled with LN2 with 

the cryopump valved off when the plasma source was used. The growth was monitored in 

situ using RHEED. In the study, β-Ga2O3 films were deposited on single-side polished 

quarter of 2" c-plane sapphire substrates by PAMBE technique. The sapphire substrate was 

degreased in acetone for 10 min and thermally cleaned for 15 min at 800 C in the growth 

chamber. In order to remove the adsorbates from the surface of the substrate, an additional 

oxygen plasma treatment was used for 40 minutes. To fabricate β-Ga2O3 thin films, Ga 

evaporated from an effusion cell with oxygen plasma generated through the radio 

frequency (RF) activated radical cell. In this study, substrate temperatures were varied from 

650-750 C for Ga elemental source. The oxygen gas flow rate and the input RF plasma 

power of the radical cell were maintained at 1.24 sccm and 300 W respectively resulting 

in a chamber pressure of 110-5 torr during growth. 

3.2.2 Results and Discussion 

            To investigate the surface quality and growth mode of β-Ga2O3 thin films, the 



 

55 

sample surface was monitored during growth by RHEED. Upon Ga2O3 nucleation on 

sapphire substrate, the RHEED pattern showed a diffuse background characteristics of 

amorphous material. As the growth keeps going, the diffuse RHEED pattern gradually 

became streaky showing a three-fold reconstruction with Kikuchi lines as shown in figure 

3.1. The diffused background occurs during the transition from sapphire to Ga2O3 probably 

due to crystalline disorder. Streaky RHEED patterns were observed at the end of growth 

for all the samples grown at different substrate temperatures meaning that the film materials 

exhibit a high degree of structural order. 

 

Figure 3.1: RHEED patterns during the growth of β-Ga2O3 using elemental Ga source. 

 

To investigate the crystal structure of the grown β-Ga2O3 thin films, θ-2θ x-ray 

diffraction patterns were recorded in the 2θ range of 15-100. Figure 3.2 shows XRD 

patterns of the films grown at various temperatures using elemental Ga source. The spectra 

contain four diffraction peaks corresponding to the (2̅01), (4̅02), (6̅03) and (8̅04) planes 

of β-Ga2O3 at 18.98, 38.48, 59.28, and 82.30. Apart from these peaks no other peaks 

representing other Ga2O3 phases were found in the scan range. This indicates that the thin 

films grown on c-plane sapphire represent a pure single phase (2̅01) oriented β-Ga2O3 

similar to what was reported for β-Ga2O3 thin films grown on c-plane sapphire substrates, 

GaN substrates and a-plane sapphire substrates [53], [126]. For films grown with elemental 
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Ga, the spectra showed the same set of diffraction peaks when the growth temperature was 

increased from 650-750° C (figure 3.2). However, the peak intensity assigned to Ga2O3 

increased with growth thickness as expected and which can be seen from the spectrum 

shown in figure 3.2 for the 3-hour growth at 700° C. The arrangement of oxygen atoms in 

the c-plane sapphire substrate is the same as in the (2̅01) plane of β-Ga2O3 resulting in the 

epitaxial relationship in which the (2̅01) β-Ga2O3||(0001) sapphire [53]. The gallium atoms 

bond to the oxygen atom layer of the sapphire substrate with smaller mismatch between 

the (0001) planes of the sapphire and the (2̅01) plane of β-Ga2O3 [126]. The peaks located 

at 41.78° and 90.88° are respectively the (006) and (0012) diffraction peaks of the c-plane 

sapphire substrate, respectively. 

 

Figure 3.2: XRD patterns of β-Ga2O3 thin films grown using elemental Ga source. 
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To investigate the stoichiometry and oxidation state of the grown β-Ga2O3 thin 

films, x-ray photoelectron spectroscopy was used. Figure 3.3 shows a survey scan for the 

film grown using the Ga elemental source with only the oxygen peak and Ga related peaks. 

To determine the oxidation state of Ga, the Ga 2p region was selected and scanned in high 

resolution as shown in Fig. 3.4 for a Ga2O3 film grown using elemental Ga at a temperature 

of 700° C. 

 

Figure 3.3: XPS survey scans of representative grown β-Ga2O3 films. 

 

A sum of two Gaussian peaks on a Shirley background is used for the deconvolution 

of the XPS spectrum as shown in figure 3.4 The Ga 2p peak shown is a convolution of two 

peaks that can be assigned to Ga2O3 at 1117.32 eV and elemental Ga at 1116.03 eV. A 

positive shifting in binding energy of the Ga 2p peak indicates the Ga3+ oxidation state. 

Shifting of binding energy occurs because of the redistribution of electrons around the 
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constituent atoms of the crystal. So, the changes in chemical bonding results in shifting of 

binding energy which is used to infer information about the oxidation state of the Ga in the 

oxide film [106]. The elemental Ga in the Ga 2p peak is found because the totality of Ga 

was not oxidized by the provided oxygen. It is not possible to increase the oxygen pressure 

above 10-5 torr with the MBE technique because of this limitation all the Ga could not be 

oxidized resulting in a Ga-Ga peak in the Ga 2p scan (figure 3.4). Although the oxidation 

process is not 100% efficient, XRD results show the film possess a high degree of 

crystallinity (figure 3.2). The growth using elemental Ga requires higher temperatures for 

the complete oxidation of the Ga atoms based on the heat of formation. 

 

Figure 3.4: XPS of Ga 2p core level spectrum of a grown β-Ga2O3 thin films using elemental Ga source. 

Experimental data is represented by dotted lines. 

Figure 3.5 shows a typical O 1s spectrum obtained from the grown films. This can 

be fitted with a single peak suggesting an oxide film where the Ga is in a predominantly 

single oxidation state. 



 

59 

 

Figure 3.5: O 1s core level spectra of Ga2O3 thin films. Experimental data (solid squares) was fitted to a 

single peak (solid line). 

 

Scanning probe microscopy (Park XE7) in the AFM mode was used to investigate 

the effect of the growth temperature on the surface morphology. AFM images were 

acquired at a scanning frequency of 1.5 Hz with a scanning area of 22 μm2. Figure 3.6 

shows the AFM topographies of the films surface grown by elemental Ga source at 

different growth temperatures. The morphological characteristics of thin films highly 

depends on the growth conditions, including growth temperature and oxygen partial 

pressure [126]. The surface of the thin films deposited by PAMBE were found flat and 

smooth without obvious cracks or discontinuities for both sources. The root mean square 

(RMS) surface roughness of the corresponding films grown using elemental Ga source with 

growth temperatures of 650, 700 and 750°C are 0.37, 1.11, 0.39 nm respectively [Fig. 

3.6(a)-(c)] by PAMBE technique. 
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Figure 3.6: 22 m2AFM images of β-Ga2O3 films grown using elemental Ga source. 

 

Optical properties such as the complex index of refraction, the dielectric constants, 

and the thickness of the films were analyzed using spectroscopic ellipsometry (SE) by 

determining the ellipsometric parameters Ψ and Δ as a function of wavelength (200-1000 

nm) and incident angle (65°,70°, 75°, 80° and 85°) at room temperature. A model of the 

measured sample was constructed using a four layer structure (analysis software 

CompleteEase, J.A. Woollam) shown in figure 3.7b. In order to extract the optical 

properties of the thin film with respect to a substrate/film structure, the optical response of 

the c-plane Al2O3 substrate was first determined and used in the model to determine the 

optical properties of the β-Ga2O3 thin film. Subsequently, the measured ellipsometric data 

was fitted to the corresponding optical model generated data, depicted in figure 3.7(a). A 

minimum root mean square error (RMSE) is obtained by varying the parameters of the 

model during the fitting procedure expressed as [42]:  

𝑅𝑀𝑆𝐸 = √
1

2𝑛 −𝑚 − 1
∑[(Ψ𝑖

𝑐𝑎𝑙 −Ψ𝑖
𝑒𝑥𝑝)2 + (∆𝑖

𝑐𝑎𝑙 − ∆𝑖
𝑒𝑥𝑝)2]

𝑛

𝑖=1

 



 

61 

Here, n is the number of data points in the spectra, m is the number of variable parameters 

in the model, and ‘exp’ and ‘cal’ denote the experimental and calculated data, respectively. 

 

Figure 3.7: (a) Raw SE data (experimental-colored lines) and the corresponding calculated fittings (black 

dotted lines) as a function of wavelength. Curves 1 and 1 were taken at an incident angle of 65°, 2 and 

2 at 70°, 3 and 3 at 75°, 4 and 4 at 80°, 5 and 5 at 85°. (b) Four layer model structure for β-Ga2O3. 

 

Figure 3.7(b) sketches a four-medium optical model consisting of a semi-infinite c-

plane Al2O3 substrate/β-Ga2O3 film/surface roughness/air ambient structure employed to 

investigate the β-Ga2O3 thin film. The roughness layer was included to simulate the effect 

of surface roughness of the β-Ga2O3 film on the SE measurement. Since the optical 

constants for the c-plane Al2O3 substrate layer have been obtained separately, the free 
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parameters in the fitting correspond to the β-Ga2O3 film thickness, surface roughness layer 

thickness and the β-Ga2O3 optical constants. The β-Ga2O3 optical constants are described 

by the Cauchy dispersion relation model while the surface roughness layer is modeled by 

a Bruggeman effective medium approximation using a mix of 50% β-Ga2O3 and 50% voids 

[127]. The β-Ga2O3 film and surface roughness layer thicknesses are consistent with the 

profilometer and the AFM RMS roughness measurement respectively. 

 

Figure 3.8: Plot of (αhν)2 vs photon energy for a β-Ga2O3 epilayer deposited on sapphire at 750C. The 

optical direct bandgap is estimated by extrapolation to hν = 0. 

 

In order to derive the quantitative structure-property relationship to better 

understand the effect of microstructure on the optical properties, a further analysis of the 

measured optical spectra is performed, shown in figure. 3.8. The absorption of β-Ga2O3 

follows a power law, since it has a direct band gap expressed as [127]: 

(𝛼ℎ𝜐) = 𝐵(ℎ𝜐 − 𝐸𝑔)
1
2⁄   
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where ℎ𝜐 is the energy of the incident photon, 𝛼 is the absorption coefficient, B is the 

absorption edge width parameter and Eg is the bandgap. 

It is evident that in the high absorption region, (αhν)2 vs hν results in a linear plot, 

suggesting direct allowed transitions across the energy gap of β-Ga2O3 films [46], [127] 

with the band gap values determined by extrapolating the linear region of the plot to hν = 

0. The bandgap found from a film grown at 750C using the elemental Ga source is ~5.02 

eV indicating an excellent optical transparency of the thin film in the UV and visible 

wavelength region. The corresponding refractive index, n (at a wavelength of 6328 Å) 

calculated from SE data for this same film is ~1.77 eV. It is worth noting that the measured 

band gap energy values and the refractive indices in this work are consistent with those 

reported in the literature for β-Ga2O3 [42], [127]. A summary of the derived samples 

parameters is presented in Table 3. 

Table 3. Material characteristics of Ga2O3 thin films grown using elemental Ga source. 

 

3.3 Growth of -Ga2O3 Using Ga2O3 Compound Source by MBE 

3.3.1    Experimental 

Heteroepitaxial -Ga2O3 films were grown on single-side c-plane sapphire 

substrates by MBE. In the present work, compound a polycrystalline Ga2O3 source material 

Growth temperature 

(C) 

Thickness 

(nm) 

RMS 

roughness 

(nm) 

Band gap 

(eV) 

Refractive index 

at 632 nm 

650 23.22 0.37 4.96 1.76 

700 22.64 1.11 4.98 1.77 

750 23.22 0.39 5.02 1.77 
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(99.999%) evaporating from an iridium crucible in a high temperature effusion cell has 

been used to investigate the influence of the growth parameters including substrate 

temperature and oxygen pressure with activated oxygen generated through an RF plasma 

source. The heteroepitaxial growth of -Ga2O3 using the compound source follows the next 

reactions: 

𝐺𝑎2𝑂3
ℎ𝑒𝑎𝑡 𝑡𝑜 1750℃
→          𝐺𝑎2𝑂 + 𝑂2 

𝐺𝑎2𝑂 + 2𝑂 → 𝐺𝑎2𝑂3 or 𝐺𝑎2𝑂 + 𝑂2 → 𝐺𝑎2𝑂3 

The thermal decomposition of the Ga2O3 compound source material provides both Ga2O 

and oxygen molecules. The oxygen deficiency found in the Ga2O3 films grown by means 

of the elemental Ga source is expected to be drastically reduced when using the compound 

source since there is no requirement to oxidize metallic Ga atoms.  A set of growths was 

carried out at various substrate temperatures ranging from 500 to 850C. The crystallinity 

of the films was monitored in-situ using reflection high energy electron diffraction 

(RHEED) and confirmed by ex-situ x-ray diffraction measurements. The chamber pressure 

was kept at 110-5 torr during growth which was limited to the partial pressure of the Ga2O 

and O2 species resulting partially from the decomposition of the compound source. In 

addition, an oxygen flow rate of about 1.2 sccm with the input RF plasma power of 300W 

was used to supply the additional oxygen. -Ga2O3 thin films were also deposited without 

any oxygen source on sapphire substrate at substrate temperature of 700C with the 

chamber pressure of 510-6 torr to demonstrate that the compound source provides 

sufficient oxygen for the nucleation of a crystalline Ga2O3 film.  

3.3.2 Results and Discussion 

The out-of-plane 2- XRD scans of the Ga2O3 thin films grown at various 
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substrate temperatures using the compound Ga2O3 source with a fixed oxygen pressure are 

shown in figure 3.9 (a). The spectrum taken from Ga2O3 layer deposited without any 

additional oxygen is also shown. At a growth temperature of 500C, the Ga2O3 film appears 

to be amorphous as evidenced from the XRD spectrum in which the only diffraction peaks 

are those from the sapphire substrate. A diffuse RHEED pattern during the growth also 

confirmed this statement. At deposition temperatures  600C, the XRD spectra exhibit a 

set of diffraction peaks located at 18.98, 38.48, 59.28 and 82.30 which can be indexed 

to (2̅01), (4̅02), (6̅03) and (8̅04) planes of -Ga2O3 indicating pure single (2̅01) oriented 

thin films growth on the c-plane sapphire substrate. This is in agreement with previous 

reports where -Ga2O3 thin films were grown on c-plane sapphire, a-plane sapphire and 

GaN substrates [10], [45], [53]. During the growth of -Ga2O3, the gallium atoms bond to 

the interfacial oxygen atom layer of the sapphire substrate resulting in a better lattice 

matching between the (2̅01) plane of -Ga2O3 and the (0001) plane of the sapphire [27]. 

It is worth noting that, there is a possibility of an -Ga2O3  phases to exist since (0006) 

plane of -Ga2O3 overlaps with the (4̅02) diffraction peak of -Ga2O3 located at 38.48 in 

the XRD spectrum. According to Oshima et al. [128] this can be clarified by examining 

the ratio of the intensity between the (2̅01) and (4̅02) peaks in the spectrum where the 

peak corresponding to (4̅02) would be higher than the peak corresponding to (2̅01), if -

Ga2O3 (0006) was present. Typically -Ga2O3 phase would be observed at low growth 

temperatures [49], [128]. At 750C, the intensity ratio ((2̅01)/(4̅02)) experimentally 

found was 2.17 but as growth temperature was decreased this ratio gradually decreased to 

a value of 0.37 at 600C. Taking into account the program Powder Cell 2.4 calculation 

(mentioned in ref [128]), the ideal value of this ratio for a pure -Ga2O3 phase is 2.2. While 



 

66 

at higher growth temperatures the experimental value is close to the ideal intensity ratio, it 

deviates to lower values when the growth temperature is lowered [51], [129] suggesting an 

partial formation of the -Ga2O3 phase.  

An analysis of the spectra in the figure 3.9 (a) shows a strong dependency of the 

thickness and phase of the Ga2O3  films on growth temperatures above 600C.  Higher 

substrate temperatures are required for the growth of stable single phase -Ga2O3 possibly 

due to insufficient energy and mobility of surface adatoms at lower temperature. With the 

growth temperature of 700-750°C, the high intensity of the planes of β-Ga2O3 suggested 

that enough thermal energy is supplied to the molecules and atoms to increase the surface 

mobility leading to a (2̅01) crystal orientation. The intensity of the (2̅01) peak and higher 

order diffraction peaks of -Ga2O3 decreased when the growth temperature is increased to 

850C which may be due to a decrease in film thickness caused by the reduction of the 

sticking coefficient of the volatile Ga2O molecules [122]. The decrease in film thickness at 

this elevated growth temperature was confirmed by spectroscopic ellipsometry 

measurements. High resolution XRD scans around the (2̅01) plane of -Ga2O3 were 

performed on the films grown at 700 and 750C. The corresponding full widths at half 

maxima (FWHM) are 0.235 and 0.233 respectively. Sharp diffraction peaks are indicative 

of high crystalline material quality. Figure 3.9 (b) shows the high resolution XRD spectrum 

for the film grown at a substrate temperature of 700C. High crystalline Ga2O3 films quality 

was obtained with FWHM comparable to reported values [45], [49]. The crystallinity was 

further confirmed during growth by monitoring RHEED patterns exhibiting a streaky 

threefold reconstruction (figure 3.9(b) inset) indicative of epitaxial growth. 
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Figure 3.9: (a) XRD 2theta-omega (2-) spectra of Ga2O3 thin films grown at various substrate 

temperatures on sapphire substrate. Peaks marked as ⁕ belong to sapphire (Al2O3) substrates; (b) High 

resolution X-ray rocking curve for (2̅01) plane of -Ga2O3 thin film grown at 700C. The inset shows a 

RHEED pattern taken during the growth; (c) XRD -scan for {4̅01}diffraction peak of -Ga2O3 grown at 

700C substrate temperature with the -scan for {104} diffraction peak of Al2O3 substrate.  
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To determine the epitaxial relationship between -Ga2O3 and the Al2O3 substrate, 

in-plane XRD  (phi) scan has been measured for the {4̅01} diffraction of -Ga2O3 thin 

film and the {104} diffraction of the Al2O3 substrate shown in figure 3.9 (c) for the growth 

at 700C. The  scan at {4̅01} diffraction plane shows six peaks which are 60 apart from 

each other indicating the presence of a sixfold in-plane rotational symmetry for -Ga2O3 

thin film. However, monoclinic -Ga2O3  {4̅01} diffraction planes have two fold in-plane 

rotational symmetry. It can be concluded that, the grown film contains in-plane rotational 

domains. Due to the threefold rotational symmetry of the c-plane sapphire (Al2O3) surface, 

it can be concluded that the originally twofold -Ga2O3 films grew epitaxially in the three 

different directions at the same rates, resulting in the sixfold rotational symmetry [49], 

[128]. Also shown in figure 3.9 (a), there is an XRD scan for Ga2O3 grown at 700C using 

the compound oxide source with no additional oxygen, suggesting that the decomposition 

of the oxide source provides sufficient oxygen necessary for the crystallization of the 

Ga2O3 layer. An examination of the XRD spectra indicates that the crystaal quality of the 

layers grown with and without oxygen appears to be comparable. 

Figure 3.10 (a) shows the low-magnification HAADF image of the β-Ga2O3 thin 

film grown on Al2O3 substrate at 700C. The magnified HAADF image (figure 3.10 (b)) 

shows that the Ga2O3 thin film is single-crystallized. β phase of Ga2O3 has been further 

confirmed by the selected-area electron diffraction patterns along [010] axis shown in 

figure 3.10 (d) which also confirms the epitaxial growth of the film with orientation 

relationship of (2̅01)β-Ga2O3(0001) Al2O3. The atomic-resolution HAADF and ABF 

(allows observation of oxygen atoms) images (figure 3.10 (e) and 3.10 (c)) are obtained 

simultaneously and show a sharp interface between Ga2O3 and Al2O3 without any 
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precipitation. Energy dispersive spectroscopy (EDS) line scan profile of the yellow 

arrowed line shown in figure 3.10 (e) across the Ga2O3/ Al2O3 interface was obtained to 

investigate the compositional distribution of the Ga2O3 thin film [figure 3.10 (f)]. From the 

EDS line scan, along with the HAADF image, it can be seen that Ga atoms are uniformly 

distributed in the film and there is no noticeable phase separation or metal agglomerated 

areas that can be detected. Additionally, the analysis of the STEM images indicates no 

evidence of -Ga2O3. 

 

Figure 3.10: (a) Low magnification cross-sectional STEM-HAADF image of Ga2O3/Al2O3 heterostructure; 

(b) STEM-HAADF image of Ga2O3/Al2O3 interface in high magnification; (c) Atomic-resolution HAADF 

images of the Ga2O3/Al2O3 interface taken from (b) as marked by a red small square; (d) The SAED pattern 

of Ga2O3 thin film; (e) STEM-HAADF image of Ga2O3/Al2O3 interface; (f) The EDS line scan profile of the 

yellow arrowed line shown in (e). 

 

X-ray photoelectron spectroscopy (XPS) was employed to analyze the 
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stoichiometry and chemical valence state (i.e. oxidation state) of -Ga2O3 films deposited 

on sapphire substrate using the compound Ga2O3 as the source material in the two growth 

schemes: with oxygen and without additional oxygen. The Ga 3d spectra shown in figure 

3.11 and 3.12 were taken immediately after deposition and without exposure to air since 

the sample can be transferred to the spectroscopy chamber under UHV. In this way, any 

artifacts due to air exposure can be eliminated. 

 

Figure 3.11: (a) Ga 3d core level high resolution spectrum of -Ga2O3 thin films grown at 750C with 

additional oxygen which shifts towards higher BE compared to metallic Ga represents Ga3+ state. (b) O 1s 

core level spectra of Ga2O3 thin films. Blue lines denote experimental data and fitting results represented 

by black lines. Both fitted to single peak indicates stoichiometric composition. 

 

The deconvolution of XPS spectra were carried out by employing a Gaussian 

function on a Shirley background. From figure 3.11 (a), it is clear that the measured Ga 3d 

peak can be fitted with a single peak at the binding energy (BE) of 19.89 eV assigned to 

Ga2O3 when grown at a substrate temperature of 750C using oxygen plasma. The 

additional peak observed at 23.61 eV represents the O 2s peak. While the growth of 
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crystalline Ga2O3 can be accomplished without the use of additional oxygen when using 

the compound source, there is some evidence of metallic Ga in the film as can be seen from 

the Ga 3d spectrum in figure 3.12 (a). This spectrum is composed of two peaks apart from 

the O 2s peak (centered at 23.22 eV) which are attributed to Ga2O3 recorded at 20.05 eV 

and metallic Ga at 18.44 eV. In both cases a positive shifting in BE is observed for Ga2O3 

films indicating a Ga3+ oxidation state.  

 

Figure 3.12: (a) Ga 3d core level high resolution spectrum of -Ga2O3 thin films grown without oxygen 

source which is a convolution of two peaks represent Ga3+ state and Ga0 state. (b) O 1s core level spectra 

of Ga2O3 thin films which is fitted to single peak. Blue lines denote experimental data and fitting results 

represented by black lines. 

 

Based on the XPS analysis (figure 3.11 (a)), it can be said that it is possible to grow 

stoichiometric Ga2O3 thin films on sapphire substrate employing Ga2O3 compound source 

under optimized growth conditions which includes the use of the oxygen source because 

in this growth scheme, oxidized Ga is provided through compound Ga2O3 source. On the 

other hand, when Ga elemental source was used, the oxidation process was inefficient in 
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the growth conditions window explored in this work leading to a Ga-Ga XPS peak and a 

growth rate reduction (figure 3.4). When growing using the compound source without 

additional oxygen, the films were observed to be slightly Ga rich as expected (figure 3.12 

(a)) as there is insufficient oxygen to sustain the 𝐺𝑎2𝑂 + 2𝑂 → 𝐺𝑎2𝑂3 reaction resulting 

in the extra XPS peak assigned to Ga-Ga bonding.  

Figure 3.11 (b) and 3.12 (b) show O1s core level photoelectron spectra measured 

from the grown films. These spectra consist of a single peak indicative of films which are 

composed of Ga with a predominantly single oxidation state. 

In order to visualize the growth temperature influence on surface morphologies and 

roughness of -Ga2O3 thin films grown by PAMBE, AFM micrographs were taken on 

various samples grown at different substrate temperatures shown in figure 3.13. AFM 

images were obtained over a 55 m2 scanning area at 1.5 Hz scanning frequency. They 

show a flat granular shape surface morphology with relatively low root mean square (rms) 

roughness (Table IV). PAMBE grown thin films show flat and smooth surfaces without 

noticeable cracks or discontinuities. Several authors reported a strong dependency of 

surface morphology on the growth temperature and oxygen partial pressure [10], [49], 

[130]. Based only on a growth temperature variation analysis at a fixed oxygen pressure, 

the surface morphology did not change considerably in the samples, figure 3.13 (a-d). 

However, at the highest substrate temperatures (850C), the surface roughness decreased 

significantly. This can be understood in terms of an increased mobility of adatoms on the 

surface accompanied by a decrease of the film thickness and growth rate due to reduction 

of sticking coefficient of Ga2O molecules [122]. The sample grown at the lowest 

temperature (500C) exhibited a lower roughness but lacked a good structural quality 
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according to the XRD characterization shown in figure 3.9. 

 

Figure 3.13: 55 m2 surface AFM images of -Ga2O3 epitaxial films grown at various substrate 

temperatures. 

 

In order to investigate the optical properties of -Ga2O3 thin film, UV-Vis 

measurements were carried out. Figure 3.14 shows a plot of the transmittance spectrum vs. 

wavelength of the film prepared at a substrate temperature of 700°C showing a good optical 

transparency and exhibiting clear fringes in the visible and UV regions. The fringes are the 

results of thicker films. The light continuously goes under minor constructive and 

destructive interference on its way through the sample. This is observed only in thick films 

due to its small refractive index variation along thickness. The amorphous Ga2O3 films 

(grown at 500°C) exhibit (not shown in figure) increased transparency over the whole 
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spectra except at the band edge where absorption of the incident radiation becomes more 

apparent [130]. This is a very important feature for specific application such as 

antireflection and dielectric coatings of solar cells [131]. To formulate a quantitative 

structure-property relationship and to understand the microstructural effect on the optical 

properties, an analysis of the transmission spectra is also performed. Since β-Ga2O3 is a 

direct band gap material [49], [127], [132] the absorption spectra obey a power law of the 

form 

(𝛼ℎ𝜈) = 𝐵(ℎ𝜈 − 𝐸𝑔)
1/2 

where hν is the incident photon energy, α the absorption coefficient, B the absorption edge 

width parameter, and Eg the band gap. The optical absorption coefficient could be 

determined as [130]: 

𝛼 = [1 𝑡⁄ ]𝑙𝑛 [
𝑇
(1 − 𝑅)2⁄ ] 

where T is the transmittance, R the reflectance, and t the film thickness. A plot of (αhν)2 

vs hν plots show (figure 3.14 inset) a linear relationship in the high absorption region which 

suggesting a direct bandgap for the Ga2O3 films [127], [132]. whose values could be found 

by extrapolating the liner region of the plot to h = 0. The Eg variations for Ga2O3 films 

grown at various substrate temperature are shown in Table IV. The Eg values of the grown 

Ga2O3 films are around 5 eV with the amorphous film grown at 500C showing showing 

the highest Eg value of 5.1 eV. The obtained higher values of Eg at low temperature for 

Ga2O3 films may be due to the non-stoichiometric and/or amorphous nature which could 

contribute to disorder, leading to a slightly higher band gap measured for the films grown 

at 500°C, in agreement with previous studies [130]. The calculated bandgap energies 

obtained in this study are comparable with previously reported values for β-Ga2O3 [27], 
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[127], [128], [132].  

 

Figure 3.14: Transmission spectrum of Ga2O3 thin film grown at 700C. The inset is a plot of (ℎ)2 vs 

photon energy at different substrate temperature where  and h represent the absorption coefficient and 

photon energy, respectively. By extrapolating  to 0, the optical bandgap was obtained. 

 

The complex index of refraction and thickness of the films were measured by 

obtaining the ellipsometric parameters Ψ and Δ at room temperature for different 

wavelengths (200-1000 nm) and incident angles (65°-85° with 5-degree interval). An 

optical model based on regression analysis and the Mean Squared Error (MSE) were used 

to determine the refractive index, film thickness and surface roughness. The details of the 

fitting and modelling could be found in previous section. The measured film thicknesses 

and calculated refractive index (n) (at a wavelength of 6328 Å) for β-Ga2O3 films are both 

compiled in Table 4. The thickness and the modelled surface roughness of the films showed 

consistency with the measured results from profilometer and values of rms roughness from 
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the AFM measurement respectively. The resulting refractive indixes are closely related to 

the film growth temperature. The lowest value (1.79) was obtained for the growth at 850C 

is probably due to the decrease in film thickness.  The rerfactive index monotonically 

increased up to 1.92 when the substrate temperature was decreased to 500C. It is worth 

noting that the refractive indixes in this work are in agreement with reported values in the 

literature for β-Ga2O3 [27], [42], [128]. Thus, films with greater refractive index exhibit a 

higher bandgap energy are structurally more amorphous and transparent to UV light. 

Table 4: Material characteristics of Ga2O3 thin films grown at various substrate temperature.  

 

3.4 Growth of -Ga2O3 by PLD 

3.4.1 Experimental 

As observed during the growth by MBE, the properties of the -Ga2O3 thin films 

are influenced by both the substrate temperature and oxygen pressure. Therefore, using 

PLD in which there is a wider range of growth conditions possible, an investigation of the 

film properties will be studied and compared to those grown by MBE. -Ga2O3 thin films 

were grown on c-plane sapphire substrate (a quarter of 2-inch wafer) with a stoichiometric 

ceramic Ga2O3 target (99.999% purity) as the source. Prior to growth, the sapphire 

substrate was cleaned with organic solvents (acetone and isopropanol alcohol) 

Substrate 

Temperature (C) 

Bandgap 

(eV) 

Thickness 

(nm) 

Refractive 

index at 632 

nm 

RMS 

Roughness 

(nm) 

850 4.98 15.89 1.79 0.88 

750 5.03 150.5 1.89 3.07 

700 5.02 161.0 1.91 2.71 

600 5.05 33.75 1.90 3.40 

500 5.10 26.23 1.92 1.75 
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ultrasonically and then rinsed in deionized water and blow dried with nitrogen gas. To 

explore the influence of the substrate temperature and oxygen pressure on the growth, the 

substrate temperatures and oxygen pressures were varied from 400 to 800C and 110-3 to 

110-1 torr respectively. As an ablation source, a KrF excimer laser (=248 nm) was used 

with fixed repetition rate of 10 Hz and laser power of 200 mJ. During growth, the target 

and the substrate were rotated for film uniformity and the target-substrate distance was 

fixed at 5 cm for the. A post growth annealing was performed at 700C temperature in the 

absence of oxygen. 

3.4.2 Results and Discussion 

The substrate temperature and oxygen pressure have different roles in a PLD 

depositions process. The effect of substrate temperature is identical to other growth 

processes such as increased surface atoms mobility with high substrate temperature which 

can result in the structure of the films having improved crystallinity. The purpose of oxygen 

is to supply the necessary atoms needed for oxidation of the anions and influencing the 

shape of the plume during growth. 
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Figure 3.15: XRD measurements of -Ga2O3 thin films grown by PLD for (a) substrate temperature (TS) 

from 400-800C, (b) oxygen pressure (𝑃𝑂2) from 10-3-10-1 torr. 
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Figure 3.15 (a) shows the XRD measurements for the -Ga2O3 thin films at various 

substrate temperatures (TS) from 400-800C with an oxygen pressure of 10-2 torr while 

figure 3.15 (b) shows the XRD sprectra at various oxygen pressure (𝑃𝑂2) from 10-3 to 10-1 

torr with the substrate temperature of 800C grown on sapphire substrate. Figures 3.15 

show the films are epitaxially grown (2̅01) oriented on the substrate as the only diffraction 

peaks found correspond to (2̅01), (4̅02), (6̅03) and (8̅04) peaks of -Ga2O3 apart from 

the substrate peaks. At low substrate temperature, the films exhibit degraded crystallinity 

since there is not sufficient energy for the adatoms to migrate on the surface as evidence 

by the reduction of XRD peak intensities. However, the thickness of the films remained 

constant in contrast to MBE growth where the films shows a decreased film thickness with 

decreasing substrate temperature. When the substrate temperature was increased above 

500C, the crystallinity of the film increased because of the increase surface energy 

increased present. On the other hand, with the higher oxygen pressure the peak intensity 

increased as the films are given more additional oxygen atoms leading to higher growth 

rate. From figure 3.15 (b) showing the rocking curves of -Ga2O3 thin films with different 

oxygen pressures, it is clear that there is a minimum oxygen pressure for maintaining the 

crystal quality of the films. Moreover, during the gallium oxide formation in gas phase, the 

content of Ga in the films are preserved with the help of oxygen pressure. By interacting 

with the plume species, oxygen oxidize those species causing additional heat and energy 

that leads to a complete crystallization of the Ga2O3 thin films. 
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Figure3.16: XRD -scan for {7̅12}diffraction peak of -Ga2O3 grown by PLD. 

 

Figure 3.16 shows the in-plane phi () scan for -Ga2O3 {7̅12} diffraction plane 

grown at 700C substrate temperature with oxygen pressure of 10-2 torr. Six peaks apart 

from each other by 60 for  -Ga2O3 {7̅12} plane are present because of the hexagonal 

crystal system of sapphire. Originally, monoclinic -Ga2O3 {7̅12} plane has dipole in-plane 

rotational symmetry [49], [133]. However, sapphire (0001) has threefold rotational 

symmetry, so that, the rotational domains appeared in the grown films leading to sixfold 

rotational symmetry by growing epitaxially in three different directions same as the result 

found for MBE  growth [49].  
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Figure 3.17: XPS survey scans β-Ga2O3 films grown by PLD. 

Figure 3.17 shows the XPS survey scan of a typical PLD grown films which 

includes the oxygen peak and Ga related peaks along with carbon peak. The β-Ga2O3 films 

were grown at 800C substrate temperature with oxygen partial pressure of 10-2 torr. The 

peak of C 1s is present since the sample was exposed to air during transferring sample from 

PLD growth chamber to XPS instrument which caused an accumulation of hydrocarbons. 

Ga 2p region was selected to determine the oxidation state of Ga (Fig. 3.18). 

By means of Gaussian function on a Shirley background, XPS spectrum 

deconvolution was done as shown in figure 3.18 (a) and (b). The measured Ga 2p peak has 

been shown for the oxygen pressure of 10-3 and 10-1 torr. The Ga 2p peaks are the 

convolution of two peaks located at 1117.9 eV and 1116.75 eV corresponding to Ga2O3 

and metallic Ga. These Ga core level peak exhibits shifting towards positive binding energy 
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indicating Ga3+ oxidation state. From the figure 3 (a) and (b), it is clear that the oxygen 

vacancies decrease with increasing oxygen pressure leading to an improvement in 

stoichiometric composition of Ga2O3 thin films [42], [106].  

 

Figure 3.18: XPS of Ga 2p core level spectra of grown β-Ga2O3 thin films by PLD with different pressure 

(a) 𝑃𝑂2 = 10
−1 torr and (b) 𝑃𝑂2 = 10

−3 torr, (c) O1s core level apectrum. Experimental data is represented 

by blue lines. 

Figure 3.18 (c) shows the O 1s peak which is a convolution of two peaks where one peak 

is from Ga2O3 represents bonding of Ga-O where Ga oxidation state is in highest position 

(Ga3+) and another is from oxygen-carbon bond (carbonyl) or oxygen-hydrogen bond 

(hydroxyl) that adsorbed onto the surface as the samples were exposed to air before the 

measurements [42].  

AFM measurements were carried out to understand the influence of substrate 

temperature and oxygen pressure on surface morphology and surface roughness of -Ga2O3 

thin films grown by PLD. Figure 3.19 (a-c) show the AFM images of the films for various 

oxygen pressure which were acquired at 1.5 Hz scanning frequency over 55 m2 scanning 

area. With lower oxygen pressure, the grain size becomes smaller leading to a decrease in 

(a) (c) (b) 
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the surface roughness. However, oxygen pressure of 10-2 torr shows the highest surface 

roughness. The influence of the substrate temperature on morphology is shown in figure 

3.20 (a-e). When substrate temperature is higher than 500C, the surface roughness 

decreases with decreasing substrate temperature. Highest roughness value was obtained for 

the substrate temperature of 800C as expected because it was found that films with higher 

thickness has higher surface roughness [134] when grown by PLD.  

 

Figure 3.19: 55 m2 surface AFM images of -Ga2O3 epitaxial films grown at various oxygen pressure 

by PLD. 

 

Figures 3.19 and 3.20 show that the surface morphology and surface roughness of 

the films are strongly dependent on both the substrate temperatures and oxygen pressures 

[49], [130]. The surface morphology of the films changes with substrate temperature 

probably because of changing the energy or mobility of the adatoms. At lower substrate 

temperature, adatom migration length and diffusion on the surface of the substrate is small 

resulting in more 3D growth [135] and poor crystallinity which is in agreement with the 

XRD results (3.15 (a)). As the growth temperature increases, the adatoms have sufficient 

mobility or energy for the coalescence of the various nuclei giving a higher degree of 

crystallinity according to the XRD results. 
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Figure 3.20: 55 m2 surface AFM images of -Ga2O3 epitaxial films grown at various substrate 

temperatures by PLD. 

 

In order to explore the optical properties, UV-Vis transmittance measurements of 

β-Ga2O3 thin films grown by PLD were carried out for different oxygen pressure from 10-

3 to 10-1 torr for a substrate temperature of 800C (figure 3.21) and various substrate 

temperatures from 400-800C (figure 3.22 (a)) with an oxygen partial pressure of 10-2 torr. 

All the films presented in figure 3.21 and 3.22 (a) showed significant absorption with > 

70% transmittance in the visible and UV region. When the oxygen partial pressure is 10-3 

torr, there is more unoxidized Ga as shown in XPS measurements (figure 3.18 (b)) which 

results in changing the transparency compared to samples that have Ga that is completely 

oxidized (higher oxygen). It is not clear why the optical transparency decreases at higher 

growth temperatures but it may be related to the crystal quality with amorphous material 



 

85 

showing higher transparency. This is in contrast to Zhang et al [49] who found that the 

transparency increases with growth temperature. 

 

Figure 3.21: Transmittance spectra of β-Ga2O3 films grown with various oxygen pressure by PLD and 

inset is the bandgap of the corresponding films. 
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Figure 3.22: (a) Transmittance spectra of β-Ga2O3 films grown with various substrate temperature by PLD 

and (b) the bandgap of the corresponding films. 
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 The bandgaps of the films (figure 3.21-inset and figure 3.22 (b)) were determined 

by using Tauc-plot analysis which has been described in the previous section of MBE 

growth. The bandgap of the films decreases as the oxygen pressure increases probably due 

to the increase stoichiometry of the films grown at higher oxygen with the bandgap 

obtained at high oxygen pressure is close to the value for bulk Ga2O3. The bandgap 

obtained for samples growth at higher substrate temperature are closely matched to the 

bandgap of bulk Ga2O3 material as shown in figure 3.22 (b). This may also be due to 

improved nucleation resulting in higher degree of crystallinity of the films. These results 

are in contrast to those obtained by Zhang et al. [49] who determined that the bandgaps 

were lower for samples grown at lower substrate temperatures. They suggest that the 

bandgap is lower for non-stoichiometric composition.  The bandgaps of the grown films 

for various oxygen pressure and substrate temperature has been given in table V and VI. 

The bandgap found in this study compatible to other report published previously [27], [42], 

[48].  

The measurements of complex index of refraction and thickness of the β-Ga2O3 

films were carried out by using ellipsometric parameters Ψ and Δ for the wavelengths from 

200-1000nm with the incident angles of 65-85 at room temperature. Cauchy transparent 

model was used to estimate the refractive index, film thickness and surface roughness by 

minimizing the Mean Squared Error (MSE). Details study on the fitting and modelling 

have been explained in previous section. The thickness of the films are decreases with 

decreasing the oxygen pressure which shows the consistancy with XRD results that growth 

rate and thickness depend on oxygen pressure. The refractive indexes obtained in this study 

nearly identical with different oxygen pressure and comparable to the value of other growth 
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methods discussed in this work. Table 5 and 6 show the optical properties of various 

oxygen pressure and susbtrate temperature. 

Table 5: Optical properties of Ga2O3 thin films grown at various oxygen pressure by PLD. 

Oxygen 

pressure (𝐏𝐎𝟐) 
Bandgap 

(eV) 

Thickness 

(nm) 

Refractive index (at 

wavelength of 6328 Å) 

10−1torr 4.98 237.24 1.91 

10−2torr 5.0 170.11 1.91 

10−3torr 5.12 64.77 1.93 

 

Table 6: Optical properties of Ga2O3 thin films grown at various substrate temperature by PLD. 

Substrate 

temperature (C) 

Bandgap 

(eV) 

Thickness 

(nm) 

Refractive index (at 

wavelength of 6328 Å) 

800 4.9 162.70 1.91 

700 5.0 116.15 1.91 

600 5.05 138.47 1.93 

500 5.0 143.54 1.92 

400 5.12 150.24 1.93 
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IV. GROWTH AND CHARACTERIZATION OF (AlGa)2O3 AND (InGa)2O3 

ALLOYS  

4.1       Introduction 

      Bandgap engineering is one of the important features for heterostructure 

electronic and optical device applications which is constructed by making alloys with two 

or more binary materials having different bandgaps. The achievement of -Ga2O3 thin 

films and its alloys allow for bandgap engineering that can be used in device optimization 

and designing having great flexibility. The bandgap of -Ga2O3 alloying with In2O3 and 

Al2O3 can be tuned from 3.5 to 8.6 eV which will enable a range of potential applications 

including wavelength-tunable optoelectronic devices, solid-state lighting and high electron 

mobility transistors (HEMTs) [73], [136]. Specifically, -Ga2O3 based high power HEMTs 

are promising due to the large bandgap leading to an expectation of high electric 

breakdown voltage. It will also be possible to fabricate Ga2O3/(InxGa1-x)2O3/Ga2O3 and 

(AlyGa1-y)2O3/Ga2O3/(AlyGa1-y)2O3 defect free heterostructures and quantum wells [73], 

[137]. The reason of using In and Al is that In, Ga, and Al belong to same column III 

element group and the chemical formula of their oxides form are stated as M2O3, where 

M=In, Ga, or Al, and have similar electronic structures [136], [138], [139]. However, the 

crystal structures of In2O3, -Ga2O3 and Al2O3 are different and those being cubic bixbyite, 

monoclinic, or hexagonal respectively which will also that depend the conditions for their 

fabrication. Depending on the content of In and Al, phase separation is exhibited by both 

(InxGa1-x)2O3 and (AlyGa1-y)2O3 alloys [73]. The reported solubility limits of In2O3 and 

Al2O3 in -Ga2O3 are x= 0.44 [67] and y= 0.78 [67] respectively in the powder state. 

Therefore, the quality of the crystal of (InxGa1-x)2O3 and (AlyGa1-y)2O3 alloy is expected to 
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be similar to other alloys such as AlInGaP, AlInGaAs, AlInGaSb, and AlInGaN [73] for 

certain values of x and y. In addition, (InGa)2O3 can be used as a transparent conducting 

oxide there is a reduction in the resistivity compared to undoped  -Ga2O3, while optical 

absorption coefficient will be very low in the visible range making suitable for the 

applications such as coatings on transparent substrates including plastic, fused silica, glass, 

and semiconductors [140], [141]. Various growth methods are utilized to grow (InGa)2O3 

and (AlGa)2O3 thin films including plasma-assisted molecular beam epitaxy (PAMBE) 

[71], [73], [142], pulsed laser deposition (PLD) [136], [138], [143], metal organic chemical 

vapor deposition (MOCVD) [144] and sol-gel method [144]. Oshima et al. [71] reported 

the MBE growth of (InGa)2O3 thin films on sapphire substrate with an indium content of 

<0.35  but did not report any bandgap information. Fan et al. [144] have grown (InGa)2O3 

thin films on sapphire substrate by MOCVD where they reported on the structural and 

photoluminescence properties of the films. On the other hand, Oshima et al. [73] reported 

on the plasma-assisted MBE growth of  -(AlGa)2O3 film on (100) -Ga2O3 substrate 

where they have shown coherent growth which maintains the  phase for Al content of up 

to 0.61. Fabi et al. [138] have grown (AlGa)2O3 thin films on sapphire substrate by PLD 

and reported the structural properties and bandgap engineering. There are very few 

investigations on the development of the devices based on -Ga2O3 with (InxGa1-x)2O3 and 

(AlyGa1-y)2O3 alloy. 

PLD is a promising growth technology for high quality thin films including alloy 

compound thin films because it can transfer complete compositional consistency, that is 

stoichiometry, from the target to the deposited thin films. The atomic layer growth can be 

controlled by the simple adjustment of the laser power and repetition rate and the growth 
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can be monitored by in-situ reflection high energy electron diffraction (RHEED). 

Moreover, the growth at low substrate temperature is suitable with this technique because 

the adatoms surface mobility can be improved due to the high kinetic energies of source 

particles [136], [138].  

4.2       Experimental 

 The growth of (InGa)2O3 and (AlGa)2O3 were carried out by PLD technique with 

the base pressure of <510-9 torr using a turbo pump. Single polished quarter of 2 in. c-

plane sapphire substrate has been used which was cleaned ultrasonically with organic 

solvents (acetone and isopropanol alcohol) followed by rinsing in deionized water and 

blow dried with nitrogen gas before growth. The substrate temperature was 700C with the 

fixed oxygen pressure of 2.510-2 torr. The targets were made from Ga2O3 (99.999%), 

Al2O3 (99.999%) and In2O3 (99.999%) powder with different In (mole ratio of In/(Ga+In): 

y=0.1, 0.6, 0.8, 1.0) and Al content (mole ratio of Al/(Ga+Al): y=0.1, 0.5, 0.75, 1.0) were 

used as source materials. A KrF excimer laser ( = 248 nm) was utilized for laser ablation 

with the repetition rate of 10 Hz and the pulsed laser energy of 200 mJ for (InGa)2O3 and 

Ga2O3 thin films and 400 mJ for (AlGa)2O3 thin films respectively. After the growth, the 

films were annealed at 700C temperature in vacuum without oxygen. The distance 

between the target and substrate was about 5 cm and during the deposition process, the 

substrate as well as the target were rotated to improve the film uniformity by reducing the 

crater formation on the target. 

4.2 Results and Discussion 

           The two theta-omega (2-) XRD scan of (InGa)2O3 is shown in figure 4.1 

(a) for various In (x) content in the films grown at a substrate temperature of 700C on 
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sapphire substrate. Figure 4.1 (a) exhibits four different peaks other than peaks from (0001) 

sapphire substrate for the film with In content of x= 0.1. These diffraction peaks correspond 

to (2̅01), (4̅02), (6̅03)and (8̅04) plane of -Ga2O3. Any peak corresponds to In2O3 

structure has not been detected in the XRD patterns indicating the film (In0.1Ga0.9)2O3 

exhibits the monoclinic structure of β-Ga2O3 which is in agreement with similar studies 

[136], [139], [144]. When the In content further increased to x= 0.6, diffraction peaks 

related to cubic (InGa)2O3 has been observed at 30 and 35 corresponding to In2O3 (222) 

and (400) with monoclinic structured (2̅01) plane oriented -Ga2O3 which implies 

existence of mixed phases in the film. However, for higher In content (>0.6), only the peaks 

corresponding to (222) and (444) plane of In2O3 has been detected indicates the cubic 

structure of (InGa)2O3 thin films. Moreover, high resolution XRD patterns shown in figure 

4.1 (b) and (c) for (444) plane of In2O3 cubic structure and (6̅03) plane of -Ga2O3. From 

this figure, it is clearly observed that with increasing Ga content, the (444) peak shifts to 

higher angle and when In content increases, the (6̅03) peak shift towards lower angle 

[136], [139], [144]. The reason behind this is the higher ionic radius of In3+ (0.81 Å) 

compare to Ga3+ (0.62 Å) and as a result, when more In3+ ions into the lattice of Ga2O3 with 

the increase of In content, the lattice constant increases [140]. This is also the case for 

higher In content (x=0.8 and 1.0) suggesting the replacement of Ga3+ ions by In3+ ions in 

the lattice increases the lattice constant of (InxGa1-x)2O3 with increasing the value of x in 

the film. In summary, it can be said that, the structure of (InGa)2O3 thin films changes from 

monoclinic to mixed phase and then to cubic phase with increasing In content in the film.   
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Figure 4.1: (a) (2-) XRD scan of (InGa)2O3, (b) rocking curve of In2O3 and (In0.8Ga0.2)2O3, (c) 

rocking curve of In2O3 and (In0.1Ga0.9)2O3. 
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Figure 4.2: Figure 4.1: (a) (2-) XRD scan of (AlGa)2O3, (b) rocking curve of Ga2O3 and 

(Al0.2Ga0.8)2O3. 

 

Figure 4.2 (a) represents the XRD spectra of 2- scans for (AlyGa1-y)2O3 thin films 

grown with various Al content (y). Four different peaks are observed corresponding to 

(2̅01), (4̅02), (6̅03)and (8̅04) for y up to 0.50 represent the same monoclinic crystal 

structure as β-Ga2O3. For Al composition of 0.50 the peaks corresponding the monoclinic 

phase is reduced suggesting a mixed phase that includes corundum. When the Al content 

increases to 0.75, other than peaks from substrate no other peak has been observed indicates 

the collapse of the monoclinic crystal structure. This reduction of the monoclinic phase 

with higher Al content also been observed in other similar work [73], [74], [138]. With the 

increment of Al content in the grown film, the (6̅03) peak monotonically shifts to higher 

angle because of the smaller ionic radius of Al3+ compare to Ga3+ resulting in a smaller 

lattice constant. In addition, the high resolution XRD patterns (figure 4.2 (b)) of  (6̅03) 

peak from the monoclinic structure show a shifting of the diffraction peaks towards higher 

(b) 
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angle which confirms the inclusion of Al atoms into the Ga2O3 crystal lattice and the 

formation of ternary (AlGa)2O3 solid solution. 

The transmittance spectra analysis was carried out to understand the effect of Al 

content in (AlGa)2O3 films on the optical properties. Figure 4.3 (a) shows the transmittance 

spectra of (AlGa)2O3 films with various Al content (y) in the films. All the samples exhibit 

transmittance in visible and UV region above 80%. The fundamental absorption of light 

causes a sharp edge of absorption in UV region for (AlGa)2O3 thin films which shifts to 

shorter wavelengths as the Al composition increases. When Al content (y) is higher than 

75%, the absorption edge cannot be determined due to the instrument limitation.  
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Figure 4.3: (a) Transmittance spectra for various Al content in (AlGa)2O3, (b) the bandgap of the 

corresponding films. 

 

Similar to the procedure used to determine the bandgap of Ga2O3, the plot of (αhν)2 

vs hν as shown in figure 4.3 (b) is used to determine the bandgap of (AlGa)2O3 films by the 

extrapolation of the linear region of the plot to hν = 0 [10], [138], [143]. However, the 

bandgap of (AlGa)2O3 films could be determined only for the Al content of y0.50 because 

the transmittance spectra for other composition were incomplete. The bandgap of the 

grown (AlGa)2O3 thin films for Al content of 10% and 50% are 5.25 and 5.80 eV which 

are comparable the what has been measured by Zhang et al. [138]. 
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Figure 4.4: (a) Transmittance spectra for various In content in (InGa)2O3, (b) the bandgap of the 

corresponding films. 
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Figure 4.4 (a) shows the transmittance spectra for (InGa)2O3 films with different In 

content (x) in the films where it clearly exhibited the sharp absorption edges. In contrast to 

(AlGa)2O3 films, the absorption edge for (InGa)2O3 films shifts to longer  with increasing 

In content (x) showing a decrease in the bandgap. The transmittance for (InGa)2O3 films is 

more than 80% in visible range. Figure 4.4 (b) shows a plot of (αhν)2 vs hν where it is 

noticed a sharp increase of absorption coefficient at the photon energy from 3.6-5.1 eV 

based on In content. At the high absorption region, these linear relationships suggesting a 

direct bandgap for the (InGa)2O3 thin films. As described, by the extrapolation of the linear 

portion of the plots to hν = 0, the bandgap of (InGa)2O3 thin films were determined for 

various In content. The obtained bandgap decrease linearly with increasing In content in 

the films [136], [144]–[147]. The results of (AlGa)2O3 and (InGa)2O3 indicates the bandgap 

of (InAlGa)2O3 thin films can be controlled by varying the Al and In content in the films 

leading to the flexibility in designing the opto-electronic and photonic devices based on 

(InAlGa)2O3 thin films in the short wavelength region. 
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V. DEVICE FABRICATION AND ELECTRICAL CHARACTERIZATION  

 

5.1       Fabrication of a DUV Photodetector 

To determine the electrical properties of the deposited thin films a metal-

semiconductor-metal (MSM) Deep-Ultraviolet (DUV) photodetector was fabricated by 

depositing Au (100 nm)/Ti (50 nm) circular electrodes on the -Ga2O3 thin film through a 

shadow mask by e-beam evaporation followed by 10 min thermal annealing at 450C in an 

Ar atmosphere. The film was grown by MBE using gallium oxide compound source at 

700C. A low-pressure mercury (wavelength of 254 nm) UV lamp and a black light 

(wavelength of 405 nm) were used as the light sources at a fixed distance of ~5 cm away 

from the devices to evaluate UV photoresponse of the β-Ga2O3 thin films.  

5.1.1 Electrical Characterization  

The room temperature current-voltage (I-V) characteristics of the device is shown 

in figure 5.1 where it is clearly observed that with increasing bias voltage, current increases 

linearly under both dark and illuminated conditions suggesting Au/Ti forms a good ohmic 

contact. The possible reason behind this is the large surface states at the surface of Ga2O3 

and hence, carriers can easily tunnel through the surface metal/oxide barrier [148]. The 

dark current was measured to be 4.25 nA at the bias voltage of 10 V with a large detector 

resistance of 1.4 GΩ. When the black light is used to illuminate the detector, the current 

increased to 56 nA which is not very significant compared to the dark current indicative of 

the non-sensitivity of β-Ga2O3 thin films to 405 nm wavelength light (figure 5.1(a)). 

Rather, this small current increment with black light is probably due to the phonon response 

of the light and sample interaction [128]. Conversely, the detector shows significant 
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increase of current of 5.6 A at the bias voltage of 10 V when illuminated under UV lamp 

with 254nm wavelength with the photo-to-dark current ratio of the detector of >1000. This 

characteristic implies that under 254 nm light irradiation, the resistance of the β-Ga2O3 thin 

films based photodetector has decreased considerably.  

 

Figure 5.1: The I-V characteristics curve of the β-Ga2O3 based DUV photodetector in dark, under black light 

(wavelength of 405 nm), and under 254 nm light irradiation in room temperature where (a) and (b) plots 

represent the linear and logarithmic coordinate respectively. 
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Figure 5.2: Carrier injection mechanism of β-Ga2O3 based DUV photodetector in dark, under black light 

(wavelength of 405 nm), and under 254 nm light irradiation in room temperature where (a) negative voltage 

sweep and (b) positive voltage sweep. 

 

To examine the current conduction mechanism of MSM-DUV photodetectors, I-V 

characteristics were analyzed with popular carrier injection methods to find the best fit 

such as ohmic conduction (I α V), thermionic emission (lnI α V), space charge limited 

conduction (I α Va, where a ≥ 2), Poole-Frenkel emission [ln(I/V) α V1/2] and Fowler-

Nordheim tunneling [I α V2 exp (-Ea/V), where Ea is the kinetic energy of the charge 
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carriers] [149]–[152]. In this device, conduction mechanisms were determined by fitting 

the I-V curves for both the negative and positive voltage regions are depicted in figure 5.2 

(a) and (b). For 405 nm illumination and dark current, space charge limited conduction 

(SCLC) mechanism is primarily responsible for current conduction between 2 to 10 V 

where most of the charge carriers are injected from the ohmic contact in a small voltage 

regions (0 to 2 V) [151]. However, it was found that only ohmic current dominates during 

254 nm UV illumination for the voltage range 010 V where most of the charge carriers 

are generated photoelectrons from β-Ga2O3 [151]. This phenomenon suggests that β-Ga2O3 

thin films can be potential candidates for high performance UV photodetector applications. 

To evaluate the performance of the detector, the time-dependent photoresponse of 

the photodetector under 254 nm light illumination was determined by applying light pulse 

at 1 V bias voltage and the results are shown in figure 5.3 (a). The photodetector exhibits 

good reproducibility and high robustness by showing almost identical response after 

numerous illumination cycles. The photocurrent increases rapidly to a stable value of  7.5 

nA and then abruptly decreases to a value of  0.16 nA when the 254 nm illumination is 

turned on and off respectively. The approximate dark current ( 0.16 nA) is low and 

favorable for practical detectors.  

Detailed comparative and quantitative analysis of the response and recovery time 

to 254 nm illumination was investigated by fitting the photoresponse curve with a 

biexponential relaxation equation given by the following formula:  

𝐼 = 𝐼𝑜 + 𝐴𝑒
−𝑡

𝜏1⁄ + 𝐵𝑒
−𝑡

𝜏2⁄  

Where Io is the steady state photocurrent, t is the time, A and B are the constant, τ1 

and τ2 are two relaxation time constants. Figure 5.3 (b) shows excellent fitting of the 
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photoresponse processes where τr is the time constants for the rising edge and τd is the time 

constants for the decay edge. Under 254 nm illumination the current rise and decay sharply 

with rise time constant, τr of 6s and the decay time constant, τd of 5s as shown in figure 

9(b) which is comparable to other published results [27], [153]–[155].  

 

 

Figure 5.3: (a) Time-dependent photo response of the β-Ga2O3 thin films photodetector to 254 nm 

illumination. (b) Enlarged view of the rise/decay edges and the corresponding exponential fitting. 

 

5.2       Electrical Properties of (InGa)2O3 Alloy 

Electrical properties of (InGa)2O3 alloy has been determined by depositing Au (100 

nm)/Ti (50 nm) circular electrodes on the (In0.6Ga0.4)2O3 and (In0.8Ga0.2)2O3 thin film, 
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grown by PLD, through a shadow mask using e-beam evaporation. After that, the samples 

were thermally annealed at 450C for 2 min in the presence of Ar gas. 

 

Figure 5.4: I-V characteristics for (In0.6Ga0.4)2O3 and (In0.8Ga0.2)2O3 thin film. 

       

Figure 5.4 shows the I-V measurements for (In0.6Ga0.4)2O3 and (In0.8Ga0.2)2O3 thin 

film at room temperature where it is clearly observed that the current increases linearly 

with increasing voltage for both the films indicative of good ohmic contacts. The I-V curve 

shows that (In0.8Ga0.2)2O3 exhibits obvious higher current with higher mobility (see later) 

than (In0.6Ga0.4)2O3 films as increasing the In content in the film decreases the bandgap as 

shown in previous chapter. This reduced optical bandgap of the alloys is responsible for 

increasing the density of the surface state [156]. Moreover, the resistivity of In2O3 is very 

low because of shallow oxygen vacancies donors with the ionization energy 0.080.02 

eV [156]–[159]. The current measured for (In0.6Ga0.4)2O3 film is 30 mA and for 
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(In0.8Ga0.2)2O3 film is 70 mA at the bias voltage of 10 V respectively. When In content 

increases, the mobility also increases and the mobility for (In0.6Ga0.4)2O3 and (In0.8Ga0.2)2O3 

film are 14.1 and 20 cm2V-1s-1 respectively. It is worth to note that resistivity distribution 

strongly depends on the In content of the alloys. Electrical properties of the alloys are given 

in Table 7. More study is needed to optimize the electrical properties of (InGa)2O3 alloys 

with growth conditions.        

Table 7: Electrical properties of (InGa)2O3 

Alloy Mobility 

(cm2v-1s-1) 

Resistivity 

(.cm) 

Carrier 

concentration (cm-3) 

(In0.6Ga0.4)2O3 14.1 1.24310-3 3.5581020 

(In0.8Ga0.2)2O3 20.5 1.2410-3 2.4481020 
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VI. CONCLUSION AND FUTURE WORK 

6.1       Conclusion 

            In this research work, the growth and characterization of wide bandgap 

semiconductor -Ga2O3 thin films and its alloys have been investigated. These represent 

potential candidates for a number of applications including high temperature sensors, 

luminescent phosphors, antireflection coatings, and UV optoelectronics and low loss and 

high-voltage switching devices such as high-breakdown Schottky diodes. Single crystal -

Ga2O3 thin films were grown on c-plane sapphire substrate using two different techniques 

including molecular beam epitaxy and pulsed laser deposition. Two different methods have 

been used when using MBE technique: one method used a compound Ga2O3 source with 

oxygen plasma while the second used elemental Ga source with oxygen plasma. For the 

elemental Ga source, lower growth rate was found for -Ga2O3 thin films because of the 

formation and desorption of Ga2O molecules. In order to solve that problem, a compound 

Ga2O3 source has been used which allowed for the deposition of the films with and without 

an additional oxygen source. Oxide growth has also been carried out by PLD technique to 

explore the influence of substrate temperature and oxygen pressure on the -Ga2O3 thin 

films. The growth of two different alloys (InGa)2O3 and (AlGa)2O3 has been investigated 

to tune the bandgap of the oxide thin films from 3.5-8.6 eV for several applications such 

as wavelength-tunable optoelectronic devices, solid-state lighting and high electron 

mobility transistors (HEMTs). A metal-semiconductor-metal structured deep-ultraviolet 

photodetector based on -Ga2O3 thin films has been demonstrated which exhibited high 

resistance as well as small dark current and was highly sensitive to UV light with 

wavelength of 254 nm. This points to β-Ga2O3 thin films as a potential candidate for deep-
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ultraviolet photodetectors. The electrical properties of (In0.6Ga0.4)2O3 and (In0.8Ga0.2)2O3 

alloys were measured it was found that mobility increases with increasing In content in the 

alloys.  
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2. Susmita Ghose, Md. Shafiqur Rahman, Liang Hong, Juan S. Rojas-Ramirez, Hanbyul 
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pulsed laser deposition”, (Manuscript in preparation).  
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6.  Rahman, Md Shafiqur, Susmita Ghose, Javad R. Gatabi, Juan S. Rojas-Ramirez, R. K. 

Pandey, and Ravi Droopad. "Heteroepitaxial growth and characterization of BiFeO3 thin 

films on GaAs." Materials Research Express 3, no. 10 (2016): 106408. 

 

6.3       Future Work 

▪  Study and analysis for the doping of β-Ga2O3:  

β-Ga2O3 can be doped with Si or Sn to investigate the electrical properties of β-Ga2O3 in 

order to make a metal oxide semiconductor FET. However, there is a need for the 

development of a suitable p-type dopant.  

▪ Integration with GaN and β-Ga2O3 films by MBE: 

For epitaxial growth of GaN as well as related III-nitrides, β-Ga2O3 is a promising 

candidate as a substrate because of lower lattice mismatch between β-Ga2O3 and GaN. For 

future research, high-quality GaN epilayer can be deposited on monoclinic β-Ga2O3 by 

molecular beam epitaxy (MBE) to investigate and verify further the efficiency of using β-

Ga2O3 as a substrate of GaN and the heterointegration of these 2 material systems.  

▪ Ga2O3 Homoepitaxial films grown on β-Ga2O3 (2̅01) substrate: 

Homoepitaxial β-Ga2O3 thin film growth on β-Ga2O3 (2̅01) substrate and the dependency 

of (2̅01) β-Ga2O3 growth rates and surface structure on growth condition can be explored. 

Besides that, a comparison on the optical and electrical properties between homoepitaxial 

and heteroepitaxial growth by MBE and PLD should be investigated. 
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