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ABSTRACT 

Semiconductor materials have played a huge role in advancing today’s technology through the 

electronic and photonic devices ushered in over the years. The advancement has been driven in 

part by society’s growing need for electronic devices capable of handling higher power, higher 

temperature, and higher frequency. Current research efforts are expanding to ultra-wide bandgap 

semiconductors such as gallium oxide (Ga2O3). The principal goal of this dissertation is to obtain 

high quality β-Ga2O3 films with controlled conductivity by magnetron sputtering deposition. The 

specific objectives are the following: To grow β-Ga2O3 films on sapphire substrates (section 5.2) 

and on native β-Ga2O3 by rf sputtering (section 5.3), to produce doped and undoped β-Ga2O3 films 

(Section 5.4). Additionally, to grow Lu2O3/ Ga2O3 and B2O3/Ga2O3 alloy films on (2 0 1) UID or 

Sn-doped Ga2O3 and Al2O3 substrates to tune Ga2O3 original bandgap (Section 5.5). To obtain 

microstructural, morphological, compositional, and optical data from XRD, AFM, SEM, EDS, and 

UV-Vis characterization methods for all the experiments mentioned above. From this data, 

correlate the effects of the varying parameters for the optimization of the films, to use the 

developed films to fabricate Schottky barrier diodes and proceed with the electrical 

characterization of the fabricated devices (section 5.6). 
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1.  Introduction 

1.1 Background  

Currently, 40% of the total primary energy consumption in the United States is attributable to 

electrical energy. Power electronics play a key role in the conversion of the electrical energy 

produced in power plants by reducing the high voltage generated to one that can utilize. 

Approximately 30% of total electrical energy currently flows through power electronics, with 

projections indicating a substantial increase to possibly reach 80% over the next decade. In modern 

systems, this conversion is performed by the switching and rectifying characteristics of 

semiconductor devices such as diodes, thyristors, and power transistors. When the electrical energy 

passes through these components, it inherently experiences an energy loss, creating an opening for 

researchers to introduce new materials with enhanced properties leading to high conversion 

efficiency. The power conversion sector is expected to expand from $52 billion to $71 billion by 

2023, driven by the increasing consumption of electrical energy [1]. Figure 1.1 depicts a schematic 

highlighting the significance of power electronics in the process of power conversion, especially 

considering that since 30% of the total energy in the form of electricity passes through power 

electronics.  
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Figure 1.1 Importance of Power Electronics in our daily energy consumption [1]. 

 

Recent advancements in silicon (Si) semiconductor technology have brought it closer to the 

theoretical limits of silicon material. However, the power demands of many applications have 

reached a level that current silicon-based power devices are incapable of meeting [2]. One of the 

most crucial parameters in semiconductors is the bandgap, which in turn determines a 

semiconductor device’s photonic and electronic performance. The introduction of a new 

semiconductor with a higher energy bandgap leads to a new generation of devices with improved 

performance. Silicon (Si) with a larger bandgap (Eg=1.1 eV) has replaced germanium with 

bandgap (Eg=0.65 eV). Subsequently the development of compound materials such as gallium 

arsenide (Eg=1.45 eV), gallium nitride (Eg=3.40 eV), and silicon carbide (Eg=3.25 eV) have been 

used as a more robust alternative to Si [2]. Current requirements include higher blocking voltages, 

switching frequencies, energy efficiency, improved reliability, reduced thermal waste, cost, and 

device dimensions.  
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Wide-bandgap (WBG) materials such as silicon carbide (SiC) and gallium nitride (GaN) have 

been used in ultrahigh-voltage power switching applications as a better alternative to Si [1-3]. 

These WBG SiC and GaN semiconductors can tolerate a much higher breakdown electric field 

(Ec) at a comparable dielectric constant (ε) and similar charge carrier mobility (μ), which translates 

into a larger figure of merit (BFOM=εμEc
3) [6], compared to Si. One of the main downsides of 

these materials is the higher cost of the single crystal substrate wafer production, due to the 

complexity of the crystal growth chemistry and the smaller scale of the crystal growth industry. 

Researchers worldwide have extensively explored semiconducting metal oxides due to their 

appealing attributes, including exceptional transparency, wide band gap, and their applicability in 

power electronic devices. High-quality gallium oxide (Ga2O3) wafers can be fabricated using 

simple metal-based crystal growth processes used in the fabrication of inexpensive Si or sapphire 

(Al2O3) crystals [7]. Furthermore, epitaxial growth of high quality Ga2O3 thin films has been 

demonstrated by various methods including chemical vapor deposition, pulsed lased deposition, 

molecular beam epitaxy, metal-organic chemical vapor deposition and magnetron sputtering [9-

16]. Among the different fabrication methods for depositing oxide thin films, magnetron sputtering 

is the preferred method in many industrial processes because it is an established technique, suitable 

for large area fabrication and roll-to-roll processing [16]. The advancing Ga2O3 based power 

electronic technology has the potential to address the trade-off between cost and performance 

effectively by offering an enhanced performance at a lower cost. Figure 1.2 shows the results of 

techno-economic modeling for 6 in wafers and indicates that the cost of wafers will drop 

significantly in the future as more large-size and high-volume manufacturing processes are 

introduced.  
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Figure 1.2 (a) Modeled Ga2O3 wafer manufacturing cost as a function of the fabrication process 

step (inner circle) and cost type (outer ring). The total cost is dominated by Iridium (Ir) material 

used in Ga2O3 crystal growth crucible. (b) Modeled 6 in wafer costs comparison for Ga2O3 and 

SiC wafers, and the Ga2O3 cost reduction potential. The Ga2O3 cost is >3x less compared to SiC 

and can be further reduced by better iridium (Ir) crucible utilization and faster polishing and 

epitaxy processes [17].   

This dissertation focuses on gallium oxide semiconductor materials, specifically the 

thermodynamically stable polymorph of monoclinic, β-Gallium Oxide (β-Ga2O3). The unique 

properties of β-Ga2O3 make it a promising material for a new generation of power and 

optoelectronic devices. Due to its wide bandgap (4.9 eV), high transparency, and thermal stability, 

β-Ga2O3 has been of primary interest for use in power devices, solar-blind UV photodetectors, 

photocatalysts, gas sensors, solar cells, as well as phosphor, and transparent conducting films for 

electrodes on many optoelectronic devices. Controlled growth and characterization of the 

properties of the new material is a necessary step in bringing the material into use. As our 

understanding of gallium oxide’s properties improves, it has the potential to replace them in 

various applications, provided certain limitations can be addressed. 
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1.2 Problem Statement 

During the process of device fabrication, thin films of controlled conductivity and structure are 

deposited on a wafer. Epitaxial growth of high quality Ga2O3 has been demonstrated by various 

methods, including chemical vapor deposition, pulsed laser deposition, molecular beam epitaxy, 

metal organic chemical vapor deposition, and rf magnetron sputtering [9,18,19]. However, the 

quality of the films produced by each method differ due to the introduction of defects such as 

oxygen vacancies and different parameters used [20,21]. In addition, each existent polymorph of 

Ga2O3 could exhibit different defects and properties that require further identification. In the first 

part of the dissertation, rf sputtering is used as the primary method for the deposition of Ga2O3 

films deposited on both Al2O3 and Ga2O3 substrates. It is crucial to follow a systematic study of 

parameters such as deposition temperature, annealing gas, annealing temperature, annealing time, 

along with the optical, electrical, and structural properties for the optimization of the produced 

films. The second part of the dissertation focuses on the doping of the films grown on its native 

Sn-doped Ga2O3 substrate, particularly, Hall measurements were performed along with annealing 

of the films to achieve an optimized doping concentration which preserves the crystal structure of 

the produced films. The third section of the dissertation, alloying of the Ga2O3 films with two other 

oxides, i.e., B2O3 and Lu2O3. The goal was to modify the optical bandgap of the films, while 

maintaining stoichiometry and crystal structure. Finally, the last section in this dissertation aims 

to demonstrate a Ga2O3-based Schottky diode device, characterizing its performance parameters 

such as ideality factor and Schottky barrier height to demonstrate the practical applications of the 

optimized films. By addressing these challenges comprehensively, the dissertation aims to 

contribute to the advancement of Ga2O3 thin film technology, enabling improved performance and 

reliability in various electronic and optoelectronic devices. 
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1.3 Significance of the Study 

Ultra-wide bandgap semiconductor materials such as Ga2O3 are becoming a foundational 

technology for optical and electronic devices due its outstanding capabilities. These materials 

allow for the fabrication of smaller, faster, and more reliable power electronics, making a positive 

impact on the cost and energy utilization for such devices. The development of efficient high-

power devices capable of operating at higher temperatures, voltages, and frequencies than those 

made of conventional semiconductor materials could lead to the ultimate elimination of expensive 

cooling systems used in elevated temperature electronics operation. This in turn will enable the 

development of lighter designs with reduced volume, which will have a beneficial impact on the 

industrial process and on the environment in general. However, fundamental understanding of 

these materials is still at an early stage. The introduction of defects during the growth of these 

materials and the parameters required to grow high quality films will determine the performance 

of the devices. In this dissertation, the focus is on the structural and optical characterization of rf 

sputter deposited Ga2O3 films by the used of analytical techniques from the materials science 

realm. The characterization of the films is utilized to find the ideal parameters to grow Ga2O3 films 

by the magnetron sputtering deposition technique, along with methods to reduce defects and 

improve the quality of these films. This dissertation also delves into the optimization of the doping 

concentration and post deposition annealing parameters, particularly while preserving the original 

crystal structure of the films. Additional efforts are directed towards alloying Ga2O3 films with 

other oxides mentioned above, to modify the optical bandgap of the film, expanding its potential 

to optoelectronic devices. Lastly, this dissertation highlights the functionality of the optimized 

Ga2O3 films through the demonstration of a simple device, highlighting the practical implication 

and relevance of the research findings. 
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1.4 Properties of β-Ga2O3 

1.4.1 Structural Properties 

At least five different polymorphs (forms) of Ga2O3 have been reported, namely, 

rhombohedral (α), monoclinic (β), defective spinel (γ), cubic (δ), and orthorhombic (ε) structures, 

and a transient κ- Ga2O3 [22, 23]. Of all its polymorphs, the β-Ga2O3 structure has shown to be the 

most stable under normal conditions of temperature and pressure. The other polymorphs can be 

either conductors or insulators, depending on the growth conditions, and will transform to the β-

phase at sufficiently high temperatures up to its melting point 1900 C [8]. These polymorphs not 

only differ in their crystal space, but also in their coordination number for Ga ions, and can be 

synthesized under specific conditions of pressure and temperature. For instance, the α-phase is 

rhombohedral with space group R3̅c, and can be obtained at temperatures of 1000 C and pressures 

of 4.4 GPa [24]. The β-phase, which holds a monoclinic structure with space group C2/m [25], can 

be obtained from any other polymorph by heat treatment (Fig. 1.3) in air at sufficiently high 

temperatures ranging from 500-700 C [27, 28].  
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Figure 1.3 Summary of the synthesis and interconversion of the polymorphs of Ga2O3 and related 

phases. Depending on the initial phase, temperatures in the range of 500-700 C are sufficient to 

allow a transformation to the β-phase [23]. 

The thermal stability of β-Ga2O3 allows the production of bulk single crystal and epitaxial 

films via heat treatment processes such as crystallization from melt grow or vapor phase epitaxy 

[26]. There is little experimental data for the other polymorphs due to the difficulty of isolating 

them in a pure crystalline form; therefore, much of the properties known for the other phases of 

gallium oxide have been produced from theoretical simulations, specifically from density 

functional theory [20,28–30]. Lattice parameters, space group, and volume expansivity have been 

calculated theoretically, and normalized to room temperature for the different polymorphs. The 

results showed an increase in volume expansivity in the following order: β, ε, α, δ, with the β phase 

having the lowest volume expansion [31]. 
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Figure 1.4 Monoclinic crystal structure of β-Ga2O3 [32]. 

 

Crystallographic studies performed by Ahman et al, indicate that the unit cell of β-Ga2O3 

contains two inequivalent Ga positions, one with tetrahedral geometry Ga (I) and the second with 

octahedral geometry Ga (II). The oxygen atoms are located three distinct positions labeled as O 

(I), O (II), and O (III), forming a distorted cubic closed-packed structure (Fig. 1.4). One oxygen 

atom is coordinated tetrahedrally, and the remaining two oxygen atoms are coordinated in a 

trigonal manner [33]. A summary of the properties for all polymorphs is presented in Table 1.1. 
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Table 1.1 Summary of the properties of Ga2O3 Polymorphs [8]. 

 
Polymorph 

 
Lattice 

parameter 
(Å) 

 
Refractive 
index, n 

 
Optical 
dielectric 
constant 

 
Volume 

expansion 
at 1200K 

 
Bulk 

modulus 
(300,GPa) 

 
Comment 

 
Reference 

 

α a, b = 4.98-
5.504 

c = 13.4-
13.6 

1.74-1.95 3.03-3.80 0.035 ~185 Corundum, 
rhombohedr
al structure, 
space group 

R3̅c, 
bandgap 

larger than 
all other 

polymorphs 
(~5.2 eV) 

Yoshioka et 
al.[31], 

Stepanov et 
al.[27], and 

He et al. 
[34]  

β A = 12.12-
12.12.34, b 
= 3.03-3.04, 

c = 5.80-
5.87 

1.68-1.89 2.82-3.57 0.024 ~150 Monoclinic 
structure, 

space group 
C2/m 

Kohn et 
al.[35], 

Stepanov et 
al.[27], He 
et al. [34], 
and Geller 
et al [25]. 

γ A = 4 9.4–
10.0 

 

/ / / / Defective 
spinel, 
cubic 

structure, 
space group 

Fd3̅m 

 

Stepanov et 
al. [27]  

δ A = 9.4-
10.0 

/ / 0.04 160 Possibly 
bixbyite. 

Suggested 
to be a 

nanocrystall
ine form of 

ε-Ga2O3 

 

Roy et 
al.[22], 

Playford et 
al.[23]  

ε A = 5.06-
5.12, 

b = 8.69-
8.79, 

c = 9.3-9.4 

1.6 / 0.028 160 Orthorhomb
ic structure, 
Space group 

Pna21 

Yoshioka et 
al.[31] and 

Kroll et 
al.[36]  
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1.4.2 Electrical Properties 

Gallium oxide is known to be an ultra-wide bandgap semiconductor, with an energy gap 

of about 4.7-4.9 eV [39, 40]. A semiconductor with a ultra-wide energy bandgap has a higher 

electric breakdown field, therefore Ga2O3 (8 MV/cm) has an electric field value higher than that 

of other commonly used semiconductors, such as Si (0.3 MV/cm), 4H-SiC (2.2 MV/cm) and GaN 

(2.0 MV/cm) as shown in Fig. 1.5 [2]. 

 

Figure 1.5 Electric field vs Bandgap [39]. 

 

The critical electric field breakdown (V/cm) relates to many crucial parameters for the 

operation of devices using semiconductor materials. For instance, the critical electric field 

breakdown varies with the bandgap energy as shown in the following equation: 

Ebr  =  a(Eg)
n

            (1.1)  

where Ebr is the critical electric field breakdown in V/cm, 

Eg is the bandgap energy in eV, a is a constant whose value is ~105 and 

n varies from 2.0 to 2.5 [40] 
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Figure 1.6 Theoretical limits of on-resistances as a function of breakdown voltage for major 

semiconductors and β-Ga2O3  [39]. 

Another important parameter is the breakdown voltage, and for a diode it is related to the 

breakdown critical electric field as follows:  

VBr ≈
εrEbr

2

2qNd
                                                         (1.2) 

 where q is the charge of the electron and  

Nd is the doping density 

Figure 1.6 shows the on-resistance as a function of the breakdown voltage for various 

semiconductor materials. The calculation is done with parameters found in Table 1.2. The ability 

of these materials to withstand higher electric fields with reduced energy loss also results in the 

capability to operate at higher ambient temperatures, making the use of wide bandgap 

semiconductors suitable for applications in power devices. In addition, Ga2O3 semiconductor with 

a bandgap larger than 3.4 eV are commercially available with a large-area native substrate up to 1 

inch in diameter, with controlled doping concentration and a wide range of conductivities [7]. This 

would not only translate to ease of mass production and lower cost, but also facilitate fabrication 
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of vertical electronic devices to better handle operations requiring high power. Its n-type 

conductivity can be adjusted by doping using Si and Sn, and its resistivity spans over a wide range 

of 10-3 to 1012 -cm [41]. 

Table 1.2 Properties of semiconductors materials [8]. 

Materials 
Parameters 

Si GaAs 4H-
SiC 

GaN Diamond β-
Ga2O3 

Comments 

Bandgap, Eg 
(eV) 

1.1 1.43 3.25 3.4 5.5 4.85 Bandgap of Ga2O3 
reported in range 4.7–4.9 
eV 

Dielectric 
constant, ε 

11.8 12.9 9.7 9 5.5 10  

Breakdown 
field, Ec 
(MV/cm) 

0.3 0.4 2.5 3.3 10 8 Experimental values for 
Ga2O3 have reached ~0.5 
times the theoretical 
maximum 

Electron 
mobility, μ 
(cm2/Vs) 

1480 8400 1000 1250 2000 300  

Saturation 
velocity, vs (107 

cm/s) 

1 1.2 2 2.5 1 1.8-2 1.8 ⟨001⟩ and  ⟨010⟩, 2.0  
⟨010⟩ 

Thermal 
conductivity λ 
(W/cm K) 

1.5 0.5 4.9 2.3 20 0.1-
0.3 

0.13  ⟨100⟩,0.23  ⟨010⟩ 

 

1.4.3 Optical Properties 

Due to its wide band gap, pure stoichiometric β-Ga2O3 is colorless and transparent over a 

wide optical range, covering visible down to the UV-C (250 nm) region. These optical and 

electrical characteristics place β-Ga2O3 into the realm of transparent conductive oxides (TCOs). In 

addition, a strong correlation between electrical conductivity and absorption of the films have been 

reported [42]. The electrical conductivity of the films is not only affected by the doping 

concentration, but also by the atmosphere in which the film is grown. Films grown in an oxidizing 

atmosphere are highly insulating and show a transparent or yellowish coloration, which is 
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indicative of absorption in the blue range of visible light. In the other hand, films grown in reducing 

atmosphere are conductive and show more of a blueish coloration. This can be explained by the 

high density of dopants making the material absorb in the red and NIR regions of the spectrum 

[27]. 

 

Figure 1.7 The Brillouin zone of β-Ga2O3. Labels indicate high-symmetry points. The axes of the 

reciprocal unit cell are also shown. The yellow line represents the I-L line where the conduction 

band maximum lies [43]. 

Numerous theoretical studies using density functional theory have confirmed the direct 

bandgap of β-Ga2O3. However, as depicted in Fig. 1.8, the direct bandgap only exhibits a faint 

resemblance, lacking a prominent direct bandgap signature. Most studies use density functional 

theory approach to model the electronic structure of the semiconductor [31]. Peelers et al showed 

DFT calculations for the lattice parameters and band gap of β-Ga2O3 resulted in a fundamental 

indirect band gap of 4.84 eV and a slightly larger direct band gap of 4.88 eV [43]. Figure 1.7 shows 

the Brilliouin zone and primitive unit cell belonging to monoclinic β-Ga2O3, which was used to 

calculate the band structure shown in Fig. 1.8. The minimum of the conduction band is located at 
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, as reported by Peelers et al. The valence-band maximum is located on the I-L line, and is 

depicted by a yellow line on the face of the Brilliouin zone as shown in Fig 1.7. This surface is 

used to set the zero of the energy. The direct band gap of β-Ga2O3 makes it suitable for a host of 

photonic device applications, including transparent conductors and deep UV sensors. 

 

Figure 1.8 Band structure of β-Ga2O3 along a continuous path in the Brillouin zone [43]. 

1.4.4 Power Applications and Figures of Merit 

Figures of merit (FOM) are data-based metrics generally used to evaluate power devices 

performance under certain operating conditions. A FOM can provide guidance while designing a 

device specification to meet the market expectations. Johnson FOM (Ec·Vs
2/4π2T) indicates the 

power-frequency capability for low-voltage transistors. Baliga FOM (ε·μ·Ec
3) identifies material 

parameters that minimize switching losses in low frequency unipolar transistors. For β-Ga2O3, this 

figure has a value of 3214, much greater than its counterparts GaN (846) and SiC (317) [6]. In 
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contrast, Baliga high-frequency FOM identifies the device parameters to reduce power loss in high 

frequency applications. Another FOM is Keyes (λ·[c·Vs

4π·ε
]

1

2), and it establishes the thermal limits of 

transistors switching properties. Lastly, a set of FOM introduced by Huang includes: Huang's 

material figure of merit (HMFOM), which estimates the dynamic switching losses as a function 

Ec, Huang’s chip area manufacturing figure of merit (HCAFOM), which indicates the optimal chip 

area to minimize power loss as a function of Ec
2, and Huang’s high temperature figure of merit 

(HTFOM), which describes the material’s temperature rise for the optimum chip area condition 

delivering minimal power loss[44,45]. β-Ga2O3 shows good metrics for almost all FOM when 

compared to other semiconductor materials, however, the material has the lowest metric for 

HTFOM, due to its inability to properly conduct thermal energy and its high field strength. Table 

1.3 compares various materials FOM with emphasis on β-Ga2O3 for power device applications. 
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Table 1.3 Figure of merit of β-Ga2O3 relative to other commonly used semiconductors [8,44]. 

 
Figures of merit relative to 

Si 

 
S
i 

 
GaAs 

 
4H-
SiC 

 
GaN 

 
Diamond 

 
β-Ga2O3 

 
Comments 

Johnson = Ec·Vs2/4π2 1 1.8 278 1089 1110 2844 Power-frequency capability 
Baliga = ε·μ·Ec3 1 14.7 317 846 24660 3214 Specific on-resistance in (vertical) 

drift region 
Combined = λ·ε·μ·Vs2 ·Ec2 1 3.7 248.6 353.8 9331 37 Combined 

power/frequency/voltage 
Baliga high-frequency = 

μ·Ec2 
1 10.1 46.3 100.8 1501 142.2 Measure of switching losses 

Keyes = λ·[
c·Vs

4π·ε
]

1

2 
1 0.3 3.6 1.8 41.5 0.2 Thermal capability for power 

density/speed 
Huang HMFOM, μ0.5·Ec 1 3 9 10 40 12 Huang material FOM 

Huang HCAFOM, 
ε·μ0.5·Ec2 

1 5 78 85 614 277 Huang chip area FOM 

Huang HTFOM, σth/ε·Ec 1 0.2882 0.6193 0.1017 0.9986 0.0045 Huang thermal FOM 

 

1.5 Metal-Semiconductor Interface and Mechanism 

1.5.1 Bandgap 

Materials are often categorized in three main groups, i.e., conductors, semiconductors, and 

insulators. Resistivity is an intrinsic property used to describe the resistance of electrical current 

through the materials, and for small wafers is expressed in ohm-cm or Ωcm. For example, most 

conductors have a resistivity that falls within 10-8 to 10-4 Ωcm. On the other end, insulators have a 

resistivity that ranges from 108 to 1018 Ωcm. Semiconductor have a resistivity that falls between 

that of a conductor and that of an insulator, with values that range from 10-4 to 108 Ωcm. Another 

way to explain the differences in conduction of the materials mentioned above is with the 

introduction of band theory. Electrons in solid materials can have values of energy only within 

certain specific ranges. The behavior of the electrons in a solid is strongly affected by the properties 

of all other particles around it. The band energies permitted in a solid is related to the discrete 

allowed energy levels of single atoms. When a lattice with N atoms is assembled, the energy levels 

will split into N levels in the solid.  
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The splitting of sharp and tightly packed energy levels give rise to the so-called energy 

bands. Energy levels are reorganized into two bands: the valence band and the conduction band. 

The valence band is the highest occupied energy band and is made from energy levels of the 

valence electrons as the name suggests. The conduction band is the lowest unoccupied. This band 

is usually empty since it is a high energy level. The energy gap between the conduction band and 

the valence band is referred as the band gap, the forbidden zone to electrons in a perfect 

semiconductor or insulator. For the material to conduct, the system must be given enough energy 

to excite an electron across this gap. This process can occur thermally, as the temperature increases 

the likelihood to find an electron in the conduction band increases. This is explained by Fermi-

Dirac distribution, which gives the probability to find an electron in any given energy state (E) at 

a given temperature (T). The fermi function has the following form: 

 

f(E) =
1

e

(E−EF)
kBT  +  1

                  (1.3) 

 

where EF is the Fermi energy, the energy of the highest state filled at absolute zero, 

T is the temperature of the semiconductor and kB is the Boltzmann constant.  
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Figure 1.9 Fermi-Dirac distribution at different temperatures, T0 = 0 K [46]. 

 

Figure 1.9 shows that at absolute zero (T0 = 0 K), the probability of finding an electron 

with an energy higher than EF is zero, and the probability to find the electron below EF is 1. This 

allows us to further classify materials according to their band gap energy. Insulators have wide 

forbidden energy gaps or band gaps (Eg ~9 eV), while the valence and conduction band are 

overlapped in conductors. In the case of conventional semiconductors like silicon, the energy gap 

is present, but small (Eg ~1 to 1.5 eV). Figure 1.10 illustrate the differences on the energy bandgap 

of conductors, semiconductors, and insulators. 
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Figure 1.10 Energy Band Diagram of Conductor, Semiconductor, and Insulator [47]. 

 

In section 1.4.2 it is mentioned that β-Ga2O3 has a direct bandgap of 4.9 eV. Two basic 

types of band gaps can be found in semiconductor materials, a direct band gap and an indirect band 

gap. The way used to describe them is by looking at the minimal-energy state of the conduction 

band and maximal-energy state of the valence band and see where they are located with respect to 

each other in the Brillouin zone. A direct band gap will have both, the minimum of the conduction 

band and maximum of the valence band, coinciding at a certain crystal momentum vector (k-

vector) as shown in Fig. 1.11 (a). An indirect band gap material will have different k-vectors as 

shown in Fig 1.11 (b). This means that a direct band gap material will allow direct electron 

transitions via photonic emission. This property makes the material suitable for optoelectronic 

applications [48]. An indirect band gap material, the electrons required intermediate steps in the 

form of phonon assisted transitions.  
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Figure 1.11 Energy vs crystal momentum for a semiconductor. (a) In a direct band gap the 

electronic transition can occur without a change in the crystal momentum via photo emission, (b) 

in an indirect band gap the electronic transition can occur with a change in crystal momentum via 

both photon and phono momentum transfer [49].

1.5.2 Metal-Semiconductor Contact

When a metal and a semiconductor come into intimate contact with each other, 

thermodynamic equilibrium is reached, and a metal-semiconductor (M-S) junction is created. M-

S junction can manifest as either rectifying Schottky (Φm > Φs) or non-rectifying Ohmic (Φm <

Φs) junction, where Φs is the work function of the semiconductor and Φm is the work function of 

the metal. The work function is simply the necessary work needed to remove an electron from the 

fermi level of the metal or semiconductor to vacuum. As the fermi levels of the metal and 

semiconductor come into alignment, the rectifying properties depend on the Schottky barrier 

height formed.

(a) (b)
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 Schottky-Mott theory predicts that the Schottky barrier is given by the difference between 

the metal work function and the electron affinity of the semiconductor in vacuum: 

ΦB
(n) =  Φm − χs          (1.4) 

where ΦB is the Schottky barrier height, Φm is  the metal work function in vacuum,  

and χs is the electron affinity of the semiconductor in vacuum 

 Figure 1.12 illustrates the formation of a metal-semiconductor junction in the case of an n-type 

semiconductor where the metal has a larger work function than that of the semiconductor material. 

The metal and semiconductor are shown before being placed in close contact. The metal has a 

work function (Φm). The metal conduction band (Ec) and Fermi level (EF) overlap. Meanwhile, in 

the semiconductor, the conduction band (Ec) and the valence band (Ev) are separated by the band 

gap which contains the Fermi level (EFS). The Fermi level of the semiconductor is higher than that 

of the metal before the junction is created. The electrons flow from the semiconductor into the 

lower energy states available in the metal until the equilibrium is reached and the Fermi levels of 

the semiconductor and the metal align.  
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Figure 1.12 Energy-band diagram for the metal–semiconductor junction of an n-type 

semiconductor. (a) before, (b) after being placed in contact with semiconductor [50]. 
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1.5.3 Conduction Mechanisms in Metal-Semiconductor Contacts 

At least three types of conduction mechanisms have been proposed: 

i. Thermionic Emission 

ii. Thermionic-Field Emission  

iii. Field Emission 

1.5.3.1 Thermionic Emission 

Thermionic emission refers to the excitation of the charge carries directly over the Schottky 

barrier exclusively due to thermal energy as depicted in Fig 1.13. The barrier width depends on 

the doping concentration of the semiconductor. In the case, the doping concentrations are kept low 

(ND < 1017 cm-3), hence the barrier is wide. This mechanism provides rectifying Schottky contacts 

in the forward bias [51].  

 

Figure 1.13 Thermionic Emission [52]. 

 

1.5.3.2 Thermionic-Field Emission 

With moderate doping concentration (1017 cm-3 < ND < 1018 cm-3), a combination of 

thermionic and field emission mechanism can occur. In this case, the electrons use thermal energy 

to be excited over the barrier and tunnel through the thin upper section of the barrier as shown in 

Fig. 1.14 [51].  
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Figure 1.14 Thermionic-Field Emission [52]. 

 

1.5.3.3 Field emission 

In the field emission conduction mechanism, the electron tunnel through the barrier 

directly. This is a quantum mechanical phenomenon, known as tunneling. The width of the barrier 

is significantly thin due to high doping concentrations (ND < 1018 cm-3), so that the electron can 

easily flow through the barrier as illustrated in Fig. 1.15. This is the preferred mechanism in Ohmic 

contacts [51]. 

 

 

Figure 1.15 Field emission mechanism [52]. 
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2.  Literature Search 

2.1 Ga2O3 Thin Film by Magnetron Sputtering 

Focusing on rf-sputtered β-Ga2O3 thin films, several groups have been able to successfully 

grow β-Ga2O3 on native Ga2O3 substrates, and non-native Si (100), GaN, Al2O3 (0001), GaN, MgO 

(100), MgAl2O4 (100) and SiC (6H), and even Dimond substrates [53–57] . The characteristics of 

the films are influenced by factors like deposition pressure, temperature, gas composition, rf 

power, and annealing conditions. A comprehensive understanding of the impact of each growth 

parameter is crucial for achieving precise control over film growth. 

Deposition Pressure. During the sputtering process, a plasma is typically generated using Ar 

gas. More information on the sputtering process is provided in section 3.3.2.1. The stability of the 

generated plasma relies on the deposition pressure, which controls the Ar ion density in the plasma. 

The target material is sputtered by the impact of the Ar ions. Thus, the ion density can significantly 

impact the quality of the sputtered film. Ogita et al. first studied the effects of three different 

deposition pressures (15, 30, 60 mTorr, corresponding to 2, 4, and 8 Pa) for depositing β-Ga2O3 

thin films [58]. Films of 1 um were deposited at room temperature using Ar as the sputtering gas, 

followed by annealing at 1000 C for 1 hr. in air. XRD analysis showed that all films possessed 

distinct peaks at (400) and (002), corresponding to monoclinic β-Ga2O3. However, peak intensity 

was strongest for the films deposited at 15 mTorr. This indicated that a lower sputtering pressure 

of 15 mTorr (2 Pa) is best for obtaining good crystallinity. Figure 2.1 shows the XRD pattern for 

the deposited films by Ogita et al.  
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Figure 2.1 X-ray diffraction pattern of Ga2O3 thin films produced at the Ar pressure of 15, 30, and 

60 mTorr (2, 4 and 8 Pa). The peak value of XRD appears at 15 mTorr (2 Pa) [58]. 

Mobtakeri et al. studied the effects of deposition pressure and rf power on β-Ga2O3 thin 

films grown on sapphire [59]. For the variation in pressure, growth pressures of 7.5, 9.2,10.4 and 

12.2 mTorr were evaluated, with a constant temperature and rf power of 300 C and 120 W, 

respectively. For the effects of rf power, 80 W, 100 W, and 120 W were used. XRD, SEM, and 

UV-Vis data is presented as a function of the increasing pressure and rf power. A summary of the 

samples prepared is shown in the following Table 2.1. 
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Table 2.1 Experimental deposition parameters by Mobtakeri et al [59]. 

Name Growth Pressure 
(mTorr) 

Ar (sccm) Temperature (C) rf power (Watt) 

G3 7.5 15 300 100 

G4 7.5 15 300 80 

G6 7.5 15 300 120 

G7 9.2 45 300 120 

G8 10.4 75 300 120 

G9 12.2 105 300 120 

 

XRD data shown in Fig. 2.2 displayed that the as deposited films were amorphous, except 

the film grown at 7.5 mTorr and 120 W. Nevertheless, the peaks observed at 29.2, 36.8, and 56.8 

for the film deposited at 7.5 mTorr were very small and broad. The maximum grain size of 18.7 

nm was also observed for the film grown at 7.6 mTorr after annealing at 900 C for 1 hr in air.  
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Figure 2.2 XRD patterns of Ga2O3 thin films, as-deposited and annealed for 1 h at various 

deposition pressures and rf powers on sapphire substrate [59]. 

On the surface morphology of the films, SEM images of the as-deposited samples shown 

in Fig. 2.3 indicate that grain size increases with increasing pressure. After annealing, the grain 

size gets bigger, due to crystallization of the Ga2O3 films. Furthermore, the increasing growth 

pressure results in columnar growth with large feature sizes. This means that 3-dimensional (3D) 

growth is possible at higher pressures, while 2-dimensional (2D) is observed at lower pressures. 

The difference between these two growth modes is that in the 2D mode the material grows layer 

by layer, and in the 3D columnar mode, the material agglomerates forming islands.  
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Figure 2.3 SEM images of Ga2O3 thin films as-deposited and annealed for 1 h by rf magnetron 

sputtering at various sputtering pressures and power on sapphire substrate (a,b,c) as-deposited G7, 

G8, G9, (d,e,f) annealed G7, G8, G9 (g,h,i) as-deposited G6, G3, G4 (j,k,l) annealed G6, G3, G4 

[59]. 
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On the effects of the optical properties, UV-Vis spectroscopy shows that the transmittance 

of the films decreases significantly with increasing pressure (Fig. 2.4). The films presented a 

change in color from transparent to grayish with increasing pressure. EDS analysis confirmed that 

an increase in the amount of Ga in the films occurs with increasing pressure. As the growth 

pressure and sputtering power increased, there was a corresponding decrease in the band gap of 

the films. Overall, this study showed that lower growth pressure and high rf power was ideal for 

obtaining films with good structural and optical quality. 

 

Figure 2.4 Transmittance spectra of Ga2O3 thin films for as-deposited and annealed samples 

deposited at various sputtering pressures and rf power on sapphire substrate (a) as-deposited and 

(b) annealed films [59]. 
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Deposition Temperature. Kumar et al. deposited Ga2O3 films at different temperature 

ranging from 25 - 800 C to study the effects of the deposition temperature in the structural and 

optical properties of Ga2O3 films [60]. XRD patterns of Ga2O3 revealed that films grown at 400 

C were amorphous, and that films become nanocrystalline at temperatures ≥ 500 C, indicating 

film crystallization starting at this temperature (Fig. 2.5). 

 

 

Figure 2.5 XRD patterns of Ga2O3 films. It is evident from the curves that the films grown at RT-

400 C are amorphous, whereas films grown at Ts ≥ 500 C are nanocrystalline. Ga2O3 films grown 

at Ts=800 C exhibit the presence of an additional small peak, which could be due to the Si-Ga2O3 

reaction at the interface [60]. 
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The surface morphology was investigated by high-resolution SEM, and it was clear that 

the grain size increases with increasing in the deposition temperature, as shown in Fig. 2.6. The 

grain size increased from 15 to 35 nm, with increasing temperature from 400 to 600 C, then 

dropping to 30 nm at 800 C. Kumar suggests that the change in morphology is due to an increase 

in the adatom mobility with increasing temperature. At low temperatures, the adatom mobility is 

low, therefore the deposited species stay localized forming amorphous films.  

 

 

Figure 2.6 High-resolution SEM images of Ga2O3 thin films as a function of deposition 

temperature [60]. 
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Rutherford backscattering spectroscopy (RBS) showed that the deposition temperature 

notably affected the stoichiometry of the films, and that a temperature of 300 C or higher was 

necessary to obtain Ga2O3 films with stoichiometric (1.5 O/Ga) concentrations of Ga and O. Figure 

2.7 shows the variation of the O/Ga ratio for the films deposited at different temperature. Films 

deposited at room temperature showed a slightly higher O/Ga of 1.6.  

 

Figure 2.7 Variation of oxygen to gallium ratio in the Ga2O3 layers as a function of Ts. The ratio 

is determined from RBS measurements. Slightly higher values than expected for films grown at 

RT indicate excess oxygen in the films [60]. 
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Saha et al. deposited n-type Ga2O3 films on silicon substrate using rf sputtering, 

systematically changing the substrate temperature from room temperature up to 800 C [61]. The 

study shows that 600 C is the optimum temperature to achieve high quality Ga2O3 films on Si by 

rf sputtering technique. X-ray photoelectron spectroscopy, energy dispersive x-ray analysis, 

ellipsometry, Raman spectroscopy, photoluminescence analysis, and atomic force microscopy 

were employed to examine the structural and optical characteristics, as well as the chemical states, 

of the deposited films. XRD showed that only the films deposited at room temperature displayed 

peaks at (400), (4̅02) and (403) planes of monoclinic Ga2O3, while films deposited at higher 

temperature are polycrystalline in nature. The morphology of the films was studied by AFM. Large 

grain sizes are observed at temperatures of 500 C and higher, as indicated by the AFM scans in 

Fig. 2.8. Root-mean-square (RMS) value of the surface roughness of the films are estimated to be 

2.6 nm, 5.2 nm, 8.3 nm, and 13 nm for RT, 500 C, 600 C and 700 C deposited films, 

respectively. 
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Figure 2.8 AFM images of the grown β-Ga2O3 thin films on Si substrate for the substrate 

temperatures of RT (a), 500 C (b), 600 C (c) and 700 C (d) [61] . 

XPS Ga-3d, Ga-2p and O-1s spectra revealed the change in chemical states and 

composition of Ga2O3 with deposition temperature. Particularly, shifting toward higher binding 

energies of Ga-3d, Ga-2p and O-1s states with increasing temperatures. The transmittance of the 

film was observed to decrease with increasing temperatures as shown in Fig. 2.9 (a). This reduction 

in the transmittance of the film can be correlated with an increase of the surface roughness of the 

films, as shown previously from the SEM data in Fig. 2.6. Saha et al. attribute the reduction in 

band gap energy to the decrease in lattice strain within the film. The decrease in band gap energy 

is associated with an increase in film thickness and surface roughness, both of which contribute 

collectively to the observed changes. The energy bandgap of the films was extracted from the Tauc 

plot shown in Fig. 2.19 (b). The highest energy values belong to the optical band-gaps, which were 

obtained to be 5.69, 4.39, 5.01 and 4.31 eV for RT, 500 C, 600 C and 700 C deposited films, 

respectively. 
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Figure 2.9 (a) Absorbance, transmission of β-Ga2O3 film on Si-substrate (RT, 500 C, 600 C and 

700 C) within the 200-800 nm wavelength range; and (b) the corresponding Tauc’s plots for the 

deposited films [61]. 

Deposition Gas. Akazawa et al reported on the formation of various phases of gallium 

oxide films depending on deposition gas and substrate planes [62]. The films were deposited on c-

plane sapphire, a-plane sapphire, and (100) Si substrates by rf magnetron sputtering either in O2 

of H2O vapor ambient. XRD and GXRD  data shown in Fig. 2.10 (a, b) indicates that films grown 

on sapphire in O2 ambient at a 300-500 C temperature range displayed distinct diffraction peaks 

belonging to (2̅01) β-Ga2O3. Crystallization of the films grown in O2 occurred at temperatures as 

low as 300 C. In contrast, the films grown in H2O ambient, displayed weak diffraction peaks at 

300 C as shown in Fig. 2.11(a, b). Moreover, the films deposited at temperatures of 400 C or 

higher grew with a preferred (311)γ-Ga2O3.  
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Figure 2.10 (a) XRD and (b) GIXRD patterns of Ga2O3 films as-crystallized on sapphire c-planes 

under O2 gas flow [62]. 
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Figure 2.11 (a) XRD and (b) GIXRD patterns of Ga2O3 films deposited on sapphire c-planes under 

H2O gas flow and solid-phase crystallized [62]. 
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Dong et al. studied the influence of oxygen flow ratio in the growth chamber while 

depositing Ga2O3 films on c-plane sapphire substrates by rf sputtering [63]. The depositions were 

done at constant pressure and power of 5 mTorr and 60W, respectively. The oxygen percentage 

was varied, including 0%, 1%, 3%, and 5% with Ar as the main deposition gas. Dong observed 

that the deposition rate decreased with increasing oxygen flow, from 55.66 nm/hr at 0% to 23.66 

nm/hr at 5%. XRD spectra showed distinct peaks belonging to β-Ga2O3 for all samples, however 

the diffraction peak intensity was noted to decrease with increasing oxygen percentage. They 

concluded that 1 vol. % oxygen during the deposition yielded the best crystallinity. These results 

align with results published earlier by Ogita et al [58]. 

A more recent study by Li et al. β-Ga2O3 films were deposited on MgO (100) substrate 

under different oxygen flow to investigate the effects on the structural and optical properties [64]. 

XRD of the films deposited at oxygen flow ratios of 0% to 5%, showed (400) β-Ga2O3 peaks with 

increased intensity up to 1% oxygen ratio. Then, the diffraction intensity decreased until 

completely vanished at 8% oxygen ratio where the films became amorphous as shown in Fig 2.12 

(a). The group concluded that 1% oxygen ratio is optimal for growing single-crystalline (400) β-

Ga2O3 films. Figure 2.12(b) shows an enlarge detail of the peak located at 30, there is an evident 

shifting of the XRD peak towards higher angle with increasing oxygen growth pressure, suggesting 

a decrease in the lattice parameter. Although the author fails to address the issue in this study, this 

shifting of the XRD peaks with the oxygen growth pressure has been previously observed [65]. 

The results obtained by Li et al, are in agreement with the work performed by Dong et al [63].  
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Figure 2.12 (a) XRD diffraction patterns of the deposited β-Ga2O3 films under different oxygen 

flow ratios. (b) Partially enlarged detail of (a) for the samples prepared under the 0%-5% oxygen 

flow ratio range [64]. 

Atomic force microscopy images showed that as the oxygen percentage increased, the grain 

size and roughness parameter of the films also increased indicted in Fig. 2.13. This is attributed to 

a reduction in the efficiency of the Ar ions bombarding the target, which decreases the ion density 

near the film surface, causing a reduction in the number of particles reaching the substrate surface 

necessary for film growth. The roughness of the samples ranged from 11, 3.56, 0.664, 0.581, 0.479, 

and 1.74 nm with increasing oxygen ratio.  
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Figure 2.13 AFM images of the β-Ga2O3 samples as a function of the oxygen percentage [64]. 

RF Power. For the examination of sputtering power effects, Li et al deposited Ga2O3 thin 

film on Al2O3 (0001) substrate by radio frequency magnetron sputtering [66]. The films were 

deposited in an Ar/O2 mixture with flow rates of 40 sccm and 2 sccm respectively. X-ray 

diffraction results showed that the crystalline quality of (2̅01) β-Ga2O3 films improved with 

increasing power. The three peaks located at 18.95, 38.40, and 59.19 corresponding to (2̅01), 

(4̅02), and (6̅03) plane family of (2̅01) β-Ga2O3, respectively. The peak intensity can be seen to 

increase with increasing rf power, as shown in Fig. 2.14. Further analysis on the normalized 

intensity and full width at half maximum (FWHM) of the strongest (4̅02) diffraction peak, shows 

that the intensity of remains constant up to 190 W and then increases abruptly at 200 W. The 

FWHM of (4̅02) peak starts to decline after rf power of 170 W, the narrowing of the diffraction 

peak was attributed to an increase in the driving energy of the sputter atoms, which allows them 

to migrate to more suitable lattice sites resulting in higher crystallinity.  
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Figure 2.14 Annealed β-Ga2O3 films deposited at sputtering power varies between 160 W and 

200W [66]. 

Scanning electron microscopy images and calculation of the grain size from XRD using 

the well-known Scherer displayed an enlargement of the grain size with increased rf power. Figure 

2.15 shows the average grain size using both methods, the size of the grains increases after rf 

power of 170 W. It is worth mentioning that the small discrepancies in the grain size obtained by 

both methods is due to variances in the measurement techniques and principles. SEM directly 

measures particle size by analyzing microscope images, considering particle shape and 

morphology for a more accurate assessment. Conversely, XRD calculates crystallite size using the 

Scherrer equation based on diffraction patterns, which may not precisely reflect actual particle 

dimensions. In their study, Li et al. elucidate that the increase in sputtering power results in more 
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ionized argon gas particles and greater bombardment on the Ga2O3 target. This leads to a higher 

number of target atoms possessing increased energy for diffusion to appropriate sites, thereby 

facilitating optimal bonding with adjacent atoms. Elevated bombardment energy leads to a higher 

substrate temperature during deposition. This dual effect aids target atoms in nucleating and 

growing. Consequently, as sputtering power increases, the grains gradually enlarge. 

 

Figure 2.15 β-Ga2O3 peak intensity and FWHM as a function of sputtering power [66]. 

Annealing Parameters. Annealing parameters include temperature, time, and ambient. rf-

sputtered Ga2O3 thin films are amorphous when deposited at room temperature. Therefore, heat 

treatment between is a necessary step to achieve crystalline Ga2O3 films. Several other groups have 

reported on the effects of the annealing gas, including nitrogen [67–70], oxygen [71,72], argon 

[70,73], and vacuum [68] ambient at specific temperatures and processing times.  
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One of the earliest reports on the effects of annealing temperature on the properties of rf 

sputtered Ga2O3 films was published by Marie et al [74]. Post-annealing treatment was performed 

at 900 C and 1000 C for 1 hr in pure nitrogen ambient. β-Ga2O3 diffraction peaks appeared for 

both samples, showing higher intensity in the sample annealed at 1000 C indicating a better 

formation of the β-Ga2O3 phase. The sheet resistance was noted to decrease with increasing 

annealing temperature, denoting an increase in the electrical conductivity of the films.  

Dong et al. used annealing temperatures of 800 C, 900 C, and 1000 C post deposition 

of Ga2O3 sputtered films in nitrogen [63]. The diffraction peaks showed higher intensity with 

increasing temperature as reported by Marie et al [74]. The band gap energy was noted to increase 

with increasing annealing temperature. Band gap energy of the as deposited films was 4.7 eV, after 

annealing at 1000 C the band gap energy increased to 4.8 eV.  

Li et al. performed annealing of Ga2O3 films at temperatures ranging from 700 C to 1100 

C [56]. The gas used for these experiments was oxygen. Comparison of the XPS data of the as 

deposited samples and the samples annealed at 800 C in O2 showed a change in the O/Ga ratio. 

After annealing in O2 the films showed an increased O/Ga atomic ratio of 1.455, which indicated 

that annealing in such ambient can effectively reduce the oxygen vacancies in the film. The 

resistivity of the films firstly decreased and then increased with annealing temperature. It was 

found that the resistivity of the films is related to the film crystallinity. The lowest resistivity was 

found for the films annealed at 800 C, which yielded the best crystallinity. 

Haslinda et al investigated the effects of annealing temperature in Ar ambient on the 

structural, optical, and electrical properties of rf-sputtered Ga2O3 films [75]. The annealing 

temperatures included 400, 600, 800, 1000 C. XRD data shown in Fig. 2.16. indicate that cubic 
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γ- Ga2O3 with (311) and (-440) orientations at 400 C. As the annealing temperature was increased 

to 600 C, monoclinic phases of β-Ga2O3 oriented in (400), (2̅02), and (7̅12) planes, along with 

(311) γ-Ga2O3 planes were detected. Further increase in the annealing temperature to 800 C 

showed dominant β-Ga2O3 with additional (1̅10) and (401) oriented planes. Coexistence of both 

β-Ga2O3 and γ-Ga2O3 phases at 600-800 C annealing temperatures suggest the formation of 

polycrystalline Ga2O3 comprising the two phases.  

 

Figure 2.16 HRXRD spectra for Ga2O3 films subjected to post-deposition annealing temperature 

at 400 (inset), 600, 800, and 1000 C in argon ambient [75]. 

The annealing temperature also influenced the direct band gap energies. As the annealing 

temperature increased from 400 C to 800 C, an increase direct band gap value was observed 

from 1.52 eV to 4.71 eV this was attributed to the decreased number of oxygen vacancies. Higher 

temperatures decreased the band gap energy, due to the formation of an interfacial layer between 

Ga2O3 film and Si substrate and increased oxygen vacancies. 
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2.2 Homoepitaxial Growth 

Compared to heteroepitaxial growth, homoepitaxy is supposed to yield films with improved 

quality, minimal dislocations, and rotational domains, since the layers share the same crystal 

structure with the substrate [76]. These defects deteriorate the electrical properties of the grown 

layers, since they compensate the n-type doping, reduce the carrier mobility, and eventually lead 

to mobility collapse below a critical doping density [77]. Hence, achieving epitaxial growth, even 

in instances of zero misfit, remains a challenging endeavor. A more thorough understanding of the 

growth process is crucially needed to address these challenges effectively. Homoepitaxial growth 

of -Ga2O3 thin films have been achieved by HVPE [78], MBE [79], MOCVD [80], MOVPE [81], 

mist-CVD [82], and plasma-assisted MBE [83]. No successful homoepitaxial growth has been 

reported using rf magnetron sputtering. Studies on three distinct substrate orientations, namely 

(100)-, (010)-, and (201)-oriented -Ga2O3 substrates, are presented next.  

(100) -Ga2O3. Homoepitaxial layers grown on (100) -Ga2O3 substrates were achieved 

by Oshima et al. using MBE and by Wagner et al. using MOVPE [83,84]. Oshima et al. reported 

a step-flow growth for the layers grown on (100)-oriented substrates. The surface morphology was 

strongly influenced by the cleavableness of the (100) and (001), planes. For smooth surfaces, an 

off-axis direction along the [001] or [00 1] is required during the surface pretreatment process, i.e., 

the polishing stage.  The layers grown on (100)-oriented substrates by MOVPE resulted in stacking 

faults in the form of twin lamella as the result of the growth and coalescence of 2D islands. The 

solution to the stacking faults in the (100) plane is to prepare the surface with a miscut angle of 6 

along [00 1] direction [85].   
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Cheng et al. used a complementary in and ex situ analytical approach to study the formation 

of structural defects in homoepitaxial ( 100 )-oriented -Ga2O3 layers and growth mode by 

molecular beam epitaxy [76]. The layers were grown on a substrate kept at 700 C, and the gallium 

cell kept at the same temperature. The plasma cavity was adjusted to 400 W with a constant O2 

flux of 0.6 sccm resulting in a chamber pressure of 6 x 10-6 mbar. The crystal structure and 

morphological properties were analyzed with (i) in situ reflection high energy electron diffraction 

(RHEED), (ii) synchrotron-based high resolution x-ray diffraction (HRXRD), and (iii) ex situ 

transmission electron microscopy (TEM) and atomic force microscopy (AFM). RHEED patterns 

Fig. 2.17 before (a), (b) and after (c), (d) the growth. After the growth vertical streaks were 

observed indicating atomically flat surface. During the growth the intensity of the specular beam 

spot was monitored and showed to be periodic in time, this oscillating behavior proved sequential 

and distinguishable nucleation steps, suggesting a two-dimensional (2D) growth mode of the 

layers.  

 

Figure 2.17 The RHEED patterns before growth are shown in (a) and (b) for the (001) and (010) 

directions, respectively. After growth, the RHEED patterns for the (001) and (010) directions are 

depicted in (c) and (d), respectively. 
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The HRTEM image in Fig. 2.18 (a) displays the (010) cross-section of the (100)-oriented 

homoepitaxial thin film, with the electron beam oriented along the b-axis. Bright dots in the image 

represent half a unit cell or one monolayer. Notably, the image reveals a significant density of 

stacking faults marked in blue, along with the presence of twin boundaries marked in green. The 

twin boundaries were describe earlier as a c/2 glide reflection of the monoclinic lattice on the a-

plane [85]. Cheng et al. interpretated the formation of these domains by double positioning [76]. 

The diffusion length of the species on the substrate is limited  by the growth temperature, therefore 

monolayer islands are formed and some of them are twinned orientation. These islands proceed to 

grow and eventually merge forming twin domains. To understand the effects of the twin domains 

on the diffraction pattern, Cheng et al. used JEMS software to compare the electron diffraction 

pattern of an ideal -Ga2O3 structure and a film containing twin domains. Figure 2.18 (b)  and d 

show the diffraction pattern of grown layer with twin domains and without twin domains, 

respectively. Figure 2.18 (c) and (e) are from a simulated pattern. The extra diffraction dots are 

circled in red in the grown layer, and they also appear in the simulated layer containing twin 

domains. This shows that the extra diffraction spots are due the presence of twin domains in the 

layer. Figure 2.18 (f) shows the surface morphology of the grown sample probed by AFM. Nuclei 

with an average height of about 6 Å were observed with preferential elongation along the b-

direction. This height agrees with the thickness of one monolayer and is accordant with the 2D 

growth mode as described by RHEED and HRTEM. The preferential direction of the elongation 

suggests that the reactive molecules have higher mobility along the b-axis compared to other in-

plane directions. The width of a single island is about 6 nm and corresponds well with the average 

size of the nano-twins observed in the HRTEM. 
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Figure 2.18 (a) The film thickness was estimated to be 14 monolayers thick, with presence of 

stacking faults as observed by HRTEM. (b)-(d) shows electron diffraction of the deposited films, 

(c)-(d) are simulations confirming the presence of twin boundary domains. (f)-(g) depicts AFM 

data of the (001) layers [76]. 
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Figure 2.19 (a) shows the in situ out-of-plane HRXRD curves of the substrate and 

homoepitaxial film. No additional Bragg peaks were observed, indicating that the crystal does not 

have any other phases but only  the (100)-oriented -Ga2O3. HRXRD also shows that there is a 

rather broad diffuse scattering under the (200) reflection with a FWHM of 0.39 Å-1. This 

characteristic could stem from a slight distortion of the crystal structure caused by stacking faults 

and twins, as observed in HRTEM images.  

 

Figure 2.19 (a) X-ray diffraction data collected perpendicular to the surface from both the initial 

β-Ga2O3 substrate, and homoepitaxial films. The homoepitaxial layers displayed diffuse scattering 

around the (200) diffraction peak, exhibiting a full width at half maximum (FWHM) of about 0.39 

Å⁻¹. In-plane azimuthal patterns from RHEED before and after the growth process [76]. 
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(010) -Ga2O3. Leedy et al. simultaneously fabricated Si-doped Ga2O3 films on semi-

insulating (010) -Ga2O3 and (0001) Al2O3 [86]. The films grown on native  -Ga2O3 showed 

single crystal homoepitaxial growth as determined by HRTEM and XRD. Figure 2.20 shows XRD 

scans done on the films fabricated at 590 C on Al2O3 and (010) -Ga2O3. Leedy et al. mention that 

the thickest film grown of 400 nm presented additional reflections at: 44.43 [601], 57.65 [313], 

30.32 [110] and 59.91 [113] planes of -Ga2O3 which reduced the film quality, but attribute it to 

the increasing O2 partial pressure used during the growth [87].  

 

Figure 2.20 XRD patterns of Ga2O3:Si films deposited at 590 °C on (a) (0001) Al2O3 and (b) (010) 

β-Ga2O3 substrates. [86]. 
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(𝟐 𝟎 𝟏) -Ga2O3. Most studies have focused on the (010) orientation, however it is not 

trivial to grow large substrates due to the need to slice the substrates perpendicular to both the 

(100) and (001) cleavage planes. In contrast, (2 0 1)-oriented substrates are significantly easier 

to prepare at large scale industrial production. Islam et al. grew homoepitaxial (201) -Ga2O3 films 

by atmospheric pressure plasma-enhanced chemical vapor deposition technique [88]. They 

realized temperature dependent studies between 350 and 600 C in the search of a low-temperature 

growth. XRD data shown in Fig 2.21. shows that there were no different diffraction peaks for the 

films grown at different temperatures, meaning that there were no other secondary phases or 

different orientations during the growth. However, the peaks presented a shoulder on the left side, 

indicating that the d-spacing perpendicular to the film surface [201] is elongated. This broadening 

of the Bragg peaks was also observed in homoepitaxial growth on (100)-oriented substrates by 

Cheng et al [76].  

 

Figure 2.21 XRD profiles of the samples grown at in the deposition temperature range of 350-

550 C [88]. 
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2.3 Doping of Gallium Oxide 

The conductivity and absorption of β-Ga2O3 films the can be controlled through doping, and 

it is a necessary step for the semiconductor to have technological significance [41,89]. The β-

Ga2O3 crystal exhibits an unintentional n-type doping conductivity. This n-type conductivity has 

been commonly attributed to oxygen vacancies in the crystal, which form donor states. Intentional 

n-type doping with elements from group IV, such as silicon (Si), germanium (Ge), and tin (Sn) 

[90–92] have been reported. The carrier concentration can be finely controlled within a broad range 

of 1015-1020 cm-3 by incorporating donor dopants [93]. A major drawback is the inability to 

successfully p-type dope Ga2O3 material. Although some potential candidates for p-type doping of 

Ga2O3, including magnesium (Mg), zinc (Zn), beryllium (Be), and nitrogen (N) have been 

proposed, there are three main factors that makes p-type doping nearly impossible. First, it is 

generally difficult for single-crystal oxide semiconductors to form shallow acceptor states, since 

their valence band states are mainly composed of weakly interacting O 2p orbitals. There are 

instead deep acceptor levels with high activation energy of over 1 eV. Another issue is that Ga2O3 

has a relatively flat valence band, which translates to a heavy hole effective mass with limited 

conductivity and diffusion constant. Lastly, it was also theoretically predicted that holes localize 

in β-Ga2O3 as small polarons due to lattice distortion, as opposed to being free holes, i.e., not 

localized or widespread [93]. 
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2.4 Ohmic Contacts to Ga2O3 

Ohmic contacts play a vital role in semiconductor manufacturing by establishing a low-

resistance connection between semiconductor and external circuitry. Common methods used to 

create such contacts include the careful selection of metals, specifically choosing metals whose 

work function matches with the electron affinity of the semiconductor. From Schottky-Mott theory 

(ΦB
(n) =  Φm − χs), consequently lowering of the Schottky barrier height. Since ohmic contacts 

follow the thermionic-field emission or field emission conduction mechanism, another way to 

create a non-rectifying contact is by introducing localized doping on the surface to minimize the 

width of the depletion region and promote charge carrier tunneling. Standard metallization for 

Ohmic contacts to β-Ga2O3 include Ti/Au, Ti/Al/Ni/Au, and conductive oxides such as indium tin 

oxide (ITO). β-Ga2O3 electron affinity has been reported to be 4.00 ± 0.05 eV [94,95]. Titanium 

with a metal work function of ~4.3 eV, would result in barrier height of only ~0.3 eV. ITO work 

function has been reported in the range of 4.2-5 eV, which will also result in the lowering of the 

barrier height [96]. The Au layer on all contacts serves to prevent topside oxidation. The 

mechanism of ohmic contact formation is currently under debate, while it is highly influenced by 

various processing conditions such as, RIE and Si ion implantation surface treatment, and 

annealing conditions.  

2.4.1 Ti/Au  

Higashiwaki et al. demonstrated the first metal-semiconductor field-effect transistor 

(MESFETs) on β-Ga2O3 (010) substrate by molecular beam epitaxy [39]. Ti (20 nm)/Au (230 nm) 

metallization was utilized, and it was demonstrated that surface treatment with RIE using a gas 

mixture of BCl3 and Ar for 1 min was critical for Ohmic contact formation as shown by the red 

line in Fig. 2.22. Although RIE treatment showed ohmic behavior, the mechanism was unclear, 
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and it was attributed to the formation of induced surface defects such as oxygen vacancies that 

function as donors.  

 

Figure 2.22 I-V curves measured between two contacts (as-deposited Ti/Au) fabricated with and 

without RIE treatment on n-Ga2O3 substrates by Higashiwaki et al [39]. 

Continuation of this investigation, Higashiwaki demonstrated a depletion mode field-effect 

device on β-Ga2O3 (010) by MBE [97]. Si-ion implantation doping (Nd=5x1019 cm-3) was 

performed on the electrode regions, followed by an activation annealing at 925 C in N2 gas for 

30 min. The surface was treated again with BCl3 RIE, and Ti (20 nm)/Au (230 nm) were deposited. 

The Ti/Au stack was annealed at 470 C for 1 min in N2 by rapid thermal processing. The annealed 

contacts showed ohmic behavior (Fig. 2.23(a)), and the specific contact resistivity was 8.1 x10-6 

Ωcm2. Higashiwaki also observed a defective Ga2O3 region and a reacted Ti-Ga2O3 region at the 

annealed Ti/Ga2O3 interface, shown in a TEM micrograph in Fig. 2.23(b).   
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Figure 2.23 (a) I-V characteristics of Ti/Ga2O3 interface before and after annealing. (b) Reacted 

Ti/Ga2O3 interface after annealing at 470 C in N2 [97]. 

Lee et al studied the interfacial evolution of Ti/Au metallization on β-Ga2O3 (010) 

substrates under different annealing conditions [98]. Ti (20 nm)/ Au (50 nm) contacts were 

deposited using E-beam evaporation. TEM samples were prepared via conventional focused ion 

beam (FIB), then subjected to three different annealing metallization conditions: (a) unannealed 

(as-deposited), (b) 470 C for 1 min in N2, and (c) 470 C for 15 min in N2. High-angle annular 

dark field (HAADF) images of the three conditions were taken. For the as-deposited sample a 

slight reacted region is observed. The 1 min annealed sample showed the formation of two separate 

layers at the interface. Energy dispersive X-ray spectroscopy (EDX) confirmed that the additional 

layer was a Ga-rich layer on top of a Ti-TiOx layer as shown in Fig 2.24. TEM (HRTEM) images 

showed that the Ti-TiOx layer is partially lattice matched with monoclinic β-Ga2O3 substrate. A 

defective Ga2O3 was observed, as previously reported by Higashiwaki et al [39]. After 15 min 

annealing, the interface intermixed, and Ti-rich nanocrystals are observed.  

(a) (b) 
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Figure 2.24 EDX mapping of the Au/Ti/ β- Ga2O3 interface at distinct stages in the annealing 

process: (a) as-deposited; (b) after a 470 C 1-min N2 anneal; and (c) after a 470 C 15-min N2 

anneal. The elemental distribution counts are shown; yellow, orange, green, and blue represent Au 

(L), Ti (K), O (K), and Ga (K), respectively. Note the distinct Ti-TiOx and Ga-rich layers in (b). 

Also note that in (c), Ti-rich nanocrystals are observed and the Ti-TiOx layer remains roughly the 

same thickness as in (b) [98]. 

The proposed mechanism by Lee et al. is based on a sequence of interdiffusion and 

interfacial reactions taking place at the metal-semiconductor interface, shown schematically in Fig. 

2.25. During the first minute of the anneal, Ti diffuses downwards where it reacts and steals oxygen 

from the Ga2O3 by substitution of Ga atoms in the substrate forming a Ti-TiOx layer. The 

substituted Ga atoms react with Ti to form a thin localized layer of Ga-rich species, TiGax, 

observed on top of the Ti-TiOx layer. Further annealing for 15 min breaks the lattice match between 

the TiOx layer and β-Ga2O3 suggesting that the interface is not electrically stable [98]. The overall 

reaction between Ti and Ga2O3 can be understood as redox reaction, favoring the formation of 

TiOx at the interface, and has been documented in earlier research [99,100]. Chemical analyses 

conducted by Lee et al in another study, suggest that Ti/β-Ga2O3 interface is not 

thermodynamically stable under annealing either [100].  
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Figure 2.25 A schematic of the proposed evolution of the Au/Ti/ β-Ga2O3 interface during 470 C 

annealing [98]. 

Lee and Peterson also correlated the influence of processing parameters on the 

metallization of Ohmic contacts, including RIE, Si ion implantation, and annealing. They achieved 

a low specific resistivity of ~10-5 Ωcm-2 in heavily doped samples by Si-ion implantation, treated 

with BCl3 RIE. In addition, thermally accelerated aging of the Ti/Au interfaces was performed for 

the first time. EDEX measurements in STEM mode of the 1 min 470 C annealed samples showed 

that the interface in stable upon accelerated thermal aging at 300 C for 108 h. HR-TEM showed 

that a ~1 nm interfacial layer at the Ti-TiOx/ Ga2O3 boundary is present in all samples treated with 

RIE (Fig 2.26). This layer does not appear in sample without RIE treatment, instead, the layers are 

partially lattice matched. They observed a direct correlation between the presence of this ~1 nm 

layer and the improvement of the aging stability of the interface [101].  
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Figure 2.26 Cross-sectional HR-TEM images of (a) aged sample A, (b) unaged sample B, (c) 

unaged sample C, (d) aged sample C, (e) unaged sample D, and (f) aged sample D. The non-

implanted sample A exhibits partial lattice-matching of the Ti-TiOx layer formed at the interface 

to the substrate, as seen in (a). Samples with Si-ion implant + RIE (samples C and D, in (c-f)) do 

not have this layer. Instead, the implanted samples have a thin (∼1 nm) interfacial layer [101]. 

Lyle et al. examined the chemical and electrical properties of Ti/(010) β-Ga2O3 and 

Ti/(001) β-Ga2O3 interfaces as a function of the annealing temperature. The contacts made of Ti 

(5 nm) were deposited using electron beam evaporation, and in situ XPS was performed for 

contacts under the as-deposited up to 670 C annealing conditions. From the XPS analysis, Ti 

oxidation was stronger on the (001) β-Ga2O3 surface than the (010) β-Ga2O3 substrate surface with 

increasing annealing temperature. This is shown in (Fig. 2.27), the fits correspond to different Ti 

2p oxidations states, which Leyle et al attribute to the formation of Ohmic contact. J-V 
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characteristics on the as deposited Ti/Au samples was used to correlate the XPS measurements to 

the Schottky diode properties. Schottky barrier heights of 0.64 eV and 0.49 eV were obtained for 

the (010) and (001), respectively. The lowest barrier height was obtained after annealing at 350 

C for 10 min, which is close to the temperature range of 400-500 C commonly employed [102].  

      

Figure 2.27 (a) XPS high-resolution scans of the Ti 2p peaks demonstrating fundamentally 

different bonding for (a) Ti/(010) β-Ga2O3 and (b) Ti/(001) β-Ga2O3 with 5 nm of Ti [102]. 

So far, the studies presented have only focused on (010) and (001) β-Ga2O3 surfaces. 

Kim et al. conducted a study on Ohmic contact formation as a function of the annealing 

temperature and three crystallographic orientations, including (001), (010), and (2 ̅01) Ga2O3 

planes. The contacts were Ti (20 nm)/Au (80 nm), deposited by e-beam evaporation. Annealing 

for 1 min at 400 C in N2 ambient yield Ohmic contact behavior on the (001) and (2 ̅01) surfaces, 

but not on the (010) surface (Fig. 2.28). This was attributed to the discrepancies in the density of 

the dangling bond (calculated) among the three crystallographic orientations, (001) (2.69 × 1015 

cm-2), (2 ̅01) (2.68×1015 cm-2), and (010)(1.70×1015 cm-2). The lowest specific resistivity was 
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observed in (001) β- Ga2O3 of ~5x10-4 Ωcm2. All contacts degraded after annealing at 500 C 

[103]. These studies suggest that (2 ̅01) β-Ga2O3 orientation is perfect for the investigation ohmic, 

as it will be shown in future sections.  

 

Figure 2.28 I-V curves between metal pads with 2 μm spacing of 400 C annealed Ti/Au contact 

on Ga2O3 substrates with various crystal orientations [103]. 

Ion implantation has been explored to achieve highly doped contact regions for low-

resistance Ohmic electrodes. Sasaki et al. developed a donor doping technique for (010) β-Ga2O3 

via Si-ion implantation, to control the electron concentration at contact surface. The contacts were 

deposited A high electrical activation efficiency above 60% was obtained after annealing in 

nitrogen gas at temperatures ranging from 900 - 1000 C. The surfaces with Si+ concentrations of 

5x1019 cm-3 showed the lowest specific contact resistivity of 4.6x10-6 Ωcm2. 

Bhattacharya et al. demonstrated the first metalorganic vapor deposition phase epitaxy-

regrown (MOVPE) ohmic contacts on Fe-doped (010) β-Ga2O3 metal semiconductor field effect 
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transistor (MESFET). A trench of 10-20 nm was etched using SF6/Ar RIE, followed by a 500 nm 

thick channel of heavily Si-doped β-Ga2O3 (1.7 × 1017 cm−3) on the contact region. The structure 

of the Ohmic metal stack was Ti/Au/Ni (20 nm/100 nm/30 nm), it was annealed at 470 C in N2 

ambient for 1.5 min. The specific contact resistivity was 8.3x10-7 Ωcm2. This is the lowest specific 

contact resistivity on β-Ga2O3 reported thus far [104].  

2.4.2 Conductive oxides 

As mentioned above, ITO is also utilized as an alternative to form Ohmic contact to β-

Ga2O3. Being a transparent conductive oxide, it is expected to be more thermally stable than 

conventional Ti/Au contacts. This assumption was confirmed by studies performed by Oshima et 

al. The group studied ITO/Pt contacts in contrast to Ti/Pt contacts deposited on unintentionally 

(UID) doped (010)  β-Ga2O3 under different in the annealing conditions. ITO/Pt contacts 

demonstrate good stability and Ohmic behavior at temperatures up to 1000 C, while Ti/Pt contacts 

degraded in temperatures higher than 450 C [105].  

Another study by Carey et al. showed that ITO interlayers between Ga2O3 and Ti/Au 

metallization produces Ohmic contacts after annealing in the range of 500-600 C. Layer without 

ITO did not produce Ohmic contacts at similar temperatures. The specific contact resistivity of 

6.3x10-5 Ωcm2 was obtained after annealing for 30 s at 600 C in N2 ambient  [106].  
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2.4.3 Other metals  

In addition to the conventionally utilized Ti/Au and ITO Ohmic contact structures, 

alternative metals have undergone investigation for their application on β-Ga2O3 substrates. 

Mg/Au contacts on β-Ga2O3 were examined by Shi et al. The contacts were prepared by e-beam 

evaporation annealed at 300, 400, 500, and 600 C. The lowest specific contact resistivity was in 

the order of 10-5 Ωcm2 after annealing at 600 C for 2 min in Ar [107].  

Yao et al. did a systematic study of a total of nine metals, including Ti, In, Ag, Sn, W, Mo, 

Sc, Zn, and Zr on n-type single crystal β-Ga2O3 substrates as a function of the annealing 

temperature up to 800C. They studied the electrical behavior and morphology of the contacts at 

each annealing temperature. From the selected metals only Ti, and In formed Ohmic contacts as 

observed in earlier studies. Ag, Sn, and Zr showed a pseudo-ohmic behavior and their morphology 

presented a major issue. SEM imaging showed that the later contacts become rough after annealing 

at temperatures higher than 400 C, presenting melted and resolidified phases. The metal work 

function of the selected metals ranged from 3.5-4.6 eV, however only Ti and In displayed Ohmic 

behavior. Yao et al concluded that the metal work function is not a dominant factor when forming 

Ohmic contacts to β-Ga2O3, and that limited interfacial reactions play a more significant role. In 

the case of Ti contacts, the possible intermetallic phases are Ti3Ga, Ti2Ga, Ti5Ga3, Ti5Ga4, TiGa, 

Ti2Ga3, Ti3Ga5, TiGa2, and TiGa3. A TEM micrograph is shown in Fig 2.29, the EDX lines after 

annealing at 400 C indicate that a diffusion of the layers through the metal-semiconductor 

interphase occurs [99].  
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Figure 2.29 (a, c) Cross-section TEM micrographs and (b, d) EDX line profiles of Ti/Au contact 

on Ga2O3 as deposited and after annealing at 400 C, as indicated [99]. 

2.5 Schottky Contact to Ga2O3  

For Schottky contact formation, a large barrier height is required. Therefore, metals with 

higher work function have been utilized, including Ni [108–111], W [112], Cu [113], Ti  

(unannealed) [102,108], Pd [108,109,114], Au[94,115], Ag [116], Pt [117,118] , and Mo 

[108,109]; oxides contacts such as ITO [119,120], PtOx  [116,121,122], RuOx [116], AuOx 

[116,121], AgOx [116,121] , IrOx [116,121], PdOx [116,121], and SnOx [123]; and nitrides such as 

TiN [118] and graphite [124]. Figure 2.30 shows the calculated Schottky barrier heights for various 

metal work functions fabricated on different substrate orientations of β-Ga2O3. Research 

conducted by Li et al. [85] on the inherent reverse mechanism of Ni-based Schottky barrier diodes 

indicates the potential to approach the intrinsic breakdown electric field (6 MV/cm) in β-Ga2O3 

SBDs, provided that a sufficiently high barrier height (approximately 2.2 to 3 eV) is attained. 
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Figure 2.30 Calculated Schottky barrier heights compared to the metal work function for Schottky 

diodes on (010) bulk and (010) epitaxial β-Ga2O3. The Schottky–Mott predicted line is determined 

based on the Schottky–Mott relation equation (1.4) [125]. 
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2.6 Alloys to Ga2O3 

Boron oxide (B2O3) and lutetium oxide (Lu2O3) are two materials of interest due to their 

potential in alloying with gallium oxide (Ga2O3) for various applications, particularly in 

optoelectronics. This section explores the characterization and properties of Ga2O3 films co-

sputtered with B2O3 and Lu2O3, focusing on XRD, EDS, UV-Vis spectroscopy, and optical 

bandgap measurements.  

B2O3. Li et al. investigated the properties of high- and low-pressure phases (Fig. 2.31) of 

crystalline boron oxide (B2O3) using first-principle calculations based on a local-density 

approximation (LDA) [126]. Both phases are identified as insulators with wide LDA band gaps: 

6.20 eV for B2O3-I (low pressure) and 8.85 eV for B2O3-II (high pressure). The investigation 

extends to the total density of states, which are further broken down into atomic and orbital 

components. Bond strength and charge transfers in these crystals are explored through overlap 

populations and Mulliken effective charges, revealing that B2O3-II exhibits greater ionic character 

compared to B2O3-I. Additionally, the study concludes that the planar sp2 bonding in B2O3-I is 

stronger than the tetrahedral sp3 bonding in B2O3-II. Furthermore, optical properties such as 

conductivities, dielectric functions, and energy-loss functions are analyzed using wave functions 

across numerous k points in the Brillouin zone. The calculated static dielectric constants for B2O3-

I and B2O3-II are found to be 2.32 and 2.35, respectively, indicating similar optical spectra with 

one notable difference. B2O3-II displays significant optical anisotropy, while B2O3-I exhibits 

greater optical isotropy. 
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Figure 2.31 Crystal structure of B2O3-I (low pressure) shows a hexagonal unit cell [126]. 

Lu2O3. Binary lutetium oxides, Lu2O3 stands out as the stable solid phase containing 

closed-shell trivalent Lu ions. This compound demonstrates a robust insulating behavior due to its 

wide band gap of approximately 5.5-5.9 eV [126-128]. Kaminaga et al. [131] studied LuO and 

L2O3 epitaxial films deposited by pulse laser deposition method. The films were grown on CaF2 

(001) substrate at a deposition temperature of 300 C in Ar/O2 (1%O2) ambient. The film thickness 

for Lu2O3 layer was estimated to be 40 nm, and was obtained via X-ray reflectivity measurements. 

In the current study Lu2O3 deposited on CaF2 (001) was used a reference sample, nevertheless, the 

obtained data serve as background for this dissertation. Figure 2.32 (a) shows XRD results for LuO 

and Lu2O3 films deposited on CaF2 (001). Lu2O3 in this experiment was caused by surface 

oxidation of LuO layer generating (001) Lu2O3 peaks due to the introduction of oxygen vacancies 

in the film. Absorption spectra of both Lu and Lu2O3 films is shown in Fig. 2.32 (b), where Lu2O3 

shows a sharp absorption edge. Pictures of both films included inset of Fig 2.32 (b). Lu2O3 film 

shows as with a bluish transparent appearance in contrast to LuO which has a dark-brown 

coloration due to absorption in the visible range. 
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Figure 2.32 (a) XRD and (b) absorbance of Lu and Lu2O3 thin films deposited on CaF2 [131]. 

Another study by Mandal et al. focuses on Lu2O3, Ga2O3, and Eu2O3 co-sputtering on soda 

lime glass substrates by rf sputtering deposition [132]. Europium oxide has strong bonding 

properties, for this reason it was used as a binder to co-sputter Lu2O3 and Ga2O3.The fabricated 

films were characterized by XRD, UV-Vis, FESEM, and ED-XRF. The films were deposited in 

(b) 
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Ar flow of 35 sccm and base pressure of 7x10-6 mbar. A film thickness of 433 nm, obtained from 

ED-XRF, was achieved showing good uniformity, crystal structure and transparency. Figure 2.33 

microstructural data collected with FESEM in the form of a micrograph, which indicates the 

appearance of grains. The average grain size was reported to be 100 nm. The reported 

transmittance in the visible region was about 83%. The group used Tauc plot method to extract a 

bandgap of 3.96 eV for the oxide films. Mandal et al reported on the film composition via EDS, 

identify the three individual elements: 12 at% Lu, 70 at% Eu and 18 at% Ga. 

 

Figure 2.33 FESEM micrograph of Eu1.4Ga.36Lu0.24O3 [132]. 
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2.7 Ga2O3-Based Schottky Diodes 

The unavailability of p-type doping in Ga2O3 have pushed research and development to 

focus shift on unipolar devices. One of the simplest vertical devices is a Schottky barrier diode 

(SBD), which consist of two terminals consisting of a Schottky contact directly on the 

semiconductor substrate, and an ohmic contact deposited on a heavily doped metal-semiconductor 

interface as illustrated by Fig. 2.34. This is a rectifying device, meaning that in the forward bias 

the barrier to current flow is reduced and the electrons into the semiconductor via thermionic 

emission or thermionic field emission. Conversely, in the reverse bias, the barrier to current flow 

is increased and electron flow is decreased. If the reverse voltage is further increased the device 

reaches electrical breakdown. Since Ga2O3 is an intrinsically n-type material, Schottky diode are 

easily formed. However, as presented in section 2.4, Ohmic contacts and their mechanism of 

formation is still under continual extensive research.  

 

Figure 2.34 Cross-sectional schematic illustration of Ga2O3 SBD [133]. 
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Higashiwaki et al. [133] demonstrated a simple SBD on unintentionally n-doped single-

crystal Ga2O3 shown in Fig. 2.35. The crystal was grown by floating zone (FZ) method, the 

Schottky and Ohmic contacts structure were made of Pt/Ti/Au and Ti/Au, respectively. The device 

showed decent characteristics: with ideality factors close to unity of 1.04-1.06, a Schottky barrier 

height of 1.3-1.5 eV, and on-resistance (Ron) of 4.30 and 7.85 mΩcm2.  

 

Figure 2.35 (a, b) Forward and (c) reverse J-V characteristics of Ga2O3 SBDs [133]. 

More sophisticated Ga2O3 SBD have been fabricated by introducing a field plate, N-

implanted guard ring (GR), and more recently a floating metal ring (FMR) terminations to 

minimize the electric field concentration at the edges of the metal contacts and increase breakdown 

voltage (Vbr) [134,135]. A summary of SBD structures and references is presented in Table 2.2.  
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Table 2.2 Summary of SBDs [136]. 

SBD Structure Dopant Doping 
Con. 

× 1016 (cm−3) 

Thickness 
(µm) 

Ideality 
factor 

Ron 
(mΩ-
cm2) 

Vbr 
(V) 

BFOM 
(MW-
cm−2) 

Ec 
(MV-
cm−2) 

Vertical Sn 4 1.4 
 

2 100 
 

0.71 
Vertical Sn 6 1.2 1.13 

 
125 

 
1.04 

Vertical UID 
  

1.04–1.06 7.85–
4.30 

115 and 
150 

  

Vertical Sn < 103 12 
  

> 1000 
 

0.83 
Vertical Si 

 
7 1.02 3.0–

2.4 
500 

  

Lateral UID 
  

1.4 7.4 
   

Vertical UID 
  

1.03 29.4–
2.5 

120 
 

> 2.1 

Vertical UID 
 

1.2 
  

24 
 

0.2 
Vertical Si 

  
1.03 

 
> 200 

  

field-plated, 
Vertical 

Si 
  

1.03 5.1 1076 
 

5.1 

Vertical Si 2 10 1.08 − 1.28 6 920–
1016 

154.07 
 

Vertical UID 
  

1.08 
 

50 
  

Vertical UID 
  

1.1 12.5 > 40 
  

Vertical Trench Si 6 7 1.1 2.9 240 
  

Vertical UID 
 

2 3.38 2.58 210 17.1 
 

Vertical Si 0.402 10 1.07, 25–
1.6 

∼1600 102.4 1.6 

Field-Plated 
Lateral 

UID 290 0.6–0.65 1.25 24.3 3000 > 370 
 

edge–
terminated, 

vertical 

Si 1.33 10 1.02 0.58 650 26.5 
 

Edge–
terminated, 

vertical 

Si 0.21 20 1.1 250 2300 21.2 1.15 

bevel-field-
plated, Vertical 

UID 
 

2 
 

3.9 190 
 

4.2 

Trench UID 2 10 1.08 15 1230 
  

Trench UID 5–6 7 
 

3.09 300 
  

Vertical edge 
termination with 

SiNx 

Si 5–2 7 1.27 1.35 > 100 
  

Vertical UID 
   

2.9 > 200 
  

Vertical Trench Si 0.1–0.2 10 1.07 
 

1500 
  

Lateral Sn 30 8 
 

34.2 1700 
 

1.6 
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Table 2.2 Continuation. 

SBD Structure 
 

Dopant Doping 
Con. 

× 1016 (cm−3) 

Thickness 
(µm) 

Ideality 
factor 

Ron 
(mΩ-
cm2) 

Vbr 
(V) 

BFOM 
(MW-
cm−2) 

Ec 
(MV-
cm−2) 

Vertical Si 2 7 1.03 0.59 466 308 
 

Filed Plate and 
Non-Filed Plate, 

Vertical 

Si 1 10 1 
 

1050 
  

Vertical Trench 
with FP 

UID 1.47 10 1.08 9.1 2330 780 
 

Vertical Si 
 

20 1.03 18.2 1711 159 
 

vertical GR/FP 
SBD 

Si 
 

7.4 1.04 4.7 1430 
  

vertical SABFP UID 
 

8 1.2 2 1100 600 3.5 
Vertical UID 

  
1.02 

    

Vertical FP Si 0.436 8 1.08 22.2 760 26 
 

Vertical UID 3 6 
 

3 940 295 
 

Vertical UID 1.5 10 1.05 5.1 1550 470 
 

Vertical Si 0.612 8 1.06 240 1900 
  

Vertical Si 2.80 10 1.02 ± 0.02 5 730 140 
 

Vertical ion 
implanted ET 

Sn 1.50 10 1.11 5.4 1500 
  

Vertical with CF4 
Plasma Surface 

Treatment 

Si 3.5 8 
 

4.6 470 
  

Vertical with 
BFPT 

UID 30 8 
 

2.3 1050 
  

Vertical Trench 
with FP 

UID 1.25 10 1.3 8.8 2890 950 
 

Vertical UID 1.6 7 1.02 8.47 472 
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3.  Processing Techniques 

In semiconductor manufacturing, various processing techniques are utilized to create electronic 

devices. These include wafer cleaning to remove contaminants, photolithography for pattern 

transfer, semiconductor growth methods for growing bulk crystals and thin films, doping for 

altering electrical properties, annealing to enhance crystalline structure, and plasma etching for 

precise material removal. Each technique plays a vital role in producing high-quality 

semiconductor components with specific functionalities and performance attributes. This section 

details some of the most important processing techniques used for semiconductor materials that 

were employed in this dissertation. 

3.1 Cleaning Methods 

Two substrates were used in this dissertation, mainly c-plane Al2O3 and Ga2O3 native substrate. 

This section summarizes the cleaning methods used for both substrate surfaces:   

The surfaces of c-plane double-sided polished sapphire were first prepared by degrease-

cleaning in boiling in acetone¸ alcohol, rinsed in deionized (DI) water at 110 C for 10 min each. 

The cleaning was followed by dipping the substrate in buffered HF acid for 10 minutes to remove 

any oxide layer formed, rinsed in DI water, and finally dried with N2 prior mounting on a heater 

substrate. 

Prior to the deposition of Ohmic contacts, the Ga2O3 substrates were degreased by sequential 

sonication in acetone (10 min), isopropanol (10 min), DI water (10 min).The substrates were then 

soak in hydrochloric acid (HCl 10%), rinse in DI water, soak in boiling H2O2 at 85 C for 5 min, 

rinse with DI water, and finally blow dried. This cleaning procedure was found to improve Ohmic 

contact conductivity [137].  
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3.2 Photolithography 

Photolithography is a technique used in microelectronic technology to selectively pattern a thin 

film over a substrate, to protect the selected areas during etching, deposition, or implantation 

procedures. Usually, an ultraviolet (UV) light source is used to transfer the pattern from a 

photomask to a light-sensitive photoresist. Today, pattern transfer is exclusively done by 

photolithography in the IC industry. A series of successive patters can lead to complex multilayer 

structures in a semiconductor device [138]. The following sections detail the process of 

lithography used for this investigation and the different masks utilized to fabricate metal contacts 

to β-Ga2O3. 

3.2.1 Photolithography Process 

i. Coating 

After proper cleaning of the wafer, with methods discussed in section 3.1, the first step in the 

photolithography process is the application of a light-sensitive organic material called photoresist. 

The wafer is placed on a Chemat technology spin coater KW-4A (9036 Winnetka Ave. Northridge, 

CA 91324 USA). The instrument is display in Fig. 3.1 (a). Here, the substrate is held by a vacuum 

chuck as illustrated by the diagram shown in Fig. 3.1 (b). The photoresist is dispensed on the wafer 

and then it is spun at a rate of 1,500 to 6,000 rpm, depending on the desired final thickness. Typical 

photoresist thickness before soft baking ranges from 1 μm to 6 μm. Spinning times range from 10 

s to 60 s. At these speeds, centrifugal force causes the solution to flow to the edges, where it builds 

up until expelled when surface tension is exceeded. The resulting polymer thickness, T, is a 

function of spin speed, solution concentration, and molecular weight (measured by intrinsic 

viscosity) [138]. Each photoresist has thickness to spin speed data in the form a spin curve for the 

user to select the desired final thickness (Fig. 3.1 (c)). 



 
 

77 
 

 

 

 

Figure 3.1 (a) Chemat Technology spin coater KW-4A, (b) schematic of spin coating process, (c) 
AZ 5200-E series photoresist spin speed curves [140-141]. 

 

ii. Soft bake process  

After coating the wafer, it is necessary to heat the sample before exposure is done. The wafer 

is placed on a VWR ceramic top hotplate stirrer (Cat. No. 97042-642), as shown in Fig. 3.2, and 

heated up to temperatures ranging from 95-115 C for 1-3 min. This procedure guarantees 

consistent photolithography and adhesion performance, aiding in the removal of excess solvent  

from the resist to strengthen the remaining film. 

(a) (b) 

(c) 
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Figure 3.2 VWR ceramic top hotplate stirrer. 

 

iii. Film rehydration 

Films thicker than 4 μm may require a rehydration hold between soft bake and exposure. Hold 

times are typically 30 - 60 min at relative humidity of 40 - 45%. This step is required when wet 

etching or plating.  

iv. Exposure 

The sample is then exposed with a Karl Suss MJB3 Mask aligner fitted with 200-Watt mercury 

short-arc lamp (365 nm - 405 nm exposure wavelengths) powered by a Mimir 505C optical energy 

controller as shown in Fig. 3.3. The Karl Suss MJB3 Contact Aligner system can perform precision 

mask-to-wafer 1:1 contact printing in hard contact mode, with an exposure resolution of 1.5 μm 

and an alignment resolution of 0.25 μm.  Approximate exposure intensities are: 14.5 mW/cm2 (141 

W) at 365 nm, 25 mW/cm2 (193 W) at 405 nm. It can accommodate exposure of irregularly shaped 

substrates and standard wafers from 1 mm to 3 inches wafers. Mask holder can fit masks up to 4 

inches in diameter. 
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Figure 3.3 Karl Suss MJB3 Mask aligner with Mimir 505C energy controller. 

 

When the photoresist film is exposed to UV radiation (E0), the radiation-affected areas 

change its chemical resistance to the developer solution depending on the tone of the 

photosensitive material. There are two types of photoresists (Fig. 3.4): 

Negative Photoresist 

Negative resist is rendered un-dissolvable anywhere the deposited energy is > E0.  

Positive Photoresist 

Positive resist is rendered dissolvable to developer anywhere the deposited energy is > E0. 
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Figure 3.4 Negative photoresist, positive photoresist, and image reversal photoresist [141]. 

v. Post expose bake  

This step maximizes process latitudes and mitigates standing wave effects caused by 

monochromatic exposure. Temperatures range from 100-115 C, for 1-3 min. Reversal 

bake (130 C, for 1-3 min) can be done in this step to prepare the sample for image reversal.  

vi. Image reversal 

Another post-exposure treatment is known as flood exposure. This process is done without 

a mask, and it is used to reverse the effects of radiation on the photoresist films. The image 

reversal process can make a negative tone photoresist behave as a positive tone and vice 

versa.  

 

 

 

vii. Developing 
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Development involves dissolving unpolymerized resist material, thereby converting the 

latent resist image created during exposure into a relief image. This image then serves as a 

mask for subsequent removal or deposition steps. Table 3.1 shows the photoresists used 

for this investigation and their appropriate developers. 

viii. Hard bake  

This step improves adhesion in wet etching processes and patten stability in dry etching 

processes. Temperatures from 100-110 C to ensure minimal thermal distortion of the 

pattern. 

Table 3.1 Photoresist and developers. 

Photoresist Tone Developer Comments 

AZ nLOF 2070 Negative 300 MIF / 

AZ P4620 Positive AZ 400K 1:4 / 

AZ 5214 E Positive with image 

reversal capability 

AZ 400K 1:4 TLM, Schottky Contacts 

 

3.2.2 Masks 

As mentioned in above, a photomask is used to transfer a pattern onto the photoresist-

coated wafer. The mask is made of a nearly optical flat glass (transparent to near UV) with an 

absorber pattern metal (e.g., an ~800 Å chromium layer). Masks referred as contact masks, usually 

make direct contact with the wafer. There are other masks referred as soft-contact masks, where a 

small separation (10-20 μm) is left between the mask and the substrate. Contact masks can be 

further categorized as positive or dark field, where the pattern is clear with the background 
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containing the absorber metal. Oppositely, a negative or bright field mask is a mask where the 

pattern is made from the absorber metal with a clear background [138]. Figure 3.5 depicts both 

types of masks.  

 

Figure 3.5 Bright field contact mask (a) and dark field contact mask (b). Black is absorber. White 

is multilayer [142]. 

3.2.2.1 TLM Mask  

The Transmission Line Measurement mask is a dark field mask with an array of 6 lines 

with 200 x 200 μm2 squares of the reflective material, as shown in Fig. 3.6. The lines are spaced 

by increments of 7 μm till 14 μm, and then by increments of 10 μm till 74 μm (7, 14, 24, …,74 

μm). A close view of the pattern is shown in Fig. 3.7. The TLM mask was used to fabricate all 

ohmic contacts and measure their contact resistivity. The TLM method is explained in more detail 

in section 4.5.1.  

(a) (b) 
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Figure 3.6 TLM 2.5-inch mask. 
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Figure 3.7 Transmission Line Measurement pattern, dimension of the contact is 200 μm2. 
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3.2.2.2 Schottky Contact Mask 

Schottky diode mask is a bright field mask, with an array of 10 x 10 circular patches with 

the absorber material, as shown in Fig. 3.8. A close-up of the 200 μm in diameter circles is shown 

in Fig. 3.6. This mask was mainly use for the fabrication of the Schottky metal contacts. Methods 

for the barrier height and ideality factor extraction are discussed in section 4.5.2.  

 

Figure 3.8 2.5-inch Schottky barrier diode contact mask. 
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Figure 3.9 Schottky contact pattern, diameter of the circular patches is 200 μm. 

3.3 Semiconductor Growth Methods 

3.3.1 Bulk Crystal Methods 

The process of creating a semiconductor wafer starts with the growth of a large, single 

crystal of the semiconductor material, known as a boule. Czochralski [143]  or float-zone method 

[144], are methods commonly used, both of which involve the controlled growth of semiconductor 

crystal from a molten pool of high-purity semiconductor material. Growing β-Ga2O3 single crystals 

from bulk is a difficult and energy demanding task due its high melting point (~1800 C) and 

strong tendency to form twining and cleaving [145–147]. Currently, undoped and doped β-Ga2O3 

wafers of 25.5 mm to 50.8 mm in diameter (2” max) grown by edge-defined film-fed method are 

commercially available from Tamura Corp. and Namiki Precision Jewel Co. in Japan. The 

following sections provide details on some of the methods used for the growth of β-Ga2O3 from 

bulk.  
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3.3.1.1 Verneuil Growth 

The Verneuil method was developed by Auguste Verneuil in 1902. The process starts with 

a fine powder (typically 1-20 μm in size) of the desired material. The powder is pushed with a 

hammer into an enclosed chamber where it is then carried through a muffle and exposed to an 

oxyhydrogen flame. The particles fuse and fall on the surface of a molten boule as shown in Fig. 

3.10. The rate of crystal growth is dictated by the gas flow, the rate of powder feeding, and the rate 

at which the boule is lowered. The resulting boules have dimensions of only 3/8 inch in diameter 

and 1 inch in length, which renders this method unsuitable for meeting the demands of modern 

large-scale production. The first single crystal of β-Ga2O3 using the Verneuil method was grown 

in 1964 by Chase, measuring 1 cm in diameter and 2.5 cm in length [148].  

 

Figure 3.10 Simplified diagram of Verneuil process for synthesizing Ga2O3 [93]. 

 

3.3.1.2 Float Zone 

The floating zone (FZ) method uses a moving a liquid zone between the feed material and 

a rod containing the seed. As the zone slowly moves along the feed material, a single crystal may 

be obtained. This method does not require a crucible, with facilitates the growth of congruent and 

incongruent materials. The melting zone is held by surface tension only, and collapsing of the 
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liquid is a major issue [149]. Figure 3.11 shows a schematic of floating zone single crystal growth 

process. 

 

Figure 3.11 Schematic of float zone single crystal growth [93]. 

 

Ueda et al. reported the successful growth of β- Ga2O3 using the FZ method in 1997 [150]. 

The feed rods were prepared with Ga2O3 powder (4N), grounded with or without SnO2 powder 

(4N) in a mortar and pressed at 280 MPa, then sintered in air at 1300 C for 16 h. The crystal was 

grown at a rate of 15 mm/h in a mixture of N2 and O2 gas. The samples grown had dimensions of 

(3-5)×(5-10)×(∼0.3) mm. Undoped samples grown in an O2 environment had conductivity σ < 10-

9 (Ω·cm)−1. Introduction of N2 increased the conductivity σ to as high as 38 (Ω·cm)−1 at a N2/O2 

ratio of 4/6. Higher concentration of N2 caused the Ga2O3 growth to become unstable. The Sn-

doped sample had a conductivity of σ = 0.96 (Ω·cm)−1 [137].  

Later in 2004, Víllora et al. [147] grew single crystal of β-Ga2O3 with 1 inch in diameter 

for three different crystallographic directions namely, ⟨100⟩, ⟨010⟩, and ⟨001⟩. The feed rods were 

prepared with 4N purity powder, cold press and subsequently annealed in air at 1450 C for 10 h. 

The pulling rate was varied between 1 and 5 mm/h with a constant gas flow of 250 ml/min of O2 
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and the same for N2 gas. The crystals exhibited high transparency in the visible and near-UV 

spectra, along with electrical conductivity characterized by resistivity ranging from 0.08 to 0.11 

Ωcm.  

 

Figure 3.12 As-grown β-Ga2O3 single-crystal ingot by Zhang et al [89]. 

 

Zhang et al. grew 6 mm diameter and 20 mm length Ga2O3 single crystals along (010)  by 

FZ method [89]. The ingot shown in Fig. 3.12 were prepared with (5N) β-Ga2O3 powder by cold 

isostatic press under 70 MPa. Similarly, the rods were sintered at 1500 C for 10 h. The crystals 

were grown at a rate of 5 - 10 mm/h under dry air flow. 

3.3.1.3 Czochralski Process  

Czochralski method is attributed to Jan Czochralski, a Polish scientist who first developed 

this approach in 1915 while researching the crystallization rates of metals. In the Czochralski 

method (Cz), the material is put into a non-reactive cylindrical shaped crucible and melted by 

resistance or radio-frequency heaters, as depicted in Fig. 3.13. A seed crystal, maintained at a 

temperature lower than its melting point, is inserted from the top into the melt. This process creates 

a melt meniscus between the seed and the melt, which then solidifies as the seed is gradually lifted 
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and simultaneously rotated. The crystal growth rate and diameter are controlled by the heating 

power, pulling rate, and rotation rate of the seed crystal [151]. 

 

Figure 3.13 Schematic of the principle of the Czochralski method [93]. 

 

The first successful growth of single crystal β-Ga2O3 by the Czochralski method was 

reported by Tomm et al. in 2000 [143]. Some of the issues encountered by Tomm et al. were the 

high melting point of the material (~1800 C) and the evaporation of Ga2O3. The high melting 

point of Ga2O3 requires an Iridium (Ir) crucible, however the crucible easily oxidizes in an oxygen-

rich atmosphere forming a volatile IrO2 product. Consequently, the Ir crucible should be kept in a 

O2 deficient atmosphere. Ga2O3 is known to decompose into volatile GaO, Ga2O, and Ga species 

in O2 deficient environments and elevated temperatures. The following chemical equations show 

the decomposition of β-Ga2O3 in such environment.  

 Ga2O3 (s) → 2 GaO (g) + ½ O2 (g)        (3.1) 

2 GaO (g) → Ga2O (g) + ½ O2 (g)                        (3.2) 

Ga2O (g) → 2 Ga (g) + ½ O2 (g)        (3.3) 
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To address this issue, Tomm et al. used a modified gas mixture consisting of 10% CO2 and 

90% Argon (Ar). With these conditions the evaporation of the material was minimized. The growth 

rate was 2 mm/h under a rotation of 15 min-1 using (5N) Ga2O3 as the starting material. Figure 

3.14 shows a picture of the crystal grown by Tomm et al., the crystal obtained was transparent to 

slightly blue, and had dimensions of 20 - 22 mm in diameter and 2 - 3 in in length [143]. Galazka 

et al. demonstrated theoretically and experimentally that the scale-up of β-Ga2O3 crystal size is 

strongly affected by the formation of metallic gallium in the melt [152]. The obtained crystals were 

2 inches in diameter. 

  

Figure 3.14 Undoped Ga2O3 crystal, internal clear, original color is bluish [143]. 

 

3.3.1.4 Edge-defined Film-fed Growth 

Studies on the growth of sapphire tubes done by La Belle et al. (1971) lead to the discovery 

of the edge-defined growth (EFG) method [153–155]. The material is melted in a non-reactive 

crucible by induction or resistance heating in a controlled environment as shown in Fig. 3.15. Then 

the melt is fed by capillary action into a slit where is then drawn upwards by the seed crystal. The 
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resulting filament dimension is dictated by shape of the die, and not the melt column. EFG is 

universally used for large-scale production of sapphire single crystals.  

 

Figure 3.15 EFG method [93]. 

The first successful demonstration of β-Ga2O3 single crystals grown using EFG technique 

was reported in 2006 by Shimamura et al [144]. The group was able to grow 2 inches β-Ga2O3 

single crystals bulk crystals. They showed experimental evidence of the feasibility of β-Ga2O3 

crystals growth by this method, however the crystals obtained exhibited significant cracking and 

appeared to be polycrystalline. Later, Aida et al. [156] reported the growth of β-Ga2O3 single 

crystals by EFG. The crystals were 50 mm wide, with no polycrystalline inclusions. They started 

with a iridium crucible heated by rf coils. The size of the die was 3 x 50 mm2.  
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Figure 3.16 Aida et al. Illustration for growth stages and typical temperature profiles: (a) seeding 

process, (b) necking process, (c) spreading process, and (d) main-part growth process [156]. 

The process was separated into four distinct stages, namely seeding, necking, spreading, 

and main growth as depicted in Fig. 3.16. After the seeding process, the pulling speed was 

controlled during the initial stage of the necking process. Once the neck started to form, the pulling 

speed was fixed at 10 mm/h, and the temperature was lowered to a certain rate. When the crystal 

started spreading the temperature reduction rate was set to 18 C/h until the crystal reached the 

dimensions of the die. Finally, after the spreading process the temperature was fixed and the 

pulling rate was 10 mm/h during the main-part growth. The dislocation densities of the crystals 

were estimated from the FWHM ranging from 75-160 arcsec. The research team also found that 

dislocations propagate from the seed crystal to the grown crystal, suggesting that narrower necks 

may hinder the propagation of these dislocations. Figure 3.17 shows examples of single crystalline 

and polycrystalline grown by Aida et al. Several groups have tried to refined the EFG method to 

improve crystal quality, size and production rate [157–160]. 
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Figure 3.17 As-grown Ga2O3 ribbons: (a) single-crystalline, (b) polycrystalline. [156]. 

3.3.2 Thin Films 

In recent years, there have been numerous attempts to obtain single crystalline thin oxide 

films with good crystallography properties and controlled carrier concentrations to use them as 

wide band gap transparent semiconducting oxides (TCOs) in microelectronics, optoelectronics, 

power electronics, short wavelength photonics, and gas sensing applications. Some of the most 

common growth techniques used to grow homoepitaxial and heteroepitaxial Ga2O3 thin films 

include, atomic layer deposition [69,161], pulsed laser deposition [162,163], rf-sputtering [164–

168], molecular beam epitaxy [169–174], and metal-organic chemical vapor deposition [175,176]. 

Heteroepitaxial films have been grown on substrates such as Al2O3, Si, GaAs, TiO2,ZrO2:Y, MgO 

[84]. Although this variety of substrates promote the multifunctional development of Ga2O3-based 

devices, the resulting epilayers have high density of extended defects due to the differences in 

lattice symmetry, along with large lattice mismatch between the films and the substrates. 

Homoepitaxial films on β-Ga2O3 substrates have also been fabricated [79,177], and shown 

excellent quality due to minimized lattice mismatch. This section details some of the methods used 

for thin film deposition, with focus on rf magnetron sputtering deposition. 
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3.3.2.1 Sputtering 

Among the physical vapor deposition (PVD) methods, sputter deposition is the selected 

method for this investigation, not only because it is an established industrial process but also 

because it is suitable for large area fabrication roll-to-roll processing, easy control composition, 

atmospheric processing, and low cost [16]. Magnetron sputtering is a versatile technique that can 

produce stoichiometric homogenous films with uniform thickness, high density, and strong 

adhesion. The technique has been successfully employed to achieve high quality epitaxial films 

for oxides and other materials more cost-effectively than the previously mentioned techniques. 

Another characteristic is that this technique allows better understanding of the thermodynamics 

involved during the process of deposition. Sputter deposition requires simple equipment, fewer 

precursors than are used in other techniques, such as pulsed laser deposition or molecular beam 

epitaxy, making the technique affordable, easy to operate with a high production rate.  

Sputter deposition technique has an interesting story starting from the mid-19th century, where 

Grove (1852) observed deposits of metal films by “spluttering” or “cathode disintegration”, while 

studying the electro-chemical polarity of gases using a direct current (dc) glow discharge [178]. 

Wright (1877) developed this technique further by using the cathode as the source for the film 

forming material [179]. Sputtered deposit films found commercial applications in the 1930s by 

Fruth (1932), where he describes equipment and methods for applying gold electrode surfaces to 

microphone diaphragms [180]. Before time, sputter deposition was based on exclusively on 

cathode sputtering or dc diode sputtering, then the technique was almost completely replaced by 

thermal evaporation methods until the improvement in vacuum technology in the late 1950s and 

early 1960s [179].  Sputter deposition regained significant interest with the realization that a wide 

variety of conductive materials could be deposited using direct current (DC) sputtering (Kay [181], 
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Thornton  and Green [179],Westwood [182]), and the introduction of radio frequency (rf) 

sputtering for ceramics and other dielectric materials by Anderson et al (1962) [183]. The 

magnetron sputtering technique was further developed during the 1960s and 1970s, resulting in 

the first planar magnetron sputtering apparatus by Chapin [184], shown in Fig. 3.18. Since then, 

magnetron sputtering deposition has been as a prevalent technique for applying metallic and 

compound thin films, finding utility across various industrial sectors [179]. 

 

Figure 3.18 Sputtering apparatus is described in which a magnetic field is formed adjacent a planar 

sputtering surface, the field comprising arching lines of flux over a closed loop erosion region on 

the sputtering surface (Inventor: John S. Chapin) [184]. 
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In the sputtering method, a solid source containing the material to be sputtered is placed on a 

negatively charged cup (cathode) and the substrate to receive the material is placed on a positively 

charged holder (anode). Both cathode and anode are placed inside a chamber where a high vacuum 

(~10-7 Torr) is pulled. The holder containing the substrate can be a heater or a thin film deposition 

rate monitor depending on the experiment. A working gas or deposition gas (such as Ar, Ne, Kr, 

and Xe) is introduced, this gas will generate the desire atmosphere during the deposition process, 

sourcing the energetic particles for the sputtering process.  

When an electric field is applied across the anode and the cathode, the deposition gas will be 

ionized, forming a plasma of high energetic ion species. The positively charged ions sense the 

generated electric potential and are abruptly accelerated towards the cathode containing the target, 

where they collide with the atoms within the target material. The cathode also has a magnet to 

generate a constant magnetic field that traps the electrons in the vicinity, increasing the ionization 

rate and consequently the sputtering yield [15]. Being a PVD deposition technique, sputtering 

relies on the physical removal of atoms from the target material through momentum exchange 

between the energetic species of a plasma and the atoms within the cathode target. The sputtered 

material is directed toward the substrate using a cylindrical glass cup, where it is deposited in the 

form of a thin film [185]. The sputtering system is commonly equipped with either a dc source or 

a radio frequency (rf) source. Conductive materials can be easily sputtered with a dc power source 

since they do not build charge on the target material. However, if dc power is used with dielectric 

targets, they will build up a charge over the time of the deposition process. This due to the 

accumulation of positive ions on the surface of the target material, and can eventually repel the 

ionized gas (also positively charged) resulting in the complete cessation of the sputtering process. 

To solve this problem, an alternating electrical potential, i.e., a rf source is applied in the vacuum 
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environment. Furthermore, on the negative cycle the bombardment of the target takes place, and 

this is when charge builds up on the surface of the target material. Then, a positive cycle follows 

to “clean” the surface of any positive charge build-up by attracting the electrons in the chamber to 

the surface of the target, giving it a negative bias. This alternating process continues at a radio 

frequency of 13.56 MHz, and allows for the deposition of dielectric materials. Figure 3.19 depicts 

the process of magnetron sputtering.  

 

Figure 3.19 Schematic representation of a magnetron sputtering equipment and deposition process 

[186]. 

The sputtering deposition system shown in Fig 3.20 (a). was used to deposit Ga2O3 films and 

metal contacts to Ga2O3. The system is a CVC model SC-3000 vacuum system which is operated 

with a mechanical pump and a Pfeiffer Hipace 300 CF-F-turbo-pump equipped with a TC 400 

controller (Pfeiffer Vacuum Inc. 24 Trafalgar Square, Nashua, NH 03063), to achieve a base 
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pressure of 1 × 10-7 Torr within 12 hours. The chamber is made by an 18 inch-diameter bell jar, 

enclosing three 2-inch diameter sputter cathodes, as shown in Fig. 3.20 (b). As mentioned above, 

there are two available power sources, namely dc and rf for depositing metals (i.e., Au, Sn, Ti, 

etc.) and insulating targets (i.e., Ga2O3, SiO2, Al2O3, etc.) respectively. The cathodes in our system 

can be sourced with a MDX 500 W dc power supply (with negative or positive output voltage, and 

500 V at 1 A or 1000 V at 0.5 A), one 300 W rf power supply (AJA 100/300 / Seren Industrial. 

Power Systems R301 @ 13.56 MHz) and a second 300 W rf power supply (RF-3-XIII RF VII, 

Inc. @ 13.56 MHz). In fact, this is a standardized frequency, recommended by the International 

Communication Union (ITU) radio regulations for industrial, scientific, and medical instruments 

(ISM), which is centered around 13.56 MHz with a bandwidth of 14 kHz [187].  

Other accessories include an Inficon film thickness monitor (XTM/2 Deposition Monitor) 

installed on an aluminum holder, along with a Blue Wave BN substrate heater sourced by a BWS-

1000 power supply. The substrate heater can provide substrate temperatures up to 800 C. Two of 

the cathodes have flexible heads with an electric-pneumatically driven shutter suitable for 

executing Sn delta and uniform doping of the films. A high purity Ga2O3 (99.99%) ceramic target 

was used for all thin film deposited in this work. Metallic targets such as Au and Ti were used for 

depositing metal contacts to the grown films.  
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Figure 3.20 (a) CVC model SC-3000 vacuum system, (b) 2-inch diameter sputter cathodes and 
targets mounted. 

 

(a) 

(b) 
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3.3.2.2 Molecular Beam Epitaxy (MBE) 

Molecular bean epitaxy (MBE) is another epitaxial growth technique, which enables 

precises growth control of thin film thickness. This is because MBE growth rate is very slow, of 

about 1 μm/hr which allows a step-flow film growth. The material to be deposited is in the form 

of a high purity powder inside an effusion cell. The cell is surrounded by a heating element that 

sublime the powder material, which slowly condense on the substrate surface. This deposition 

technique requires ultrahigh vacuum. A diagram of the MBE system is shown in Fig. 3.22. Ga2O3 

growth by MBE is done by oxidation using ozone or oxygen radicals of the sublimated Ga atoms 

from a metal source [173]. MBE is widely used in the fabrication of Ga2O3 thin films [171,188–

190]. 

 

Figure 3.21 Schematic of MBE machine with both O3 inlet and O-plasma cell for β-Ga2O3 

epitaxial growth [93]. 
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3.3.2.3 Metal-Organic Chemical Vapor Deposition (MOCVD) 

As the name suggests, metalorganic chemical vapor deposition is a chemical vapor 

deposition method. In contrast to rf-sputtering and MBE, the deposition is done by means of a 

chemical reaction at a moderate pressure (10-760 Torr), rather than in vacuum. The technique is 

commonly used for compound semiconductors such as Ga2O3 [84,191–193] and can create 

complex semiconductors multilayer structures[194,195]. Figure 3.23 shows a MOCVD reactor set 

up to grow Ga2O3 thin films. The technique uses Ga precursors such as trimethylgallium (TMGa) 

and triethylgallium (TEGa), and ultrahigh purity O2 and H2O during the growth. Growth rates have 

been optimized and increased to about 4 μm/hr. 

 

Figure 3.22 Schematic of MOCVD reactor for β-Ga2O3 epitaxial growth [93]. 
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3.4 Doping 

Doping β-Ga2O3 was discussed in section 2.3. In this section the configuration used for the 

doping of β-Ga2O3 films by sputtering is presented. Figure 3.24 shows the sputtering chamber, 

configured for uniform doping. The cathodes have a goose-neck that can be adjusted to 

simultaneously deposit Sn doping material and Ga2O3 film on a substrate. A dc power 

corresponding to 2, 3, 4, 5, and 6 mA was used to deposit Sn, with the intention of varying the 

carrier concentration in the films. The rf power was kept constant at 100 W. All samples were 

deposited at a substrate temperature of 450 C in Ar/O2 (1% O2).  

 

Figure 3.23 Sputtering chamber with Sn-doping configuration. 
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3.5 Annealing 

Samples were annealed using an RTP-300 Rapid thermal Processor (RTP). The RTP can 

heat the sample from room temperature (RT) to 900 C in less than 20 s. The apparatus uses high 

intensity halogen lamps (J120V-1000WB) arranged on the walls of a quartz box. The quartz box 

is kept in an ambient made of different gases, mainly Ar, O2, N2, or Ar:O2 mix. A gas flow 3LPM 

was used for every run. The annealing times varied up to 6 min. The sample is placed on a silicon 

wafer which is fitted with a thermocouple to monitor the temperature (Fig. 3.26). In this 

dissertation, different gases and gas mixtures were utilized to explore their impacts on the crystal 

structure and electrical properties of the films and contacts. A picture of the apparatus is shown in 

Fig. 3.25.  

 

Figure 3.24 RTP-300 Rapid Thermal Processor. 
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Figure 3.25 RTP-300 sample holder with thermocouple. 
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3.6 Plasma Etching 

Inductively Coupled Plasma (ICP) etching and Reactive Ion Etching (RIE) are two 

common plasma etching techniques used in semiconductor fabrication and other industries. The 

principal difference between these two techniques is based on that ICP uses inductive coil to 

generate a high-density plasma that is separate from the sample. These ions are then directed 

towards the sample surface with the help of a separate potential placed between the gas and the 

sample. 

On the other hand, RIE etching involves the use of a combination of reactive gases and a 

rf electric field to generate a plasma. The sample is placed on a powered electrode, and the ions 

from the plasma bombard the sample surface for etching. ICP etching systems typically feature 

higher plasma densities and superior uniformity compared to RIE systems, leading to more precise 

and controlled etching processes. Conversely, RIE systems may feature lower plasma densities 

and exhibit less uniformity across the sample surface; nonetheless, they remain effective for 

numerous etching applications. 

 ICP etching systems offer advanced process control capabilities, allowing for fine-tuning 

of parameters such as gas flow rates, power levels, and pressure. They are often preferred for high-

precision etching applications in semiconductor device fabrication, Micro-Electro-Mechanical 

Systems (MEMS), and nanotechnology. RIE systems also provide process control options but may 

have fewer adjustable parameters compared to ICP systems.  
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Our system is a Minilock-Phantom (ICP-RIE) from Trion Technology uses a combination 

of both technologies mentioned above. The plasma is generated by a set of magnetic coils 

surrounding the chamber. A rf power source connected to the cathode generates a DC bias that 

attracts the generated plasma to the etching surface. This setup allows the user to decouple the ion 

density, which is controlled by the induction coils, from the ion energy, which is determined by 

the acceleration of the ions due to the rf source. Figure 3.27 shows a schematic of the RIE-ICP 

system, emphasizing the ICP power source and a separate rf source connected to the cathode. 

Figure 3.26 ICP-RIE chamber diagram.
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The system is equipped with a 600 W, 13.56 MHz solid state rf generator, it has a loadlock 

that allows the main chamber to continue pumping, while the sample is loaded or unloaded. This 

configuration is ideal for toxic gas chemistries since it prevents exposure to the atmosphere 

between runs. The sample holder is a mechanic arm that can hold wafer sized up to 4 inches. 

Typical gases are: N2, O2, Ar, SF6, SF3, He-O2 mixture, CHF3, CCl2F2, Cl2, CF4, and SiCl4. The 

user can load a recipe with parameters such as, etching pressure (mTorr), ICP (W), RIE (W), 

etching time (s), temperature (C), and gas flow (sccm). The system is shown in Figure 3.28.  

 

 

Figure 3.27 Minilock-Phantom ICP-RIE, Trion Technology. 
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4.  Characterizations Methods for β-Ga2O3 

This chapter provides an in-depth exploration of various materials science techniques 

employed for the microstructural, compositional, optical, and electrical characterization of the β-

Ga2O3 samples. These techniques encompass a range of analytical methods aimed at examining 

the internal structure, chemical makeup, optical properties, and electrical behavior of the β-Ga2O3 

specimens. The utilization of these techniques facilitates a comprehensive understanding of the 

material's properties and paves the way for informed analysis and interpretation of experimental 

results. 

4.1 X-ray Diffraction (XRD)  

X-ray diffraction was used for structural characterization of the Ga2O3 films. The 

instrument shown in Fig. 4.1, a Bruker AXS X8 Prospector equipped with a high brightness Cu 

Incoatec micro source, advanced X-ray optics and a highly sensitive Apex II CCD area detector. 

This is a non-destructive technique which enables identification of crystalline nature, including 

orientation, phase composition, lattice parameters, and the presence of strain and grain size.  
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Figure 4.1 Bruker AXS X8 Prospector. 

 

In crystalline materials, the atoms are arranged in a regular manner. This is a necessary 

condition to implement the XRD technique, as diffraction will only occur if the incident x-rays are 

diffracted by a periodic array of atoms. An incident x-ray beam is directed towards the sample at 

a specific angle ranging from 2θ = 10 - 90. The x-rays are scattered by different plane in the 

material and constructive or destructive interference occurs. Once the diffracted x-rays exit the 

sample, the detector can only read signals at the angles where constructive interference occurred. 

The resulting diffracted x-rays have a travel at a different optical path. The magnitude of the length 

traveled depends on the distance between the crystallographic planes and the incident angle. This 

can be mathematically summarized in the Bragg equation.  
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Figure 4.2 shows a schematic representation of the Bragg equation: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃           (4.1) 

where n is an integer, 𝜆 is the wavelength of the incident X-ray, d is the lattice spacing, and 𝜃 is 

the scattering angle. 

 

Figure 4.2 Schematic representation of the Bragg Equation [196]. 

 

Single crystal β-Ga2O3 film grown on c-plane Al2O3 substrate, sharp peaks were observed 

at 2θ = 18.3o, 37.1o, and 57.7o (Fig. 4.3). These peaks can be assigned to (2̅01), (4̅02), and (6̅03) 

respectively, as reported by Ahman et al [33]. This XRD represent a single crystal structure with 

same family of planes. There is a small peak at 43o belonging to c-plane Al2O3 substrate (006). 
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Figure 4.3 θ-2θ XRD scan of single crystal β-Ga2O3 (2̅01) film on c-plane Al2O3 substrate 
deposited at 400 C in Ar. 

 

The d-spacing or interplanar spacing in the (2̅01) direction can be easily calculated using 

Bragg's equation (Table 4.1) by solving for d. Initially, X-ray diffraction (XRD) data is utilized, 

and the positions of the major peaks are identified using the Origin software's multiple peak fit 

tools. A Gaussian fit is applied to each peak to determine its center, providing a precise 

measurement of the diffraction angle. Subsequently, Bragg's equation is employed with a 

wavelength (λ) of 1.5406 Å and considering first-order diffraction (n = 1) to determine the d-

spacing for each peak. Table 4.1 shows the results of calculating the d-spacing in in the (2̅01) 

direction with the XRD data from Fig. 4.3: 
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Table 4.1 Interplanar d-spacing in in the (2̅ 0 1) direction. 

2Theta () Theta () 
𝑑 = 1.5406

Å

2𝑠𝑖𝑛𝜃
) 

Error (Å) 

18.25177 9.12589 4.82517 ±0.01062 

37.06611 18.53305 2.41474 ±0.00541 

57.68992 28.84496 1.59247 ±0.0039 

 

Another useful parameter that can be extracted for a particular XRD peak in question is 

the Full Width at Half Maximum (FWHM), and it is used to calculate crystallite size (Fig. 4.4) 

using the Scherrer Equation as follows: 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
          (4.2) 

where D is the average crystallite size in nm 

K is a dimensionless shape factor, with a value of 0.9 

λ is the X-ray wavelength, CuKα = 1.5406 Å 

β is the line broadening at FWHM in radians 

θ in the Bragg’s angle in degrees   
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The Crystallite size was obtained using the FWHM from the (6 0 3) Bragg peak of -Ga2O3 

and substituting into Scherrer equation. Figure 4.4 shows that the average crystallite size remained 

around 40 nm, except for the film deposited at room temperature. These values strongly depend 

on the deposition method, deposition temperature, and selected crystal plane, but they are 

comparable with values found in the literature. Jubu et al, reported crystallite sizes (2 0 2)  Ga2O3 

films grown by chemical vapor deposition (CVD) [197]. The reported average crystallite sizes 

were 37.16, 59.64, and 59.93 nm for deposition temperatures of 850, 950, and 1050 C, 

respectively. In terms of the FWHM of the (6 0 3) -Ga2O3 Bragg peak, this means that no 

significant broadening of the peak occurs with increasing deposition temperature and that the 

crystal quality of the film remains similar to that of the substrate. 
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Figure 4.4 Average crystallite size vs deposition temperature of the films deposited 

homoepitaxially on (2̅01) Ga2O3. 
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4.2 Scanning electron Microscopy (SEM) 

Scanning electron microscopy was performed on β-Ga2O3 sputtered films and alloys for 

structural and chemical composition analysis. Two SEMs were used in this investigation. This first 

instrument is a JEOL JIB-4500 multi beam system, fitted with LaB6 emitter (Fig. 4.5). Some 

specifications follow: an acceleration voltage ranging from 0.3 to 30 kV, and SEM resolution of 

2.5 nm at 30 keV. This SEM runs a EDAX APOLLO XV x-ray energy dispersive spectrometer 

(EDS), used for chemical composition of the sputtered films, doped films, alloys, and metal 

contacts. The EDS resolution is 128 eV at Mnk, 100,000 CPS.  

 

Figure 4.5 JEOL JIB-4500 multi beam system. 
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The second instrument is a JEOL JSM-7600F scanning electron microscope fitted with a 

thermal field emission source (Fig. 4.6). The specs are 0.1 to 30 kV acceleration voltage, resolution 

1.5 nm at 1kV (GB mode), 1.0 nm at 15 kV. The beam current ranges from 1 pA to 200 nA at 15 

kV. The instrument can also operate in scanning transmission electron microcopy (STEM) mode. 

This instrument was mainly used to measure β-Ga2O3 films thickness and elemental analysis while 

investigating alloys to Ga2O3. 

 

Figure 4.6 JEOL JSM-7600F scanning electron microscope. 
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The SEM operates as follow: An incident beam is produced by an electron gun and directed 

down a column maintained in vacuum (10 to 100 Pa). The column contains a sequence of magnetic 

lenses and apertures that work together to produce a focused electron beam as illustrated in Fig. 

4.7. As the electron beam scans the sample, a variety of signals are generated from the interaction 

between the electrons and the atoms in the material. The signals are collected by three different 

detectors: a secondary electron detector, a backscatter electron detector, and an x-ray detector. 

These signals are then transmitted to a computer, where they undergo further processing.

Figure 4.7 Scanning electron microscope column [52].
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The main component of the electron gun is the source. There are three main types of 

electron sources found in SEMs: tungsten (W), solid state hexaboride crystals (LaB6), and field 

emission guns (FEG) as shown in Fig. 4.8. Tungsten hairpin has the lowest resolution (4 nm at 30 

kV) due its larger emission area. W sources are relatively cheap and designed to be replaced 

regularly and easily during regular usage of the instrument. Tungsten thermionic sources operate 

at high temperatures, up to 2800 K, and tend to evaporate over time, increasing the risk of 

contamination of the SEM column.  

 

 

Figure 4.8 Simplified diagram of the electron gun sources for the SEM. 

 

Similarly, LaB6 sources use thermionic emission to operate. This source has a higher 

resolution than that of W sources, since hexaboride crystals have a lower work function, which 

translates to higher electron emission efficiency at comparable acceleration voltages. The brighter 

beam allows higher signal-to-noise ratios. They have better longevity and resistance to 

evaporation, making them suitable for most SEM applications. 
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The third source listed is the FEG. These are usually fabricated from single crystal tungsten 

sharpened to a tip radius of about 100 nm. The sharp tip drastically lowers the emission area and 

increases current density. The smaller diameter of the beam produces a coherent and brighter beam 

up to three orders of magnitude that can be achieved with the previously mentioned. Some 

limitations are the need for a high vacuum environment for operation, and high price of the source. 

Nevertheless, FEG sources offer exceptional performance in all SEM applications. A summary of 

the different characteristic for these three sources is offered in Table 4.2.  

Table 4.2 Comparison of electron source characteristics for SEM [198]. 

 Tungsten hairpin CeB6 

crystal 

Schottky FEG 

Emission mechanism Thermionic Thermionic Electron Tunnelling 

Lifetime 100 h 1500 h >10,000 h 

Tip emitting diameter 100 µm 25 µm 100 nm 

Resolution @30 kV 4 nm 3 nm 1 nm 

Resolution @1 kV 50 nm 25 nm 5 nm 

Low-kV imaging (<5 

kV) 

Yes No Yes 

Vacuum 10-1 – 10-5 mbar 10-7 mbar 10-9 mbar 
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The volume where these interactions take place is usually referred as the interaction volume 

and is depicted in Fig. 4.9. Each depth generates a different signal. The interaction volume 

increases with increasing electron beam energy and decreases with the composition of the 

specimen, i.e., the average atomic number. Various types of signals are produced when the electron 

beam interacts with atoms in the sample:  

(i) Secondary electrons (SE): Secondary electrons are produced near to the surface of 

specimen. This signal helps in images up to a resolution of 1 nm. This signal is collected 

by the secondary electron detector.  

(ii) Back-scattered electrons (BSE): BSE are generated due to reflection of electrons from 

sample due to elastic scattering. The images from BSE yield statistics about distribution of 

various elements in the sample. BSE is collected by the backscatter detector located 

directly on top of the sample at the end of the SEM column. 

(iii)  Characteristic X-rays: Characteristic x-rays are produced when the beam of electrons 

removes an electron from inner shell and filling the shell with high energy electron and 

release the energy (x-ray). The released energy provides information about the composition 

and measure of the element in the sample. This is the principle behind energy dispersive 

spectroscopy analysis. 
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Figure 4.9 Interaction Volume and signal emission [199]. 

 

4.3 Atomic Force Microscopy (AFM) 

Atomic force microscopy was used to study the surface morphology of the films and 

substrates used for this dissertation. A 5500 Keysight Scanning Probe Microscope (SPM), shown 

in Fig. 4.10 is a functional research system for atomic force microscopy (AFM) and scanning 

tunnelling microscopy (STM). The AFM can be operated in contact and intermittent contact mode, 

which provides 3-dimensional imaging of the sample allowing visualization of the surface features 

and roughness analysis. The AFM scan range is 90 μm x 90 μm, the z range is 8 μm with a noise 

level (RMS) of 0.5 Å. It also has STM capabilities to investigate the electrical conductivity across 

the specimen. Throughout this dissertation, the primary technique employed was contact atomic 

force microscopy, and it is discussed in the next paragraphs.  
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Figure 4.10 5500 Keysight Scanning Probe Microscope. 

 

 

Figure 4.11 Schematic of a typical commercial AFM instrument [200]. 



 
 

123 
 

The basic set up for contact mode AFM relies in three main components: a laser, a 

cantilever holding the AFM tip, and a photodiode detector (Fig. 4.11). The laser beam is aligned 

and reflected from the back of a cantilever coated with a reflective material. As the AFM tip scans 

the surface, the cantilever will interact with the surface. The deflection of the reflected laser will 

be read by a 4-quadrant photodiode detector and the surface contour will be measured directly. In 

this mode, the force between the tip and the surface is kept constant during the scan. By 

maintaining a constant deflection or height above the sample, small disturbances due to surface 

features will be displayed as data. This gives topographical images with resolution in the order of 

fractions of nanometers.  

The main parameter obtain with this method is the root mean square (RMS) value which 

gives information about the surface roughness of the sample. Mathematically, the RMS roughness 

values is the standard deviation of the z values within a given area (e.g., 10 x 10 μm2). The 

substrates of c-plane double-sided polished sapphire used to deposit all heteroepitaxial β-Ga2O3 

thin films were subjected to thermal desorption by heating at 500 C for 30 min in UHP O2. The 

process produces a smooth surface morphology prior deposition. Figure 4.12. shows the RMS 

roughness values for the substrates deposited in different atmospheres. Oxygen rich atmosphere 

results in the smallest RMS (0.2 nm). 
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Figure 4.12 Effects of gas composition on the root-mean-square (RMS) surface parameter. 

 

4.4 UV-Visible Spectroscopy (UV-Vis) 

UV-Visible spectroscopy was used to examine the optical properties of the films. The 

spectrometer is an Ocean Optics USB4000-UV-Vis shown in Figure 4.13 (a-b), equipped with a 

deuterium-tungsten source and Spectra Suite software to analyze the data. The source operates in 

wavelengths ranging from the UV region (190 nm) to visible region (800 nm). The transmission 

and absorption spectra of the β-Ga2O3 films were acquired through this technique. 
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Figure 4.13 (a) Ocean Optics USB 4000-UV-Vis spectrometer, (b) set up by Ocean Optics [201]. 

A deuterium-tungsten light source is connected via an optical-fiber cable to a sample holder 

where the substrate is held. A cleaned sapphire or Ga2O3 substrate is used as the reference sample 

before starting the experiment. The light passes through the film and substrate and is collected by 

the spectrometer through a second optical-fiber cable, where the signal is amplified and sent to a 

computer for analysis. 

(a) 

(b) 
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The absorption spectrum is used to estimate the optical bandgap of the films by 

extrapolation of the linear region of a Tauc plot (Fig. 4.14) using the following equation: 

     (𝛼ℎ𝜈)2 =  𝐵(ℎ𝜈 –  𝐸𝑔)          (4.3) 

 

       𝛼 = [
1

𝑡
] ln(10𝐴 )         (4.4) 

 

where t is the thickness of the film and 

A is the absorbance.  
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Figure 4.14 Absorption and Tauc plot of GOx on Al2O3. 
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4.5 Current Voltage (I-V) Measurements  

Current-voltage measurements were performed using a 2410 Keithley source 

meter. The instrument can source a voltage range of 200 mV to 1100 V, a current range of 

1 μA to 1A (20 W output power), and a resistance measurement range of 0.2 Ω to 200 MΩ. 

It can sense 2-point probe and 4-point wire modes. Transmission line measurements on the 

ohmic contacts were taken using the 4-point wire mode in the multimeter, later discussed 

in section 4.5.1. Schottky contacts were 2-probed, the samples were mounted on a copper 

plate with a conductive silver paste. The base of the plate served as the negative terminal 

were the ohmic contact was connected. A probe on the Schottky contact served as the 

positive connection in the forward bias (section 4.5.2). Breakdown voltage was obtained 

using the same setup but reversing the polarization (section 4.5.3). To obtain a sweep scan 

during the IV measurements a program written in LabVIEW and KickStart software from 

Keithley was used. At least 300 data point were taken in each measurement in a voltage 

range of ±10 V. The station is mounted with a Nikon Eclipse ME600 microscope. Fig. 4.15 

(a) shows a picture of the station used for electrical characterization and Fig. 4.15 (b) is the 

2410 Keithley source meter.  
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Figure 4.15 Probe station (a), 2410 Keithley source meter (b). 

(a) 

(b) 
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4.5.1 TLM Specific Resistivity Extraction 

The transmission line method (TLM) was used for measuring the specific contact 

resistivity (Fig. 4.16). Several metal contacts were deposited using sputtering and the TLM mask 

shown in Fig. 3.2. The contacts are spaced apart starting from 7 μm to 74 μm increments of 10 

μm. The area of the contact is 200 μm2. 

 

Figure 4.16 Transmission Line Measurement (TLM) [202]. 

 

Figure 4.17 shows how the probes are placed in the four-point probe configuration. A dc 

current is sourced across one of the gaps, and the voltage is measured directly between the current 

probes. The ratio gives the total resistance across the gap.  

 

Figure 4.17 Four-point measurement. 
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Considering only two contacts spaced by a distance L, the measure of the total resistance 

is made of different components. 

𝑅𝑇 = 2𝑅𝑚 + 2𝑅𝑐 + 𝑅𝑠𝑒𝑚𝑖         (4.5) 

where 𝑅𝑚  is the resistance of the metal contacts, 𝑅𝑐  is the resistance associated with the 

metal/semiconductor interface, and 𝑅𝑠𝑒𝑚𝑖 is the resistance of the semiconductor. In most cases the 

resistivity of the metal is small (𝑅𝑚 ≪  𝑅𝑐), and 𝑅𝑚 can be ignore. Also, the resistance of the 

semiconductor is given by: 

𝑅𝑠𝑒𝑚𝑖 = 𝑅𝑆
𝐿

𝑊
                    (4.6) 

The total resistance becomes: 

𝑅𝑇 = 𝑅𝑆
𝐿

𝑊
+ 2𝑅𝑐          (4.7) 

This configuration suggests that a plot of the total resistance can be made, by measuring 

the resistance at different contact spaces. The measurement is performed using the 4-point probe 

method. The slope of this plot will yield 𝑅𝑆

𝑊
, the sheet resistance. The contact resistance, 𝑅𝑐, can be 

found by extrapolating back to L = 0. The transfer (LT) length is the average distance that an 

electron (or hole) travels in the semiconductor beneath the contact before it flows up the metal 

contact, and it can be found by setting RT = 0. Figure 4.18 shows an example of this plot.  
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Figure 4.18 TLM plot, the Rs is extracted from the slope [202]. 

 

To be able to compare among the fabricated samples with different geometries, a measure that is 

independent of the contact geometry is the specific contact resistivity: 

𝜌𝑐 = [
𝜕𝐽

𝜕𝑉
]

𝑉=0

−1

= 𝑅𝑐𝐴𝑐 = 𝑅𝑐𝐿𝑇𝑊                      (4.8) 

The specific contact resistivity is the product of the contact resistivity and the effective contact 

area, and it is expressed in terms of Ω·cm2.  
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4.5.2 Schottky Diode Ideality Factor and Barrier Height Extraction 

Schottky diodes follows the thermionic emission conduction mechanism. A Schottky 

diode under a forward bias has the following current-voltage (I-V) characteristics, 

𝐼𝐹 = 𝐼0 𝑒
𝑞𝑉𝑎

𝑛𝑘𝐵𝑇                         (4.9) 

where q is the electronic charge, 𝑉𝑎 the voltage applied across the diode, kB is the Boltzmann 

constant, T the absolute temperature, and 𝐼𝐹 is the forward current. The saturation current (𝐼0), 

depends on the barrier height and the charge and it is given by, 

𝐼0 = 𝐴 𝐴∗∗ 𝑇2 𝑒
−𝑞𝜙𝐵

𝑘𝐵𝑇                                    (4.10) 

where A is the effective area of the metal contact, A** is the effective the Richardson’s constant 

which has a value of 146 𝐴 𝑐𝑚−2𝐾−2 marked with an asterisk to distinguish from the effective 

area, 𝜙𝐵 is the Schottky barrier height potential. Figure 4.19 shows the I-V curve of a Schottky 

diode with metal contacts of Ti (50 nm)/Au (50 nm) as deposited in room temperature. 
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Figure 4.19 I-V curve of SBD3 deposited at room temperature. 

 

By applying the natural logarithm (Fig. 4.20) on both sides of equation a and equation b,  

ln(𝐼𝐹) = ln(𝐼0) +
𝑞

𝑛𝑘𝐵𝑇
𝑉𝑎                     (4.11) 

and,  

ln(𝐼0) = ln(𝐴 · 𝐴∗∗ · 𝑇2) −
𝑞

𝑘𝐵𝑇
𝜙𝐵                    (4.12) 
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Figure 4.20 Logarithm of the forward current vs the applied voltage of SBD1 deposited at room 

temperature. 

The procedure for extracting the ideality factor is the following, the log plot is trimmed 

until the only linear region is left. A fitting line with slope 𝑞

𝑛𝑘𝐵𝑇
 allows us to extract the ideality 

factor (n). Similarly, equation 4.12 can be used to extract the barrier height (𝜙𝐵). Figure 4.21 

shows this linear fit from which the slope and intercept are extracted for the calculation of the 

ideality factor and barrier height for the SBD3 in the forward bias.  
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Figure 4.21 Linear fit of SBD3 as deposited and calculated ideality factor and barrier height. 

 

4.5.3 Reverse Voltage Extraction 

A nonzero current can be measured in a Schottky diode under a reverse bias. This current 

is due to a small portion of the electron being thermally excited over the Schottky barrier. The 

current remains constant under the applied voltage. Then it starts decreasing at higher reverse bias 

voltages. This is due to a slight lowering of Schottky barrier under the applied reverse voltage. As 

the bias keeps increasing, the depletion region starts breaking down, this process is known as 

electrical breakdown. It is destructive to the device as a material breaks down and a surge in the 

electrical current occurs, and the device becomes fully conductive under reverse bias. The 

breakdown voltage is the minimum reverse voltage that makes the device conduct significantly 

under reverse bias.  
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The breakdown voltage characteristics of an SBD depends on the carrier concentration as, 

𝑉𝐵𝑅~
𝜀0𝜀𝑚(𝐸𝑐)2

2𝑞𝑁𝐷
            (4.13) 

where 𝐸𝑐 is the breakdown electric field, and 𝑁𝐷 is the carrier concentration. Equation 4.12 can be 

a good estimate when all parameters are known for the specific sample. Instead, a direct 

measurement was performed on the contact to determine VBR. As mentioned above this 

measurement is left for the end as it completely breaks down the material. Figure 4.22 shows a 

measurement of an SBD with a Schottky contact made of Ni (50 nm)/Au (50 nm) under reverse 

bias, the breakdown voltage is measured to be 45 V.  
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Figure 4.22 SBD3 Reverse Bias, VBR = 45 V. 
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4.6 Hall Effect 

Hall measurements were performed using an ECOPIA HMS-3000 Hall effect measurement 

system (Fig. 4.24 (a)). The measurements are based on the Van de Pauw method (Fig. 4.23). Square 

metal contacts of Ti (20 nm)/Au (80 nm) were deposited on the corners of the β-Ga2O3 substrates 

and annealed in Ar ambient up to 600 C for 6 min to ensure ohmic behavior. This instrument uses 

the linear region of the IV-curve of the fabricated contacts to estimate the bulk concentration of 

the carriers in the material, mobility, conductivity, and average Hall coefficient, among other 

useful parameters. 

 The principle is as follows, a substrate with he deposited contacts is placed in a spring clip 

board (SPCB) shown in Fig. 4.24 (c). which facilitates a contact connection without the need of 

wire boding. The measurements were conducted with a magnetic field of B = 1.05 T or 0.58 T. 

The SPCB is connected to a headboard to be read by the computer, while the magnet sits around 

it as shown in Fig. 4.24 (b).  

 

Figure 4.23 Measurement of a square conductivity sample in the Van der Pauw geometry [203]. 
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Figure 4.24 (a) ECOPIA HMS-3000 Hall effect measurement system, (b) Magnet and headboard, 

and (c) SPCB holder. 

 

 

 

 

(a) 

(b) 
(c) 
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Figure 4.25 Hall effect diagram [204]. 

The Hall effect measurement uses a small current (~1 mA) applied to the semiconductor 

through the deposited ohmic contacts. The current in this example is chosen to be conventional. 

The sample is placed in a magnetic field (a magnet of 1 T), which is perpendicular to the current 

flow. This exerts a transversal force on the moving charge carriers, which are deflected and pushed 

to one side of the conductor. Depending on the carrier type (i.e., n-type or p-type), a charge will 

build up in one side of the semiconductor. In the diagram shown in Figure 4.25, the carriers are 

positively charged holes, therefore a positive charge will build up on the left of the semiconductor. 

Once this process reaches equilibrium, a transverse voltage known as the Hall voltage (VH) is 

generated. The Hall voltage is related to the current applied, the magnetic field, carrier 

concentration, the elementary charge, and the thickness of the film: 

𝑉𝐻 =
𝐼𝐵

𝑛𝑒𝑑
            (4.14) 
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The carrier concentration can be expressed in terms of 𝑅𝐻, the Hall coefficient: 

𝑛 =
1

𝑅𝐻𝑒
                  (4.15) 

   

The Hall coefficient is characteristic of the material from which the semiconductor is made, 

particularly, its sign will provide information about the type of carrier within the material being an 

n-type or p-type material. Notice that 𝑅𝐻 depends on parameters controlled by the ECOPIA HMS-

3000 system, such as the applied current and the magnetic field. Figure 2.26 displays the control 

panel of the ECOPIA HMS-3000 Hall effect software, providing users with the interface to input 

all necessary parameters for conducting a test. The result panel shows all calculated quantities 

obtained from the test. 

 

Figure 4.26 Hall effect output panel. 
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5.  Results and Discussion 

5.1 Research Design 

This chapter presents the results and discussion of results obtained during this dissertation 

work. The specific aims are outlined as follows: first, to grow β-Ga2O3 films on sapphire substrates 

(section 5.2) and native β-Ga2O3 using rf sputtering (section 5.3); second, to produce doped and 

undoped β-Ga2O3 films (Section 5.4); third, to grow Lu2O3/Ga2O3 and B2O3/Ga2O3 alloy films on 

(2 0 1) UID or Sn-doped Ga2O3 and Al2O3 substrates to manipulate the original bandgap of Ga2O3 

(section 5.5). The dissertation also aims to gather microstructural, morphological, compositional, 

and optical data from various characterization methods such as XRD, AFM, SEM, EDS, and UV-

Vis for all experiments mentioned above. Subsequently, it intends to correlate the effects of the 

varying parameters to optimize the films. Furthermore, the developed films will be utilized to 

fabricate Schottky barrier diodes, and the electrical characterization of these fabricated devices 

will be carried out (section 5.6). 
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5.2 Optimization of heteroepitaxial growth of Ga2O3 films on sapphire substrates 

5.2.1 Introduction 

As discussed in the literature review on sputtering, the β-Ga2O3 films are highly sensitive 

to growth conditions such as temperature, deposition gas, and to post annealing treatment. 

Amorphous or crystalline β-Ga2O3 can be grown on c-plane sapphire depending on the oxygen 

content during the deposition at 400 - 500 C temperature range. A question that may arise is why 

sapphire substrate is considered a suitable choice for growing (201) β-Ga2O3 films. In contrast to 

alumina, sapphire is single crystal material that possess trigonal (rhombohedral) crystal structure. 

Achievement of high quality crystalline β-Ga2O3 films deposited on c-plane Al2O3 is made 

possible by their relatively small lattice mismatch of 6.12% and nearly equal thermal expansion 

coefficients (c) of 3.15 x 10-6 K-1 (for Ga2O3) and 4.3 x 10-6 K-1 (for Al2O3) [205,206]. Seiler et 

al. used pole figure measurements to deduct various epitaxial relationships between Ga2O3 phases 

and Al2O3 [207]. Saphire (0001) is a polar plane with either oxygen or aluminum atoms. 

Consequently, the first plane of gallium oxide would be preferentially a polar plane, with either 

oxygen or gallium plane depending upon the nature of the surface plane of the sapphire substrate. 

The (201) plane of β-Ga2O3 is a polar plane, therefore the preferential growth of (201) would be 

favored with respect to other non-polar planes of β-Ga2O3. Also, the Ga ions in the (201) are all 

located in a plane forming an irregular hexagonal configuration similar to that present in 

(0001)Al2O3. Moreover, Al2O3 substrates are relatively cheap and commercially available with 

wafers going to 11.8 inches in diameter. In this section, heteroepitaxial growth of β-Ga2O3 on 

(0001) sapphire substrates using radio frequency magnetron sputtering was performed to study 

the effects of deposition temperature, deposition gas composition, and post annealing treatment on 

the film properties.  
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5.2.2 Experimental Procedure 

The surfaces of the c-plane double-side polished sapphire substrates were first prepared by 

degrease-cleaning in boiling acetone, alcohol followed by rinsing in de-ionized (DI) water. The 

samples were then dipped in buffered HF acid for 10 min and rinsed again in DI-water, dried and 

mounted on a substrate heater, loaded in a vacuum chamber, and evacuated to 2 x 10-7 Torr by a 

turbo molecular pump. Right before deposition, the sapphire substrates were subjected to thermal 

desorption by heating at 500 C for 30 min in UHP O2, a process previously found essential for 

sapphire substrate preparation [168]. All the gases used for deposition or for annealing were of 

UHP grade (> 99.99% pure). The films in this study were deposited from a 2-inch-diameter high 

purity (99.99%) Ga2O3 ceramic target and about 7 cm was maintained between the target and the 

substrate. A 15-min pre-sputtering was performed to remove any impurities from the target, 

followed by a deposition of about 120 min for each sample. The gas pressure was set at 10 mTorr, 

a flow rate of 5.0 standard cubic centimeters per minute at STP and a radio frequency (rf) power 

of 100 watts and the thicknesses of the resulting films were 90-200 nm.  

The first set of samples prepared were of films deposited at different substrate temperatures 

from 20 C to 900 C in pure Ar. The second set of samples was of films deposited at 500 C, but 

using different percent mixtures of Ar/O2 comprising 100/0, 80/20, 50/50, 20/80 and 0/100. To 

further investigate the effects of deposition temperature in 80/20 and 50/50 Ar/O2 mixtures, a third 

and fourth set of samples were deposited in these two mixtures, respectively, while varying the 

annealing temperature. A 2-inch diameter Blue Wave BN substrate heater was used in which the 

temperature is determined using a thermocouple placed in direct contact with the substrate. Lastly, 

further investigation was continued the film deposited in Ar at 400 C. This sample was diced into 

several pieces and annealed in N2 at 400-900 C for 15 min.  
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           The microstructures of the resulting films were characterized using XRD measurements 

with a Bruker-Prospector diffractometer (Bruker AXS, Inc., Madison, Wisconsin, USA) fitted with 

a high brightness Cu Incoatec microsource. The optical properties of the films were investigated 

using the Ocean Optics QE65000 spectrometer with a deuterium halogen UV-VIS-NIR light 

source (DT-MINI-2-GS). The compositional property of the films was determined from energy 

dispersive spectrometry (EDS) measurements using a JEOL JIB-4500 scanning electron 

microscope fitted with Apollo XV detector (EDAX Inc.). Surface morphology of the films was 

analyzed using a 5500 Keysight scanning probe microscope (SPM). To determine the thickness of 

the films, several images of the cross-section of each film were obtained using a backscattering 

detector in the JEOL JSM 7600F field emission scanning electron microscope. 

5.2.3 Effects of Deposition Temperature in Ga2O3 Films Deposited in Ar. 

Figure 5.1 shows the XRD scans of the -Ga2O3 films deposited on c-plane sapphire 

substrates at different temperatures from 20 C to 900 C using Ar. The thickness of each film is 

indicated in the corresponding legend. For the films deposited in Ar, the substrate temperature of 

400 C gives the best crystalline quality with appearance of higher intensity diffraction peaks at 

18.3, 37.1, 57.8 corresponding to (2 0 1), (4 0 2) and (6 0 3) planes of -Ga2O3, respectively. 

This film has a thickness of 134 nm, less than that of the rest of the films in this group. 
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Figure 5.1 XRD scans for films deposited at various temperatures in Ar atmosphere. 

 

Films deposited at temperatures higher than 400 C were polycrystalline and showed 

additional peaks at peaks at 30.0 and 63.7 which belong to the (400) and (800) planes of -

Ga2O3, respectively [62,208–210]. Additional peak appearing at 43.8 could be associated with a 

reflection from (311) plane. The film deposited at room temperature (20 C) showed no diffraction 

peak, indicating amorphous quality, while appearance of a small (4 0 2) peak is observed on the 
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film deposited at 200 C. These results indicate that the optimum substrate temperatures for 

formation of high quality crystalline -Ga2O3 films is 400 C when using pure Ar. A temperature 

of 500 C has been previously found to be the optimum substrate temperature for crystallization 

with a clear out-of-plane orientation of -Ga2O3 with the sapphire substrate using Ar [60,211]. 

The deposited samples were carefully cleaved to expose the film cross-section and then 

measured using SEM backscatter. Figure 5.2 shows SEM backscatter images for films at (a) 20 

C, (b) 400 C and (c) 900 C. No direct correlation between film thickness and deposition 

temperature was observed. In fact, the variation of the thickness of the multiple films could be a 

result of non-uniformity in the film thickness across each sapphire substrate (1/4 of 2-inch wafer) 

during the deposition. This thickness non-uniformity is usually reduced by rotation of the sample 

during deposition, and in our set up this capability is not available. Nevertheless, Zhang, et al and 

Sun, et al showed that increase in the thickness of Ga2O3 films only increases the intensity of XRD 

peaks [212,213] Therefore, due to the variation in the thickness of our film, no comparison of the 

XRD peak intensities is made. Several researchers have reported optimum temperatures of 300 C 

to 600 C for sputter-deposited -Ga2O3 films on c-plane sapphire substrate. 
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Figure 5.2 SEM backscatter images for films at (a) 20 C, (b) 400 C and (c) 900 C. 

 

 

 

(a)  X:90.909 nm 
20C 

(b)  X:205.405 nm 
400C 

(c
)  

X:167.568 nm 
900C 
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AFM 10 x 10 μm scans on the films deposited in Ar at different temperatures were taken 

to extract the RMS roughness parameter (Fig. 5.3). Two directions were profiled namely, a 

direction parallel to the scan direction (RMS ∥) and a direction perpendicular to the scan direction 

(RMS ⊥) . The roughness was extracted from these two profiles using Gwyddion 2.55 software 

(Released 2019-11-04) and is shown in Fig. 5.4 RMS ∥ value decreases with temperature from 

0.184 nm at room temperature to 0.1 nm at 400 C, and then increases with temperature up to 0.18 

nm at 900 C. This indicates that the film deposited at 400 C in Ar has an improved surface 

morphology, which agrees with the results obtained by XRD in Fig. 5.1. Kumar et al. observed an 

increase in the roughness and grain size of the -Ga2O3 films deposited at temperatures higher than 

400 C via high-resolution SEM and attributed the change in morphology to an increase in the 

adatom mobility due to increasing thermal energy [60]. 
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Figure 5.3 AFM 10 x 10 μm scans of GOX films grown on sapphire at different deposition 

temperatures in Ar atmosphere. 
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Figure 5.4 RMS values for GOX films grown on sapphire at different deposition temperatures in 

Ar atmosphere. RMS ∥ is a profile parallel to the scan direction. 

The plots shown in Fig. 5.5 (a) - (c) are data from Ga2O3 films deposited in Ar at different 

temperatures. Figure. 5.5 (a) shows the optical transmittance of these films, which falls at 90 - 

95%. The transmittance of 100% in this plot is from a sapphire substrate only. To determine the 

optical bandgap of the films a Tauc plot was constructed as discussed in section 4.4 and is shown 

in Fig. 5.5 (c). The collected data show that the bandgap decreases from a value of 5.03 eV for the 

film deposited at 20 C to 4.96 eV for the film deposited at 600 C after which the bandgap starts 

to increase. Each data point represents the average from three runs and the error bars came from 

the largest deviations from the average values. 
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Figure 5.5 Plots of data obtained from Ga2O3 films deposited in Ar at different temperatures 

showing: (a) the optical transmittance of as-deposited films, (b) the variation of (h)2 versus 

photon energy (h), (c) optical bandgap versus the deposition temperature. 
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Kumar et al. also observed similar trend in which the optical bandgap of -Ga2O3 deposited 

using Ar was found to decrease with increase in deposition temperature [60]. The higher values of 

the bandgap at lower substrate temperatures were attributed to the combined effect of the presence 

of excess O2 or amorphous nature of the film, which could explain the case for the films obtained. 

In the reported study, films deposited above 300 C were found to be stoichiometric.  

5.2.4 Target Poisoning 

While depositing the Ga2O3 films, the target started to develop a coloration that transferred 

to the films making it impossible consistent optical data. The issue at hand necessitated the 

incorporation of O2 into the gas mixture. This report aims to delve into the impact of gas 

composition on the composition of Ga2O3 films through Energy Dispersive Spectroscopy (EDS) 

analysis. A qualitative comparison of the target under different gas mixtures is provided to 

understand the variations in film composition, along with a quantitative analysis of the Ga/O 

content in the films. 

The parameters for the experiments were set as follows: a deposition rate of 2.0 Å/s, a 

deposition time of 3.0 hours, and varying gas flow ratios of 10:0, 80:20, and 50:50 for Ar:O2. The 

power used was 100W, the material under study was Ga2O3, and the temperature during deposition 

was maintained at 25 °C. These parameters were carefully selected to investigate the influence of 

gas composition on the resulting composition of Ga2O3 films, shedding light on the importance of 

oxygen incorporation in the gas mixture for desired film characteristics.  
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Figure 5.6 EDS Holder containing samples (a) 50:50, (b) 80:20, (c) 100:0 Ar/O2. 

Altering the gas composition has a "poisoning" effect on the target as the oxygen 

concentration in the mixture decreases. This issue transfers into the deposited films. This effect 

can be attributed to the depletion of oxygen during the deposition process. In Figure 5.6, the 

samples are depicted mounted on the Energy Dispersive Spectroscopy (EDS) holder. The sample 

deposited with 100% Ar (Fig. 5.6 (c)) displays a gradient from pink to blue, indicating variations 

in thickness. On the other hand, the sample deposited with 50% Ar exhibits a yellow color, 

indicating a high oxygen content (Fig. 5.6 (a)). Lastly, the sample deposited with 80% Ar shows a 

blue color (Fig. 5.6 (b)). These color variations provide visual insights into the influence of gas 

composition on the resulting film characteristics. 
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Figure 5.7 Effect of the gas mixture on the appearance of the target: (a) 50:50, (b) 80:20, (c) 100:0 

Ar/O2. 

The impact of gas composition is particularly noticeable on the target. Decreasing oxygen 

content leads to target poisoning due to oxygen depletion as it can be clearly seemed in Fig. 5.7. 

Electron Dispersive Spectroscopy (EDS) was conducted on three samples using consistent 

parameters for ZAF method comparison (Fig. 5.8). The sample deposited with 100% Ar displayed 

a lower oxygen percentage but unexpectedly showed an iron (Fe) peak of unknown origin. The 

80% Ar sample exhibited a slight increase in oxygen content and was notably thinner than the 

100% Ar sample, as indicated by a silicon substrate (Si) peak. 

Conversely, the 50% Ar sample showed the highest oxygen content and the strongest Si 

peak. This suggests that oxygen levels in the gas mixture affect deposition rates, even with the 

same deposition time and distance from the target. Table 5.1 summarizes the weight percentages 

of oxygen in all samples, considering only gallium and oxygen as the elements present in the films. 

Generally, oxygen content increases with higher percentages of oxygen in the mixture.  
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Figure 5.8 EDS of films deposited in a) 100:0 Ar/O2, b) 80:20 Ar/O2, and c) 50:50 Ar/O2. 

 

 

a) 100:0 Ar/O2 

b) 80:20 Ar/O2 

c) 50:50 Ar/O2 
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Table 5.1 EDS elemental composition of Ga2O3 films deposited on Si at 25 C using different 

Ar/O2 mixtures. 

5.2.5 Effects of Ar:O2 ratio During Deposition 

The film microstructure is established by the mobility of the sputtered atomic species on 

the surface of the substrate, which in turn is determined by several factors in the sputtering process. 

Proper optimization of these parameters can therefore be used to tailor the film quality. 

Explanation for preferential growth directions of sputtered films has been proposed comprising 

the thermodynamic, kinetic and atomistic models [214]. In the first model, the minimum energy 

of the substrate-film system (thermodynamic equilibrium) determines the growth direction of the 

film [215]. In the kinetic model, the eventual orientation of the film is that in which the species 

have the least mobility, caused by the substrate temperature [216]. In the atomistic model, 

orientation of the films deposited at high temperatures is determined by the thermodynamics of 

the growth planes, in which the one with the lower energy is preferred [217]. For these reasons, 

the change in the deposition gas composition will in turn produce sputtered species with varied 

 
Ar/O2 

% Ratio 

Atomic % Ga/O 

Ga(L) O(K) 

100/0 41.28 58.72 0.7036 

80/20 39.05 60.96 0.6398 

50/50 38.30 61.70 0.6214 
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kinetic energies, and the change in substrate temperature will contribute to the kinetics of the 

species as they condense on the surface of the substrate. In either case, optimum film 

microcrystalline structures are obtained at different sputtering conditions. Figure 5.9 shows XRD 

scans of Ga2O3 films deposited at distinct Ar/O2 ratios at 500 C. 

 

Figure 5.9 XRD scans for films deposited at 500 C using various Ar:O2 composition ratios. (all 

samples were deposited at 500 C). 

The XRD scans reveal that good crystallinity can be achieved at 50:50 and 80:20 Ar/O2 

mixture at a deposition temperature of 500 C. Further increased in the oxygen content makes the 

films amorphous and the peaks belonging to -Ga2O3 get attenuated. Table 5.2 shows the elemental 

composition obtained by EDS analysis of Ga2O3 films deposited at 500 C using different Ar/O2 
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mixtures. The results show that using higher Ar content in the deposition gas produces 

correspondingly higher Ga content in the films. This could be due to increased preferential 

sputtering of Ga arising from increased kinetic energy of the sputtering ionic species when more 

Ar atoms with larger mass compared to O2 is present in the gas mixture. 

Table 5.2 EDS elemental composition of Ga2O3 films deposited on sapphire at 500 C using 

different Ar/O2 mixtures. 

 

 

 

 

 

 

 

 

 

The plot Fig. 5.10 shows the variation of bandgap with the composition of Ar in the Ar/O2 

gas used in the deposition. These films were deposited at 500 C. It shows that the bandgap reaches 

a maximum value of 5.06 eV at a percent Ar/O2 gas composition of 50:50. Takakura et. al., 

reported a similar trend in -Ga2O3 films deposited on silicon substrates at room temperature using 

different compositions of Ar/O2 [218]. The values they obtained were 5.04 eV, 5.08 eV and 5.05 

Ar/O2 

% Ratio 

Atomic % Ga/O 

Ga(L) O(K) Al(K) 

100/0 35.98 60.32 3.70 0.60 

80/20 19.44 61.64 18.91 0.32 

50/50 13.69 65.43 20.88 0.21 

20/80 11.30 63.33 25.37 0.18 

0/100 4.73 68.85 26.42 0.07 
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eV for compositions of Ar/O2 = 0, 0.4 and 0.6, respectively, which peaks at about 50:50 Ar/O2  as 

confirmed by our data shown in Table 5.2. 

 

Figure 5.10 Bandgap dependence on deposition gas ratio. 
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5.2.6 Effects of Deposition Temperature in Ar/O2 Mixtures.  

5.2.6.1 50:50 Ar/O2 Mixture 

 The effects of temperature were further studied on the films deposited in 50:50 Ar/O2 

mixture. The films are amorphous at temperatures below 500 C, where they become crystalline 

(Fig. 5.11). It seems that films with good crystallinity can be obtain at various gas compositions, 

but the required temperature for crystallization will vary for each mixture of gases. The sharper 

XRD peaks belonging to -Ga2O3 were obtained at 700 C for this set of samples deposited in 

50:50 Ar/O2. AFM 5 x 5 μm scans on the films are shown in  Fig. 5.12. A change in the morphology 

of the film is precisely occurring at 500 C with the appearance of larger features on the film 

surface. 
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Figure 5.11 XRD scans for samples deposited a various temperature in Ar/O2 (50:50). 
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Figure 5.12 AFM 2D 5x5 μm scans of Ga2O3 films grown on sapphire at different deposition 

temperatures in Ar/O2 (50:50) mixed atmosphere.

20°C 200°C

400°C 500°C

600°C 700°C
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Figure 5.13 RMS GOX films grown on sapphire at different deposition temperatures in 

50:50 Ar/O2 atmosphere. 

The RMS roughness parameter is shown in Fig. 5.13, the films roughness initially 

decreases with increasing temperature and then increases with increasing temperature above 400 

C. Transmittance and absorbance data was obtained for this set of samples deposited in 50:50 

Ar/O2 at a temperature range of 25 – 700 C. Similarly, a Tauc plot was constructed to obtain the 

optical bandgap of the films. It is worth mentioning that the bandgaps values shown in Fig. 5.15 

(b) for these films, were slightly bigger with a maximum of 5.23 eV at room temperature and 

followed a similar decreasing trend with increasing temperature.  
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Above 500 C, the bandgap values fluctuated around a constant value of 5.03 eV. It is been 

previously observed that annealing can significantly decrease oxygen vacancies in the crystals 

[56]. The effect of deposition temperature on the films is similar to that of post deposition 

annealing. The reduction of oxygen vacancies shifts the Fermi level down, consequently 

decreasing the optical bandgap at higher temperatures. 
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Figure 5.14 Plots showing the optical properties of the films deposited in 50:50 Ar/O2 at various 

temperatures: (a) transmittance spectra, and (b) absorbance spectra. 

(a)  

(b)  
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Figure 5.15 Plots of data obtained from Ga2O3 films deposited in Ar/O2 (50:50)  at different 

temperatures showing: (a) the variation of (h)2 versus photon energy (h), and (b) optical 

bandgap versus the deposition temperature. 
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5.2.6.2 Ar/O2 (80:20) Mixture 

Temperature effect was also studied in the films deposited in 80:20 Ar/O2 gas composition. 

The films this mixture has better crystalline formation at a substrate temperature of 500 C and 

550 C. The appearance of multiple peaks at 30° from the scans shown in Fig. 5.16 correspond to 

the (400) plane of β-Ga2O3, which indicate that the films become polycrystalline at temperatures 

higher than 550 C. The XRD results indicate that the optimum deposition temperature in this gas 

mixture is in the range of 500-550 C. Akazawa found 300 C to be the optimum temperature 

when -Ga2O3 was deposited under O2 gas flow on sapphire c-plane [62].  

 

Figure 5.16 XRD scans for films deposited at various temperatures in 80:20 Ar/O2. 
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Table 5.3 shows the EDS elemental composition of the films deposited at different temperatures 

using 80:20 Ar/O2 mixture. 

Tsub 

(C) 
Atomic % Ga/O 

Ga(L) O(K) Al(K) 
20 4.32 71.79 23.89 0.6 
250 13.03 63.96 23.02 0.20 
500 17.96 64.49 17.54 0.28 
650 12.16 63.10 24.74 0.19 
800 10.08 66.24 23.69 0.15 

 

This data indicates that as the substrate temperature is increased, the Ga content in the film 

reaches a peak value at Tsub = 500 C and then decreases. As explained above, the change in 

substrate temperature contributes to the kinetics of the sputtered species as they condense on the 

surface of the substrate. Higher substrate temperatures above 500 C seems to be unfavorable for 

condensation of the Ga species onto the substrate, hence the decrease in its content in the film. The 

aluminum (Al) in the EDS results is due to its presence in sapphire substrate. The contribution of 

oxygen from both the film and the sapphire substrate as well as lack of a calibration standard limits 

inference of quantitative compositions of the films using the EDS data. 
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Figure 5.17 Bandgap of films deposited in 80:20 Ar/O2 mixture. 

 

5.2.7 Effect of the Annealing Temperature on the Ga2O3 films deposited on sapphire in Ar 

atmosphere.  

The effect of post-deposition annealing was investigated for a selected set of films 

deposited at 400 C in Ar. A sample was diced and annealed at temperatures ranging from its as 

deposited version, i.e., 400 C, up to 900 C. Figure 5.18 shows no further improvement in the 

quality of the film with post-deposition annealing treatment; this is due to the introduction of 

addition peaks located at 30.0 and 35.5, belonging to another set of planes (400) and (111) of β-

Ga2O3, respectively [219]. The results indicate that there is no further optimization on the 

microstructure of the deposited films by post-annealing treatment. 

Temperature (C) 
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Figure 5.18 XRD scans of Ga2O3 films deposited at 400 C in Ar and annealed in N2 for 15 min 

at different temperatures. (b) Variation of the integrated intensity of the (4 0 2) peak at 37.2o with 

annealing temperature. 
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Figure 5.20  shows the variation of the integrated intensity of the (4 0 2) peak at 37.2 with 

the annealing temperature. The data shows a gentle decrease in the intensity up to annealing 

temperature of 500 C, after which, there is a rapid decrease in intensity, indicating a worsening 

of the crystalline quality of the film. This suggests that improvement of the crystalline quality of 

the films is achieved with the deposition at 400 C, and that post-deposition annealing only 

worsens the crystal quality of the films. 

 

Figure 5.19 Variation of the integrated intensity of the (402) peak at 37.2 with annealing 

temperature. 
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5.3 Homoepitaxial Growth of Ga2O3 films on (𝟐𝟎𝟏) Ga2O3 Substrates 

5.3.1 Introduction 

In section 2.2 a literature review on homoepitaxial growth was displayed. Even during 

homoepitaxial growth, the resulted films can present stacking faults, twin boundaries, and 

rotational domains. These faults can show in HRTEM and electron diffraction, however it is not 

clear if it has significant effects on the crystal structure since XRD data only shows a small 

broadening of the characteristic peaks, but no additional peaks appear in any of the studied surface 

orientations, i.e., (001)-, (0 1 0)-, and (2 0 1)-oriented -Ga2O3. In this section XRD data of Ga2O3 

films grown on the surfaces mentioned above is presented to show the effects of surface treatment 

before deposition, the effects of deposition temperature on the (201)-oriented -Ga2O3  substrate, 

and Ga2O3 films deposited on the three surfaces at a selected temperature of 300 C. 

5.3.2 Experimental Procedure 

 The ( 201 )-Ga2O3 substrates grown by EFG were purchased from Sojitz Machinery 

Corporation, a Japanese based Company. Other substrate Ga2O3 substrate orientations were 

supplied by our collaborator, Dr. Joseph Marret from the Air Force Research Laboratory, Dayton, 

OH. The substrate dies have dimensions of 5 x 5 mm2 and are one-sided polished. All substrates 

were submitted to the cleaning method referenced in section 3.1 which consist sequential 

sonication in acetone (10 min), isopropanol (10 min), DI water (10 min), 5 min soak in 

hydrochloric acid (HCl 10%), rinse in DI water, 5 min soak in boiling H2O2 at 85 C, rinse with 

DI water, and blow dry. A base pressure of ~7.0 E-7 Torr and deposition pressure using Ar of 3.5 

mTorr was used for all depositions. The sputtering power was kept at 100 W. Initially the UID 

(201)-oriented substrate was submitted to thermal desorption, but this process created extra peaks 
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in the XRD, and was omitted for the rest of the samples. For the effects of the deposition 

temperature, (201)-oriented substrates were utilized and subjected to a temperature ranging from 

room to room to 400 C in steps of 100 C, then XRD data was collected. Finally, 300 C was 

selected to deposit Ga2O3 films on the other two surfaces, i.e., the (001) and (010).  

5.3.3 Effect of surface treatment on Films grown on (201) substrate. 

Our initial inquiry focused on whether surface treatment was required prior deposition of 

the homoepitaxial films. To investigate this, the (201) UID substrate underwent annealing at 500 

C in O2 ambient for 30 min. Subsequent X-ray diffraction (XRD) analysis of the substrate 

revealed the emergence of additional (100) -Ga2O3 peaks, as illustrated in Fig. 5.20. Therefore,  

based on these findings, the surface treatment procedure was omitted to streamline the 

homoepitaxial deposition process. Surface treatment on gallium oxide substrate can lead to the 

creation of additional peaks in X-ray diffraction (XRD) spectra due to several factors. One 

plausible reason is the formation of surface defects or impurities during the treatment process, 

which can introduce new crystalline structures or modify the crystal lattice of the material. 

Additionally, surface treatments such as annealing or oxidation can induce phase transformations 

or alter the stoichiometry of the material, resulting in the appearance of new peaks in the XRD 

pattern. Moreover, literature reviews have demonstrated that gallium oxide samples exposed to 

oxygen pressure during surface treatment can lead to alterations in the crystal structure and changes 

in the oxidation state of gallium atoms. These alterations can result in variations in the X-ray 

diffraction (XRD) pattern, including the emergence of additional peaks or shifts in peak positions, 

reflecting the structural modifications induced by the surface treatment. Overall, surface treatments 

can significantly impact the structural properties of gallium oxide, potentially resulting in the 

emergence of additional peaks in XRD analysis. 
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Figure 5.20 Effects of thermal desorption of the pristine (201) UID Ga2O3 substrate. 
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5.3.4 Effect of Deposition Temperature on Films Grown on (2 0 1) Substrate. 

Figure 5.21 shows the XRD data of the films grown at various temperatures; the substrate 

is included for comparison. Additional peaks belonging to (100)-oriented planes of -Ga2O3 can 

be seen in all deposition temperatures above 300 C. Gallium oxide homoepitaxial films can 

exhibit extra peaks in X-ray diffraction (XRD) patterns with increasing deposition temperature 

due to several reasons. Firstly, higher deposition temperatures promote enhanced crystallization, 

leading to the growth of larger and more well-defined crystallites within the film, which can result 

in additional diffraction peaks in the XRD pattern. Secondly, elevated deposition temperatures 

may trigger phase transformations or the formation of new crystallographic phases within the film, 

manifesting as extra peaks in the XRD spectrum. Additionally, the increased thermal energy 

facilitates strain relaxation, causing the reorientation of crystal planes or the formation of new 

crystal domains, contributing to the appearance of extra diffraction peaks. 
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Figure 5.21 XRD of films deposited on UID (201) substrate at various temperatures. Substrate is 

included for comparison. 
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FWHM was obtained from a gaussian fit the (603) Bragg peak of -Ga2O3, using Origin 

Pro. Figure 5.22 shows that the average FWHM for (603) Bragg peak of -Ga2O3, there is a sudden 

increase of the FWHM for the films deposited homoepitaxially on (201) Ga2O3 when compared 

to the pristine substrate. Cheng et al observed a similar broadening of the XRD peaks while 

studying homoepitaxial (001)-Ga2O3 films and was able to correlated this diffused scattering in 

the XRD with stacking faults observed in HRTEM  [76]. This suggests that the films rf sputtered 

on (201)-Ga2O3 substrate have stacking faults, however further microstructural characterization in 

the form of HRTEM needs to be performed to confirm the presence of these fault domains. 
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Figure 5.22 Average FWHM for the (603) Bragg peak with increasing deposition temperature of 

homoepitaxial films grown on (201)-oriented substrates. 
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5.3.5 Homoepitaxial Growth of Ga2O3 Films on Various Surface Orientations. 

Based on the previous XRD for homoepitaxial growth on (201)-oriented substrates, an 

optimized deposition temperature of 300 C was selected to further investigate homoepitaxial 

growth of Ga2O3 in other substrate orientation. Three distinct substrate orientations were used, i.e., 

(001)-, (010)-, and (201)-oriented -Ga2O3. This set of homoepitaxial films were all deposited at 

300 C. Figure 5.23 shows the XRD data for the three surfaces which indicates that (100)-, and 

(010)- films followed the same crystal orientation of each individual substrate, and no foreign 

peaks are observed for these two samples. XRD data for the (201)-Ga2O3, films showed Bragg 

peaks at 18.89, 38.3, and 59.01 belonging to (201), (402), and (804) of (201)-oriented -

Ga2O3, respectively [86]. As observed before, the additional (100)-oriented planes appear on films 

deposited on the (201) substrate. The second surface is the (010)-oriented -Ga2O3 which a mayor 

peak at 61 which belong to (020) planes of (010)-oriented -Ga2O3. Lastly, the (100)-oriented 

surface showed two peaks at 15.6 and 31.9 belonging to (400) planes of -Ga2O3 [220]. 
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Figure 5.23 Homoepitaxial films deposited on (100)-, (010)-, and (201)-oriented -Ga2O3 at 

300 C, and respective pristine substrates. 
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5.4  Optimization of Doping of Ga2O3 Films Grown on (𝟐𝟎𝟏) Sn-Doped Ga2O3 Substrates 

5.4.1 Introduction 

Undoped stoichiometric Ga2O3 should be a transparent insulator due to its large bandgap 

of 4.87 eV. Nevertheless, Ga2O3 exhibits an unintentionally n-type doped (UID) conductivity 

[221]. The origin of this unintentional doping remains a topic of discussion, with various defects, 

including oxygen vacancies (VO), hydrogen interstitials (Hi), substitutions (HO), gallium 

interstitials (Gai), and other impurities being suggested [221]. As introduced in section 2.3 Ga2O3 

n-type doping has been achieved successfully with elements from group IV such as Si, Sn, Ge, 

Nb, and Ta with controlled bulk concentration in the range of 1016-1019 cm-3 for bulk crystals and 

in the range of 1014-1020 cm-3 for epitaxial thin films, with corresponding Hall mobility measured 

to be 140 and 184 cm2/Vs for bulk crystals and thin films, respectively [221]. Since doping directly 

affects the conductivity of the film, it is a crucial step for increasing the device’s performance. In 

this section, optimization of the doping concentration was performed by varying the Sn target dc 

current and post-deposition annealing temperature. The optimized doped films were later used in 

section 5.6 to  fabricate Ohmic contacts to demonstrate a simple Schottky barrier diode device. 

5.4.2 Experimental Procedure 

Sn-doped (2 0 1) substrates were cleaned using the cleaning method referenced in section 

3.2. The setup for doping is shown in Fig. 5.25, where two the targets can be seen aligned towards 

the substrate holder heater. This configuration allows us to co-sputter Ga2O3 and Sn simultaneously 

to created uniform Sn-doped Ga2O3 films. The chamber was evacuated to reach a base pressure of 

~7 x 10-7 Torr prior to each deposition. During the depositions, a constant mixed gas flux of 9.9:0.1 

sccm Ar/O2 (1% O2)  was inserted. The deposition pressure was kept at 3.5 mTorr and the substrate 



 
 

179 
 

holder was kept at 450 C for all depositions. The power used for the Ga2O3 target was 100 W, 

while Sn was dc sputtered with a current varied from 2 mA to 6 mA in steps of 1 mA. XRD data 

was collected to verify if the crystal quality of the films remained unaltered after doping with Sn 

impurities. EDS analysis was done to monitor the Sn concentration with varying target dc current. 

Finally, Hall effect measurements of the films were taken after annealing for 3 min at temperatures 

ranging from 200-700 C in Ar ambient, to obtain crucial parameters such as bulk concentration, 

mobility, resistivity, sheet resistance of the doped films.  

 

Figure 5.24 Uniform Sn-doping deposition target setup. 
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5.4.3 XRD of Sn-Doped Ga2O3 Films Deposited on (201) Sn-Doped Ga2O3 Substrates Using 

Various Sn Target dc Currents.  

Figure 2.25 shows XRD data for the Sn-doped films. The major intensity Bragg peaks 

located at 38, 58, and 82 belong to (201) -Ga2O3 and are present in all films. (201) Ga2O3 has 

a peak at 18, but this peak was weakly observed only in the film doped at 3 mA. There is an 

additional peak located at 30, and was previously observed in our films and substrates, coming 

from (100)-oriented planes of -Ga2O3. From this data it was concluded that the crystal structure 

of monoclinic (201) -Ga2O3 is unaltered with the obtained doping concentration.  
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Figure 5.25 XRD of Sn-doped (201) homoepitaxial films with various Sn dc deposition current. 
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5.4.4 EDS Analysis of Sn-Doped Ga2O3 Films Deposited on (2̅01) Sn-Doped Ga2O3 Substrates 

Using Various Sn DC Currents.  

To measure the dopants concentration directly, EDS analysis was used to obtain the atomic 

percentage of Sn in the films. At least 3 scan areas were measured for each sample. Table 5.4 

shows EDS data for the films doped at various dc currents, and shows an increase of the average 

Sn atomic percentage with increasing dc current, as expected. A minimum value of 0.047% Sn 

was obtained at a dc current of 2 mA, and a maximum value of 0.573% was obtained at the largest 

dc current of 6 mA. The measurements were consistent across each sample which confirms that 

uniform doping by co-sputtering Ga2O3 and Sn was achieved. Table 5.4 was plotted in Fig. 5.27 

for better visualization of the Sn atomic percentage with increasing Sn dc current. 

Table 5.4 EDS analysis with increasing Sn DC Current. 

Sn dc Current (mA) Avg Sn (At%) Avg Ga (At%) Avg O(At%) 
2 0.047 26.033 55.737 
3 0.060 26.277 54.860 
4 0.103 25.843 54.920 
5 0.113 31.393 55.860 
6 0.573 31.113 56.293 
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Figure 5.26 Sn atomic percentage with increasing Sn target dc current. 

 

 

 

 

 

 

 



 
 

183 
 

5.4.5 Hall Effect Measurements of Sn-Doped Films on (201) Sn-Doped Ga2O3 Substrates 

5.4.5.1 Bulk Concentration vs Annealing Temperature 

Bulk concentration obtained from Hall measurements on the Sn-doped films deposited on 

(201) Sn-doped Ga2O3 substrates was plotted against the annealing temperature (Fig. 5.27 (a)-(e)) 

at different Sn target  dc currents. The goal was to determine the best annealing temperature which 

gives the highest bulk concentration in the films. The bulk concentration had lower limit of around 

1 x1015 cm-3 at 200 C and goes up to 1 x1019 cm-3 at 600 C, and then drops after 600 C. 

Therefore, the optimized annealing temperature based on the obtained bulk concentration of the 

films was determined to be at a range between 500 C and 600 C, as the bulk concentration tended 

to drop after 600 C for most of the samples evaluated. The bulk concentrations obtained in our 

films fall in the previously obtained bulk concentration range of 1014-1020 cm-3 for epitaxial films 

[221]. Annealing temperatures up to 1450 C for 6 hours in nitrogen ambient has been reported 

for bulk crystals, to reduce residual stress in the crystal and achieve full activation of donors before 

the substrate fabrication process [158]. This was not performed on the fabricated films.  
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Figure 5.27 Bulk concentration vs annealing  temperature for (a) 2mA, (b) 3 mA, (c) 4 mA, (d) 5 

mA, and (e) 6 mA Sn target dc current. 
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5.4.5.2 Mobility vs Annealing Temperature 

The Hall mobility was plotted against annealing temperature at different Sn target dc 

currents to identify the annealing temperature that produces the highest mobility value. 

Surprisingly, a maximum Hall mobility of 6.8 x 103 cm2/Vs was achieved at 500 °C with a Sn dc 

current of 3 mA, which significantly contrasts with previous experiments on epitaxial thin films, 

where the maximum reported mobility ranged from 184 cm2/Vs and decreased to 140 cm2/Vs for 

bulk crystals [221]. However, the high resistivity of our films most likely resulted from a noisy 

Hall measurement, rendering these results inconclusive and necessitating further investigation.  

Additionally, it was noted that the carrier mobility substantially decreased for samples 

deposited using a Sn dc current of 6 mA at comparable annealing temperatures shown in Fig. 5.28 

(e). Excessive doping concentrations within a semiconductor film can have detrimental effects on 

carrier mobility, impacting the material's electronic properties. One of the primary reasons for 

decreased carrier mobility is the increased likelihood of carrier scattering events caused by high 

doping concentrations. When carriers move through a heavily doped region, they experience more 

frequent interactions with dopant atoms or impurities, leading to increased scattering and reduced 

mobility. Additionally, excessive doping can disrupt the lattice structure of the material, 

introducing defects and imperfections that act as scattering centers for carriers, further hindering 

their mobility. Furthermore, high doping concentrations can cause carriers to become more 

localized near dopant atoms or clusters, limiting their effective mobility and contributing to 

decreased overall carrier mobility. These factors highlight the importance of maintaining an 

optimal doping concentration to ensure high carrier mobility and efficient electronic performance 

in semiconductor materials. 
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Based on the bulk concentration data and mobility data, an annealing temperature of 500 

°C and a Sn dc current of 5 mA were chosen as the optimal conditions for Ga2O3 Sn-doped films 

on (2̅01)  Sn-doped Ga2O3 Substrates. Moreover, it is essential to note that the relationship 

between bulk concentration and carrier mobility is complex and heavily influenced by factors such 

as annealing temperature and Sn dc current during deposition, indicating that achieving optimal 

carrier mobility requires careful consideration of multiple parameters during the fabrication 

process. The observed discrepancy between our results and those reported in literature underscores 

the complexity of optimizing carrier mobility in Ga2O3 Sn-doped films. Future studies should 

concentrate on refining the optimization process and experimental conditions, including enhancing 

film uniformity, and reducing defects, to attain more reliable and consistent Hall mobility 

measurements. Additionally, exploring alternative characterization techniques or doping methods 

may offer insights into improving carrier mobility and enhancing the overall performance of 

Ga2O3-based electronic devices. 
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Figure 5.28 Mobility vs annealing  temperature for (a) 2mA, (b) 3 mA, (c) 4 mA, (d) 5mA, and 

(e) 6mA Sn target dc current. 
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5.5  Optical Band Gap Tunning with Metal Alloys to Ga2O3 

5.5.1 Introduction 

This section explores the modification of the optical bandgap by co-sputtering films 

containing an alloy or admixture of gallium oxide (Ga2O3) and two additional oxides, lutetium 

oxide (Lu2O3) and boron oxide (B2O3). Among various band-structure-engineering methods used 

in modern semiconductor devices, alloying stands out as a crucial technique alongside 

heterostructures, superlattices, strain, and other effects. For instance, alloying Ga2O3 with Al2O3 

or In2O3 has been effectively employed to adjust the bandgap of Ga2O3 [194,222]. Alloying Ga2O3 

with other oxides can significantly impact the optical bandgap of the deposited films. This 

alteration occurs due to the introduction of additional energy levels within the band structure of 

the material. When Ga2O3 is alloyed with oxides like Ga2O3 and boron oxide B2O3, the energy 

levels associated with these additional elements interact with the energy levels of Ga2O3, leading 

to changes in the electronic configuration and bandgap of the alloyed material. However, the 

complexity of alloys often leads to composition variations and phase separation, which can impact 

the original crystal structure, presenting challenges for precise and consistent bandgap engineering 

[223]. Overall, alloying Ga2O3 with other oxides introduces new energy states into the material's 

band structure, leading to alterations in the optical bandgap of the deposited films. This 

phenomenon is of great interest in materials science and semiconductor device fabrication, as it 

allows for tailored control over the optical properties of Ga2O3-based materials for various 

technological applications Characterization techniques like XRD, EDS, and UV-Vis can help 

understand these changes and optimize alloy compositions for specific optical characteristics. 
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5.5.2 Experimental Procedure  

Ga2O3. Two distinct sets of samples were prepared by sputtering deposition to investigate 

the effects of co-sputtering Lu2O3 with Ga2O3 in one set, and B2O3 with Ga2O3 in the second set. 

Co-sputtering is possible with the use of goose-neck cathodes that can be adjusted below the 

substrate heated as depicted in Fig. 5.29. Lu2O3 was co-sputtered using powers of 20, 30, and 80 

W while B2O3 was co-sputtered with rf powers of 40, 50, 80 W. The power Ga2O3 was kept at 100 

W for all samples. The depositions lasted for 2 hours at a temperature of 500 °C in an Ar:O2 (1% 

O2) atmosphere. Furthermore, two different substrates were simultaneously used for each selected 

rf power. A pair of (201) unintentionally doped (UID) and Sn-doped Ga2O3 substrates was loaded 

for each rf power.  

Both substrates were one-side polished upon purchase. However, to accurately determine 

the optical bandgap, substrates with optically transparent surfaces were required, prompting the 

need to polish the backside of the purchased substrates. Mechanical polishing was performed on 

all substrates down 1 μm grading using a diamond pad and rotating table. Atomic force microscopy 

scans on the surface were done to evaluate the roughness of the polished surface and to compare 

with the default polished performed by the company before purchasing. Table 5.5 shows the 

roughness parameters obtained for the polished samples, indicating that although an improvement 

was achieved, the new mechanically polished surfaces were worse in quality than the surface 

polished by the industry with a difference of 2 orders of magnitude in the RMS parameter. 

Al2O3. To mitigate the issue of not having a perfectly optical transparent surfaces, the 

experiment was repeated on c-plane double-side polished Al2O3. All samples were deposited on 

c-plane Al2O3 substrates. Prior to deposition the substrates cleaned by general solvent clean 
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method in acetone, IPA, and DI water. Then, the substrates were submitted to thermal annealing 

process in O2 atmosphere at 500 C for 30 minutes before co-sputtering of the alloy mix. At least 

4 different rf powers were used, 0 W, 9 W, 12W, 50 W, 80W.  

Table 5.5 RMS values of different surfaces. The selected area in the image to extract these values 

was 10 x 10 px. 

Surface Run RMS (nm) Average (nm) Error (nm) 

 

Industry Polished 

1 0.230  

0.263 

 

±0.056 2 0.319 

3 0.240 

 

Un-Polished 

1 28.0  

37.1 

 

±19.76 2 56.7 

3 26.7 

Mechanical 

Polished 

(At YSU) 

1 1.2  

1.5 

 

±0.4 2 1.9 

3 1.4 
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Figure 5.29 Alloys deposition setup. 
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5.5.3 Effects of B2O3 Sputtering Power Variation on Ga2O3 

XRD. X-ray diffraction of the B2O3/Ga2O3 alloy films deposited on UID Ga2O3 substrate 

revealed that additional peaks appear for the samples co-sputtered at a rf power above 50 W. These 

peaks previously appeared in the homoepitaxial films grown on Ga2O3 substrate at a deposition 

temperature of 400 C. The films in this set of were deposited at a higher temperature of 500 C, 

therefore the additional peaks are to be expected. Nevertheless, for lower a lower rf power of 40 

W, the additional peaks are not present. These additional peaks are from the {100} Ga2O3 family 

of planes, and result from the deposition temperature and the distortion of the crystal as boron is 

introduced to the matrix.  
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Figure 5.30 B2O3 alloy on UID Ga2O3 substrate XRD. 
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EDS. Energy dispersive spectroscopy (EDS) analysis of the B2O3/Ga2O3 alloy films 

deposited on the UID Ga2O3 substrate confirmed the successful deposition of boron oxide within 

the films (Fig. 5.31-5.33). The EDS results indicated a noticeable increase in the atomic percent 

of boron with increasing B2O3 rf power during deposition. The average atomic percent of boron 

obtained from EDS was 47%, 48%, and 52% for rf powers of 40, 50, and 80 W respectively, as 

depicted by Figure 5.34 where the atomic percent of boron, gallium and oxygen is plotted against 

the rf power of B2O3. This observed increment in boron concentration aligns with expectations, 

highlighting the direct correlation between the rf power applied during deposition and the 

concentration of boron oxide incorporated into the alloy films. 
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Figure 5.31 EDS report B2O3 on UID Ga2O3 rf power: 40 W. 
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Figure 5.32 EDS report B2O3 on UID Ga2O3 rf power: 50 W. 
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Figure 5.33 EDS report B2O3 on UID Ga2O3 rf power: 80 W. 
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Figure 5.34 Atomic percent of B, Ga, and O of films deposited on UID Ga2O3 as a function of the 

B2O3 rf power. 
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UV-Vis Spectroscopy. UV-Vis spectroscopy was used to analyze the optical properties of 

the B2O3/Ga2O3 alloy films deposited on the UID Ga2O3 substrate. The results revealed that these 

films demonstrated high transparency across the entire spectrum. As shown in Fig. 5.35 there was 

no direct correlation observed between transmittance and rf power. Typically, Ga2O3 films absorb 

light in the ultraviolet (UV) region of the spectrum; however, this behavior was not clearly 

observed in the transmittance plot presented in Fig. 5.36. Instead, the measurements were noisy in 

this region, which was attributed to the inability to achieve an optically transparent surface during 

the polishing process of the purchased substrates. This issue persisted across all mechanically 

polished samples, impacting the clarity of the UV-Vis spectroscopy results.  
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Figure 5.35 Transmittance of B2O3/Ga2O3 alloy films deposited on the UID Ga2O3 substrate. 
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Absorbance measurements yielded a clearer result. Figure 5.37 (a) demonstrates that the 

films indeed absorb in the UV region as expected for films co-sputtered with gallium oxide. 

However, no visible pattern of absorbance is observed with increasing B2O3 rf power. Following 

the absorbance plot, energy plots were constructed to extract the optical bandgap of the deposited 

alloy films, as depicted in Fig. 5.37 (b). These energy plots allowed for a quantitative assessment 

of the bandgap characteristics of the B2O3/Ga2O3 alloy films.  
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Figure 5.36 Absorbance (a) and energy plot (b) of B2O3/Ga2O3 alloy films deposited on the UID 

Ga2O3 substrate. 
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The optical bandgap was plotted as a function of the B2O3 rf power (Fig. 5.37). The 

bandgap is observed to decrease slightly with B2O3 rf power from 4.64 eV at 0W to 4.62 at 50 W, 

then increase again to 4.65 eV at 80 W. Compared to the bandgap of pure Ga2O3 which is found 

to be in the range of 4.7-4.9 eV [39, 40] alloying with B2O3 results in the narrowing of the film’s 

optical bandgap. Moreover, variations in surface roughness of the polished substrate can result in 

scattering or absorption of light, affecting the measured transmittance and absorption spectra.  
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Figure 5.37 Bandgap energy vs B2O3 rf power for B2O3/Ga2O3 alloy films deposited on the UID 

Ga2O3 substrate. 
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XRD. Similarly, the films deposited on the of (201) Sn-doped Ga2O3 substrates showed 

additional (100) Ga2O3 planes at B2O3 rf power above 50 W and then their intensity is reduced at 

B2O3 rf of 80 W (Fig. 5.38). 
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Figure 5.38 B2O3 alloy o Sn-doped Ga2O3 substrate XRD. 
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EDS. EDS reports showed a direct correlation between the B2O3 rf power and the boron 

atomic percent in the film, with average values of  48%, 53% and 55% at 40W, 50W, and 80 W, 

respectively (Fig. 5.39-5.41). EDS results are better illustrated in Figure 5.42 where the atomic 

percentage of B, Ga, and O is plotted against the rf sputtering power of B2O3. 

 

Figure 5.39 EDS report B2O3 on Sn-doped Ga2O3 rf power: 40 W. 
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Figure 5.40 EDS report B2O3 on Sn-doped Ga2O3 rf power: 50 W. 
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Figure 5.41 EDS report B2O3 on Sn-doped Ga2O3 rf power: 80 W. 
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Figure 5.42 Atomic percent of B, Ga, and O of films deposited on Sn-doped Ga2O3 as a function 

of the B2O3 rf power. 
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UV-Vis Spectroscopy. UV-Vis spectroscopy was also used to analyze the optical 

properties of the B2O3/Ga2O3 alloy films deposited on the Sn-doped Ga2O3 substrate. Similarly, 

the films showed high transparency across the entire spectrum, but no direct correlation was 

observed between transmittance and increasing rf power, as depicted in Fig. 5.43.  
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Figure 5.43 Transmittance of B2O3/Ga2O3 alloy films deposited on the Sn-doped Ga2O3 substrate. 
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Figure 5.44 (a) shows that the films also absorb in the UV region as expected for films co-

sputtered with gallium oxide. Figure 5.44 (b) shows the energy plot used to extract the optical 

bandgap via a Tauc plot. 
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Figure 5.44 Absorbance (a) and energy plot (b) of B2O3/Ga2O3 alloy films deposited on the Sn-

doped Ga2O3 substrate. 
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The optical bandgap for this set is plotted as a function of the B2O3 rf power (Fig. 5.46). A 

similar pattern to the samples deposited in UID Ga2O3 was observed. The bandgap energy 

decreases slightly with B2O3 rf power from 4.64 eV at 0W to 4.62 at 40 W, then increase again to 

4.66 eV at 80 W.  
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Figure 5.45 Bandgap energy vs B2O3 rf power for B2O3/Ga2O3 alloy films deposited on the Sn-

doped Ga2O3 substrate. 
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5.5.4 Effects of Lu2O3 Sputtering Power Variation on Ga2O3 

XRD. Figure 5.46 illustrates the X-ray diffraction pattern of Lu2O3/Ga2O3 alloy films 

deposited on the UID Ga2O3 substrate. Notably, additional (100) peaks are observed at a lower 

Lu2O3 rf power of 20 W, but these peaks disappear when the rf power is increased to 80 W. 

Interestingly, no distinct peaks corresponding to Lu2O3 are detected in the XRD data, indicating 

that this phase remains non-crystalline under the deposition conditions used. 
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Figure 5.46 Lu2O3 alloy on UID Ga2O3 substrate XRD. 
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EDS. The EDS reports indicate a rise in the atomic percentage of Lu2O3 within the film as 

the rf power increases (Fig. 5.47-5.48). The average values obtained from three selected areas were 

1.4% at 20 W and 15% at 80 W. At a rf power of 100 W, the estimated deposition rate of Lu2O3 

was 1.1 Å/s, whereas Ga2O3 had a deposition rate of 0.2 Å/s under the same rf power. Despite 

using 20% of the Lu2O3 rf power, the expected concentrations of Lu and Ga should have been 

similar. However, the difficulty in sputtering Lu2O3 under these conditions resulted in a small 

concentration at an rf power of 20 W. EDS reports are plotted against the rf power in Fig. 5.49. 

 

Figure 5.47 EDS report Lu2O3 on UID Ga2O3 rf power: 20 W. 
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Figure 5.48 EDS report Lu2O3 on UID Ga2O3 rf power: 80 W. 

 

EDAX APEX  
 

 

 

  

 

 
 

Author: 
 

User Apex 
 

 

Creation: 
 

4/14/2023 2:35:32 PM 
 

 

Sample Name: 
 

033023B_UID_Lu2O3 
 

 

033023B_UID_Lu2O3 
 

 

 

 

eZAF Quant Result 
 

 
 

Element Weight % MDL Atomic % Error % 
 

   

  

Eduardo-Alloys | 033023B_UID_Lu2O3 | Area 1 | Full Area 1 
 

 

O  K 
 

18.66 
 

0.06 
 

61.71 
 

9.24 
 

 

Ga L 
 

30.00 
 

0.19 
 

22.76 
 

6.93 
 

 

Lu L 
 

51.34 
 

0.74 
 

15.52 
 

4.83 
 

  

Eduardo-Alloys | 033023B_UID_Lu2O3 | Area 1 | Selected Area 1 
 

 

O  K 
 

18.73 
 

0.06 
 

61.75 
 

9.25 
 

 

Ga L 
 

30.21 
 

0.21 
 

22.86 
 

6.93 
 

 

Lu L 
 

51.06 
 

0.78 
 

15.39 
 

4.90 
 

  

Eduardo-Alloys | 033023B_UID_Lu2O3 | Area 1 | Selected Area 2 
 

 

O  K 
 

18.29 
 

0.06 
 

61.50 
 

9.27 
 

 

Ga L 
 

28.86 
 

0.21 
 

22.26 
 

6.94 
 

 

Lu L 
 

52.84 
 

0.78 
 

16.24 
 

4.77 
 

 

 

 

 
  

  

 

kV: 15 
 

Mag: 50 
 

Takeoff: 34.8 
 

Live Time(s): 200 
 

Amp Time(µs): 3.84 
 

Resolution:(eV) 129.8 
 

  

  

 

 

 

 

 

 



 
 

212 
 

20 30 40 50 60 70 80

0

10

20

30

40

50

60

70
A

to
m

ic
 P

er
ce

nt
 (A

t%
)

Lu2O3 Sputtering Power (W)

 Lu
 Ga
 O

Lu2O3 Alloy on UID GOX Substrate

 

Figure 5.49 Atomic percent of Lu, Ga, and O of films deposited on UID Ga2O3 as a function of 

the Lu2O3 rf power. 
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UV-Vis Spectroscopy. UV-Vis spectroscopy was utilized to examine the optical 

characteristics of the Lu2O3/Ga2O3 alloy films deposited on the UID Ga2O3 substrate. These 

samples exhibited a transparency level of 70% across the spectrum. However, there was no clear 

relationship observed between transmittance and increasing rf power, as illustrated in Fig. 5.50.
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Figure 5.50 Transmittance of Lu2O3/Ga2O3 alloy films deposited on the UID Ga2O3 substrate. 
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Figure 5.51 (a) shows that the films also absorb in the UV region as expected for films co-

sputtered with gallium oxide. Figure 2.51 (b) shows the energy plot used to extract the optical 

bandgap via a Tauc plot for Lu2O3/Ga2O3 films. 
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Figure 5.51 Absorbance (a) and energy plot (b) of Lu2O3/Ga2O3 alloy films deposited on the UID 

Ga2O3 substrate. 
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The optical bandgap for this set is plotted as a function of the Lu2O3 rf power (Figure 5.52). 

The bandgap energy in the case of co-sputtering with Lu2O3 results in a slight increase with Lu2O3 

rf power from 4.641 eV at 0W to 4.646 eV at 40 W, then increase again to 4.648 eV at 80 W.  
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Figure 5.52 Bandgap energy vs Lu2O3 rf power for Lu2O3/Ga2O3 alloy films deposited on the Sn-

doped Ga2O3 substrate. 
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XRD. The investigation extended to the analysis of Lu2O3/Ga2O3 alloy films deposited on 

the Sn-doped Ga2O3 substrate. Consistent with the XRD results shown in Fig. 5.53, two prominent 

peaks originating from the (201) crystallographic plane of Ga2O3 were observed across all samples 

are present in all samples. The additional peaks were also detected, emanating from the {100} of 

Ga2O3 at rf power of 20 W. However, it is noteworthy that the intensity of these (100) planes was 

relatively weak at higher rf power of 80 W, indicative reduced orderliness of the corresponding 

crystallographic planes or lattice spacing within the alloy films.  
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Figure 5.53 Lu2O3 alloy on Sn-dope Ga2O3 substrate XRD. 
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EDS. The EDS reports shows an increase in the atomic percentage of Lu2O3 within the 

film as the rf power increases (Fig. 5.54-5.56). Average values obtained are 1.0 %, 2.6%, and 

14.6% at 20, 30, and 80 W (Fig. 5.57). Interestingly, there appears to be a decrease in the oxygen 

atomic percent with increasing rf power. This phenomenon could be attributed to the higher 

sputtering rates associated with the Lu2O3 target, leading to the evaporation of oxygen, resulting 

in oxygen deficient films.  

 

Figure 5.54 EDS report Lu2O3 on Sn-doped Ga2O3 rf power: 20 W. 
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Figure 5.55 EDS report Lu2O3 on UID Ga2O3 rf power: 30 W. 
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Figure 5.56 EDS report Lu2O3 on UID Ga2O3 rf power: 80 W. 
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Figure 5.57 Atomic percent of Lu, Ga, and O of films deposited on Sn-doped Ga2O3 as a 

function of the Lu2O3 rf power. 
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UV-Vis Spectroscopy. Transmittance of the Lu2O3/Ga2O3 alloy films deposited on the Sn-

doped Ga2O3 substrate is shown in Fig. 5.58. This set of samples exhibited a transparency level 

ranging from 60% to 76% with the samples deposited at higher power being more transparent.

200 400 600 800 1000
0

20

40

60

80

100

 20W
 30W
 80W

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

Lu2O3 Alloy on Sn-Doped GOX Substrate

 

Figure 5.58 Transmittance of Lu2O3/Ga2O3 alloy films deposited on the Sn-doped Ga2O3 substrate. 
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Figure 2.59 (a) shows that the films also absorb in the UV region as expected for films co-

sputtered with gallium oxide. Figure 2.59 (b) shows the energy plot used to extract the optical 

bandgap via a Tauc plot for Lu2O3/Ga2O3 films. 
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Figure 5.59 Absorbance (a) and energy plot (b) of Lu2O3/Ga2O3 alloy films deposited on the Sn-

doped Ga2O3 substrate. 
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The optical bandgap for Lu2O3/Ga2O3 alloy films deposited on the Sn-doped Ga2O3 

substrate is plotted as a function of the Lu2O3 rf power (Fig. 5.60). Similarly, the bandgap energy 

has a minor increase with increasing Lu2O3 rf power from 4.641 eV at 0W to 4.664 eV at 80 W. 
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Figure 5.60 Bandgap energy vs Lu2O3 rf power for Lu2O3/Ga2O3 alloy films deposited on the Sn-

doped Ga2O3 substrate. 
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5.5.5 Effects of B2O3 Sputtering Power Variation on Al2O3 

XRD. X-ray diffraction of B2O3/Ga2O3 alloy films deposited on Al2O3 substrate data is 

presented in Fig. 5.61. The sample containing no B2O3 showed two dominant peaks consistent 

with (2 0 1) planes of Ga2O3. As the B2O3 rf power of is increased, the films become amorphous, 

and the Ga2O3 XRD peaks vanish. The sample deposited at 80 W shows a peak at 42.6 which 

belong to the substrate (0001) sapphire.  
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Figure 5.61 B2O3 alloy on Sn-dope Ga2O3 substrate XRD. 
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EDS. Energy dispersive spectroscopy shows the atomic percent of boron in the films varies 

across all samples and with no visible trend as the rf power of B2O3 increases (Fig. 5.62-5.65). 

This can be attributed to the variation in the film thickness and the evaporation of boron. Boron 

oxide can react with atmospheric moisture and carbon dioxide. When exposed to moisture in the 

air, B2O3 can slowly absorb water and form boric acid (H3BO3) [224]. 

 

Figure 5.62 EDS report B2O3 on Al2O3 rf power: 0 W. 
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Figure 5.63 EDS report B2O3 on Al2O3 RF power: 9 W. 
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Figure 5.64 EDS report B2O3 on Al2O3 rf power: 12 W. 
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Figure 5.65 EDS report B2O3 on Al2O3 rf power: 80 W. 
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Figure 5.66 Atomic percent of B, Ga, and O of films deposited on Al2O3 as a function of the B2O3 

rf power. 
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UV-Vis Spectroscopy. The transmittance of the B2O3/Ga2O3 alloy films on Al2O3 

substrate is depicted in Fig. 5.67. The transparency significantly improved with double-side 

polished substrates, achieving a transmittance percentage of 98% in the visible spectrum range. 

Comparatively, the samples co-sputtered with B2O3 exhibited stronger absorption than the Ga2O3 

film alone (0 W sample). The film deposited at 80 W did not include Ga2O3 and remained highly 

transparent throughout the spectrum. The bandgap of these films fluctuated around 5.0 eV, slightly 

higher than Ga2O3 with a bandgap of 4.9 eV, while the film containing pure B2O3 displayed a 

lower bandgap of 4.7 eV. 
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Figure 5.67 Transmittance of B2O3/Ga2O3 alloy films deposited on the Al2O3 substrate at various 

B2O3 rf powers. 
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Figure 5.68 Energy plot of B2O3/Ga2O3 alloy films deposited on the Al2O3 substrate at various 

B2O3 rf powers. 
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Figure 5.69 Bandgap energy vs B2O3 rf power for B2O3/Ga2O3 alloy films deposited on Al2O3 

substrate. 
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5.5.6 Effects of Lu2O3 Sputtering Power Variation on Al2O3 

XRD. X-ray diffraction data for Lu2O3/Ga2O3 alloy films on Al2O3 substrate are illustrated 

in Fig. 5.70. The sample deposited at 0 W represents pure Ga2O3 on Al2O3 and serves as the 

reference for the XRD graph. At 9 W, the crystal structure of (201) Ga2O3 remains preserved. 

However, increasing the rf power to 12 W results in an amorphous film. Additionally, the sample 

deposited at 50 W, consisting solely of Lu2O3, exhibits two major peaks at 21.7 and 29.8, 

corresponding to cubic Lu2O3 [225]. These peaks were not observed in films deposited on Ga2O3 

substrate, indicating the potential for Lu2O3 crystallization on Al2O3. 
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Figure 5.70 Lu2O3 alloy on Al2O3 substrate XRD. 
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EDS. Energy dispersive spectroscopy reports indicate the presence of Lu2O3 in the films 

(Fig. 5.71-5.74). The average atomic percentages of Lu2O3 obtained from three scanned areas were 

0.07%, 0.12%, 0.04%, and 1.04% for rf powers of 0, 9, 12, and 50 W, respectively. A summary of 

these atomic percentages is plotted in Fig. 5.75 for all elements in the film as a function of Lu2O3 

rf power. These values vary across all powers, likely due to the non-uniformity of the film 

throughout the sample. 

 

Figure 5.71 EDS report Lu2O3 on Al2O3 rf power: 0 W. 
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Figure 5.72 EDS report Lu2O3 on Al2O3 rf power: 9 W. 
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Figure 5.73 EDS report Lu2O3 on Al2O3 rf power: 12 W. 
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Figure 5.74 EDS report Lu2O3 on Al2O3 rf power: 50 W. 
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Figure 5.75 Atomic percent of Lu, Ga, and O of films deposited on Al2O3 as a function of the 

Lu2O3 rf power. 
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UV-Vis Spectroscopy. Figure 5.76 illustrates the transmittance characteristics of the 

Lu2O3/Ga2O3 alloy films deposited on an Al2O3 substrate. These films, co-sputtered with Lu2O3, 

demonstrated exceptional transparency, achieving a transmittance level of 99.97% within the 

visible spectrum range. In the UV region of the spectrum, all films exhibited absorption. 

Remarkably, films deposited with pure Lu2O3 exhibited an absorption peak at 215 nm in the UV 

region, consistent with the known absorption behavior of Lu2O3 in similar films documented in 

the literature [219]. The bandgap of the co-sputtered films, extracted from the energy plot shown 

in Fig. 5.77, remained around 5.0 eV, close to the sample deposited with pure Ga2O3. Nevertheless, 

the extracted bandgap for Lu2O3 was significantly higher when compared to the rest of the films 

with a value of 5.46 eV. The bandgaps for all films at various rf powers are plotted in Fig. 5.78. 
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Figure 5.76 Transmittance of Lu2O3/Ga2O3 alloy films deposited on the Al2O3 substrate at various 

Lu2O3 rf powers. 
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Figure 5.77 Energy plot of Lu2O3/Ga2O3 alloy films deposited on the Al2O3 substrate at various 

Lu2O3 rf powers. 
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Figure 5.78 Bandgap energy vs Lu2O3 rf power for Lu2O3/Ga2O3 alloy films deposited on Al2O3 

substrate. 
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5.6  Implementation of Devices on the Ga2O3 

5.6.1 Introduction 

This section encapsulates the culmination and practical application of the research findings 

presented in this dissertation, focusing on the construction of a simple yet critical component in 

semiconductor technology, the Schottky diode. Section 5.6.2 delves into the methodology 

employed for preparing samples and conducting experimental analyses to assess the electrical 

characteristics of metal contacts with Ga2O3. Subsequently, Section 5.6.3 elaborates on the 

electrical outcomes derived from the deposition of diverse metal contacts, with the overarching 

objective of attaining Ohmic contact behavior with Ga2O3. A comprehensive exploration of 

various conditions such as contact structure (layer thickness), deposition parameters, and annealing 

parameters to ascertain the optimal conditions for achieving Ohmic contact with Ga2O3. 

Additionally, Section 5.6.4 investigates the behavior of two Schottky metals, nickel (Ni) and 

molybdenum (Mo), when interfaced with Ga2O3 to explore their rectifying behavior and extract 

Schottky diode important parameters, namely, ideality factor, Schottky barrier height, and 

breakdown voltage. 

5.6.2 Experimental Procedure  

Figure 5.79 shows the setup used for depositing metal contacts to (2 0 1) Sn-doped (bulk 

concentration: 1.2E+18) Ga2O3 using sputtering deposition technique. The procedure for preparing 

Ohmic contacts on Ga2O3 substrates begins with meticulous cleaning steps to ensure surface purity 

and optimal contact conductivity. The substrates undergo sequential sonication in acetone for 10 

minutes, followed by a similar process in isopropanol and then DI water, each for 10 minutes. 

Subsequently, the substrates are soaked in a 10 % hydrochloric acid (HCl) solution, rinsed with 
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DI water, and then immersed in boiling H2O2 at 85 °C for 5 minutes. After thorough rinsing with 

DI water, the substrates are blow dried to remove any residual moisture. This cleaning regimen is 

crucial for removing organic and inorganic contaminants and enhancing the adhesion and 

conductivity of the Ohmic contacts. 

Next, photolithography techniques are employed to define the contact patterns, using a 

transmission line measurement mask (TLM), as shown in Fig. 5.80. The substrate is spin-coated 

with AZ 5214-E photoresist at 3,500 rpm for 1 minute and then soft baked at 110 °C for 1 minute. 

The desired pattern is then exposed using UV light for 30 seconds and developed in a 400k (4:1) 

developer solution for 6 seconds, resulting in the formation of the patter. Sputtering deposition is 

utilized to deposit the contact layers. Various layer structures, deposition temperatures, annealing 

temperatures and annealing atmospheres were studied for the formation of Ohmic contacts. 

Finally, liftoff is performed using acetone, which successfully removes the unwanted photoresist 

and leaves behind the metal  layers in the defined contact pattern. This procedure ensures the 

fabrication of well-defined Ohmic contacts on Ga2O3 substrates, ready for subsequent electrical 

characterization, i.e., specific resistivity extraction. A summary of the various tests performed for 

the formation of Ohmic contacts is presented in Table 5.6. 

For the final structure of the device a highly Sn doped layer needed to be deposited before 

the Ohmic contact layer to ensure the lowest specific resistivity. This film was deposited with 

conditions that were determined based on the findings from previous experiments involving 

homoepitaxial film deposition at 450°C (section 5.3) and the doping conditions established in 

section 5.4, which involved the use of a dc current of 5 mA for tin (Sn) deposition to ensure uniform 

doping of the film. Subsequently, the film undergoes annealing at 500 °C in an argon (Ar) 

atmosphere to further enhance its properties. An optimized Ohmic contact layer of 20 nm thick 
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titanium (Ti) layer, followed by an 80 nm thick gold (Au) layer was then deposited. The Ohmic 

contact deposition process is conducted at a pressure of 5.5 mTorr with an Ar flow rate of 10 sccm 

for both Ti and Au. The power settings are adjusted to 0.15A for Ti and 0.1A for Au to achieve 

the desired film thicknesses. The annealing was performed by RTP at 400 °C in Ar atmosphere for 

6 min. Then, the front side of the substrate was mechanically polished with 1μm grade diamond 

polishing pad, followed by sequentially solvent cleaning. Lastly, 200 μm in diameter Schottky 

contacts  of 50 nm (Ni)/ 50 nm (Au) or 50 nm (Mo)/ 50 nm (Au) layers were deposited on the front 

face. At this point, the device is ready for electrical measurement, the parameters of interest are 

the ideality factor (n), barrier height (ΦB), and reverse breakdown voltage (VBR) of the Schottky 

contact. 
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Figure 5.79 Setup for contact deposition using sputtering. The holder measures the deposition rate 

from which the film thickness is estimated. 
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5.6.3 Ohmic contacts 

To achieve an effective ohmic contact that minimizes conduction losses in power devices, it is 

optimal to have a low specific contact resistivity (Rs) of 10-5 Ohm-cm2 or lower [94]. To investigate 

the formation of Ohmic contacts to Ga2O3, various metal structures and compositions were 

assessed, including Ti, TiB2, and W2B5. These metal contacts were shielded from oxidation using 

an 80 nm thick layer of Au. Among the metals studied, Ti (20 nm)/Au(80 nm) layers exhibited 

favorable Ohmic behavior when deposited at room temperature in an Ar atmosphere, followed by 

annealing at 400 °C in Ar for 6 minutes. The resulting specific contact resistivity was measured at 

2.62x10-4 Ohm-cm2. It is noteworthy that the lowest specific contact resistivity reported to date 

was achieved by Bhattacharyya et al. using the MOVPE method, with a value of 8.30x10-7 Ohm-

cm2 [104]. Table 5.6 summarizes various Ohmic contacts evaluated with controlled parameters 

and resulting behavior. 
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Table 5.6 Summary of Ohmic Contacts and parameters. 

 

Name Structure 
(nm) Dep. 

Temp. 

(°C ) 

Dep. Gas Ann. 
Temp. 
(°C) 

Ann. Gas Ann. 
Time 
(min) 

Rs 

(Ohm-
cm2) 

Behavior 

041819 Ti(20)/A
u(80) 

25 Ar 400,500,
600 

Ar 1 - Non-
Ohmic 

042519 Ti(20)/A
u(80) 

25 Ar 400,450 Ar 1 - Non-
ohmic 

051719A Ti(20)/A
u(80) 

25 Ar 400 Ar 2,4,6 - Ohmic 

051719B Ti(20)/A
u(80) 

25 Ar 400 Ar 6 2.62654
E-4 

Ohmic 

052119A Ti(20)/A
u(80) 

25 Ar - - - - Hall 
(Ohmic) 

052119B TiB2(20)
/Au(80) 

25 Ar - - - - - 

052319 Ti(20)/A
u(80) 

25 Ar 400 Ar 2 - Hall 
(Ohmic) 

052319A TiB2(20)
/Ti(10)/
Au(80) 

25 Ar 200-600 Ar 2 - Pseudo 
ohmic 

@500°C 
052319B TiB2(20)

/Ti(10)/
Au(80) 

25 Ar 450,500,
550 

Ar 0.5  550°C  is 
Ohmic 

052319C TiB2(20)
/Ti(10)/
Au(80) 

25 Ar - - - - Scratche
d 

052319D TiB2(20)
/Ti(10)/
Au(80) 

25 Ar 200-700 N2 2  600°C  is 
linear 

052619A W2B5(50
)/ 

Ti(10)/A
u(70) 

25 Ar 200    Not 
Ohmic 

053019 Ti(200)/
Au(80) 

25 Ar 410 Ar 5 - Not 
Ohmic 

060319 Ti(100)/
Au(80) 

25 Ar 400,410 Ar 2(400), 
5(410) 

- Not 
Ohmic 

060419 Ti(100)/
Au(80) 

400(Ti) 
25(Au) 

Ar 400-800 Ar 5 2.6913E-
4 

Ohmic at 
800°C 

070220B Ti(20)/A
u(80) 

400(Ti) 
25(Au) 

Ar 400 Ar 6,5,  Ohmic 
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Figure 5.80 Transmission line measurement pattern for specific contact resistivity measurement 

using TLM method. 
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Figure 5.81 (a) IV curve of Ohmic contacts Ti(20 nm)/Au(80 nm) and (b) extracted specific 

contact resistivity from TLM method. 

(a) 

(b) 
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Figure 5.82 (a) IV curve of Ohmic contacts Ti(100 nm)/Au(80 nm) and (b) extracted specific 

contact resistivity from TLM method. 

(a) 

(b) 
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Figure 5.83 IV curve of Ohmic contacts TiB2(20 nm)/Ti(10 nm)/Au(80 nm) showing pseudo 

ohmic behavior. 
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5.6.4 Schottky Barrier Diode Demonstration 

Figure 5.84 displays a close view of the Schottky contacts applied to Ga2O3, featuring a 

pattern comprising one hundred circular pads with a diameter of 200 μm each. Table 5.2 outlines 

the prepared samples, denoted as SBD1, SBD2, SBD3, and SBD4, representing four samples 

fabricated, each containing 100 Schottky diodes. Additionally, labels C1, C2, and C3 are assigned 

to specific diodes for measurement purposes. Among the four samples, two had Ohmic contacts 

deposited on the mechanically polished side performed at YSU, while the other two had Ohmic 

contacts applied to the surface polished by the manufacturer. Figure 5.85 illustrates the structure 

of the fabricated Ga2O3-based Schottky barrier diode, using the optimized rf sputtered layers and 

contacts investigated in the previous sections.  

 

Figure 5.84 Schottky barrier diode pattern.  
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Table 5.7 Fabricated Schottky contacts. 

Name Ohmic contact 

Ti/Au (20 nm/80 nm) 

Schottky Contact 

(50 nm/50 nm) 

Doping 

(200 nm) 

SBD 1 (072923) Default Side Ni/Au 5 mA 

SBD 2 (073123) Default Side Mo/Au 5 mA 

SBD 3 (072923) Polished side (YSU) Ni/Au 5 mA 

SBD 4 (073123) Polished side (YSU) Mo/Au 5 mA 

 

 

Figure 5.85 Ga2O3-based SBD with Mo/Au Schottky and Ti/Au Ohmic contacts. 
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5.6.4.1 Forward Bias Measurements 

Table 5.8 summarizes the obtained ideality factors and barrier heights for the fabricated 

diodes. These measurements were performed in the forward and reverse bias of the device with an 

applied voltage from 0 to 5 V (Fig. 5.86-5.89). An ideal Schottky diode has ideality close to unity 

and a large barrier height. For each sample, the best measurement is highlighted on the table. The 

lowest ideality factor and largest Schottky barrier height obtained was from the SBD4_C34 sample 

deposited with Mo(50)/Au(50) Schottky contacts and had a value of n = 1.05047 and 1.21571 eV, 

respectively. Ideality factors reported in the literature for Ga2O3 range from 1.1 to 1.5 with barrier 

heights ranging from 0.6 eV to 1.2 eV [226]. The ideality factor obtained for the diodes fabricated 

with Mo Schottky contacts showed improved ideality. Both values vary according to substrate 

orientation, doping concentrations, metal contact used and its structure, and deposition conditions, 

but shows that the fabricated devices are in range. 
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Table 5.8 Summary ideality and barrier height. 

Name Ohmic 
Contact 
(nm) 

Sn Dopant  
dc Current 
(mA) 

Schottky 
Contact 
(nm) 

Ideality Barrier 
Height (eV) 

SBD1_C1 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.27 1.12 
SBD1_C2 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.20 1.14 
SBD1_C24 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.54 0.96 
SBD1_C35 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.59 0.96 
SBD1_C38 Ti(20)/Au(80) 5 Ni(50)/Au(50) 2.36 0.93 
SBD1_C86 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.76 0.98 
SBD2_C1 Ti(20)/Au(80) 5 Mo(50)/Au(50) 2.52 1.10 
SBD2_C14 Ti(20)/Au(80) 5 Mo(50)/Au(50) 2.81 1.11 
SBD2_C24 Ti(20)/Au(80) 5 Mo(50)/Au(50) 3.38 0.99 
SBD2_C44 Ti(20)/Au(80) 5 Mo(50)/Au(50) 1.80 1.26 
SBD2_C65 Ti(20)/Au(80) 5 Mo(50)/Au(50) 2.28 1.06 
SBD2_C69 Ti(20)/Au(80) 5 Mo(50)/Au(50) 2.90 1.00 
SBD3_C1 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.91 1.05 
SBD3_C5 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.41 0.98 
SBD3_C24 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.12 1.16 
SBD3_26 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.20 1.05 
SBD3_C35 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.32 1.00 
SBD3_C45 Ti(20)/Au(80) 5 Ni(50)/Au(50) 1.31 1.03 
SBD4_C1 Ti(20)/Au(80) 5 Mo(50)/Au(50) 1.04 1.19 
SBD4_C12 Ti(20)/Au(80) 5 Mo(50)/Au(50) 1.08 1.19 
SBD4_C23 Ti(20)/Au(80) 5 Mo(50)/Au(50) 1.05 1.22 
SBD4_C25 Ti(20)/Au(80) 5 Mo(50)/Au(50) 1.06 1.20 
SBD4_C34 Ti(20)/Au(80) 5 Mo(50)/Au(50) 1.05 1.21 
SBD4_C99 Ti(20)/Au(80) 5 Mo(50)/Au(50) 1.16 1.21 
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Figure 5.86 SBD1 forward bias characteristics. 
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Figure 5.87 SBD2 forward bias characteristics. 
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Figure 5.88 SBD3 forward bias characteristics. 
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Figure 5.89 SBD4 forward bias characteristics. 
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5.6.4.2 Reverse Bias Measurements 

Measurements of the breakdown voltage (VBR) in the reverse bias were conducted for the 

four fabricated devices (Fig. 5.90-5.93). Each device was subjected to a reverse bias applied 

voltage up to 100 V, and the current was monitored until breakdown of the material occurred. This 

breakdown is indicated by a sudden increase in the current in the reverse bias polarization (Fig. 

5.89). To estimate the voltage at which the device breaks down more accurately, the linear region 

of the increasing current was fitted with a linear regression (Figure 5.90 (b)). The breakdown 

voltage reported in the literature has a range from 40 V up to 1720 V [226]. The devices fabricated 

for this dissertation had a VBR = 114.48 V as the largest value obtained. Again, these values can 

vary significantly with specific structure, substrate material orientation, metal contact, and 

deposition methods and parameters. Additionally, to achieve such a high VBR, edge termination of 

the contacts is usually implemented. Nevertheless, the resulting device demonstrates and 

summarizes the utility of the optimized layers grown on Ga2O3 and contacts via rf sputtering 

deposition method. 
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Figure 5.90 (a) SBD1 reverse bias characteristics, (b) VBR linear regression. 
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Figure 5.91 (a) SBD2 reverse bias characteristics, (b) VBR linear regression. 
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Figure 5.92 (a) SBD3 reverse bias characteristics, (b) VBR linear regression. 
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Figure 5.93 (a) SBD4 reverse bias characteristics, (b) VBR linear regression. 
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6.  Conclusion 

6.1 Optimization of heteroepitaxial growth of Ga2O3 films on sapphire substrates 

Ga2O3 thin films were deposited on c-plane sapphire substrates by rf magnetron sputtering 

under different substrate temperatures and different Ar/O2 mixtures. The optimum substrate 

temperature for the films deposited in Ar, was found to be 400 oC, while that for the films deposited 

in 80% Ar + 20 % O2 was 500 oC. The XRD scans of these films showed higher intensity 

diffraction peaks at 18.3o, 37.1o, 57.8o belonging to (2 0 1), (4 0 2) and (6 0 3) planes of -Ga2O3, 

respectively. Films deposited at other temperatures showed either amorphous or polycrystalline 

properties with additional XRD peaks. Post deposition annealing of these films at temperatures up 

to 900 C in N2 did not produce any further improvement in the crystalline quality of the films. 

The optical bandgaps of these films were found to decrease with increasing substrate temperature. 

For the films deposited in different Ar/O2 mixtures, the bandgap reached a maximum value of 5.06 

eV at a gas composition of 50% Ar + 50% O2. Addition of increasing amounts of Sn dopants 

resulted in films with decreasing bandgaps, a consequence of renormalization effect. 

6.2 Homoepitaxial Growth of Ga2O3 films on (�̅�𝟎𝟏) Ga2O3 substrate 

The investigation into Ga2O3 films deposited homoepitaxially revealed several important 

findings. Firstly, it was observed that surface treatment prior to deposition led to the emergence of 

additional (100) β-Ga2O3 peaks, indicating alterations in the original crystal structure of the 

substrate. As a result, this surface treatment procedure was omitted from further experiments. 

Secondly, the optimal deposition temperature for homoepitaxial films on UID (2̅01)   Ga2O3 

substrate was determined to be 300 °C in Ar/O2 (1% O2), which did not exhibit additional planes 

from Ga2O3, ensuring structural integrity. Additionally, analysis using the Scherrer equation 

showed that the crystallite size of the (6̅03)  Bragg peak of Ga2O3 remained around 40 nm, 
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indicating no significant broadening of peaks with increasing deposition temperature and 

maintaining crystal quality similar to that of the substrate. Furthermore, successful deposition was 

achieved on various substrate orientations, including (001)-, (010)-, and (2̅01)-oriented Ga2O3, 

highlighting the versatility of the deposition process. Furthermore, XRD analysis demonstrated 

that only the homoepitaxial films deposited on (001)-, and (010)-Ga2O3, matched their respective 

substrates, but not the films deposited on the (2̅01)-oriented substrate, suggesting the presence of 

faults domains in the films deposited on this orientation. Overall, these findings contribute valuable 

insights into optimizing the deposition process for homoepitaxial films on Ga2O3 and 

understanding the structural properties of gallium oxide films for potential applications in 

electronic devices and materials science. 

6.3 Optimization of Doping of Ga2O3 Films Grown on  (𝟐𝟎𝟏) Sn-Doped Ga2O3 Substrates 

The use of Tin (Sn) dc currents ranging from 2 to 6 mA facilitated uniform doping of Ga2O3 

films, as confirmed by EDS analysis which showed an increasing Sn atomic percent with higher 

dc currents, aligning with the desired doping levels. XRD data verified that the crystal quality of 

the films remained unaltered even after doping with Sn impurities, indicating the stability of the 

film structure. Hall effect measurements were taken after post-deposition annealing from 200 °C 

to 700 °C in Ar for 3 min, and provided crucial parameters such as bulk concentration, mobility, 

resistivity, and sheet resistance of the doped films at these temperatures. The bulk concentration 

exhibited a lower limit of 1 x1015 cm-3 at 200 °C and reached a peak of 1 x1019 cm-3 at 600 °C 

before dropping off. The mobility of the films was measured at 6.8 x 103 cm2/Vs, notably different 

from the literature-reported value of 184 cm2/Vs, indicating potential areas for further 

optimization. After comprehensive analysis, the optimal conditions for Ga2O3 Sn-doped films on 

(2̅01) Sn-doped Ga2O3 Substrates were determined to be 500 °C annealing temperature and a Sn 
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dc current of 5 mA. These optimized values serve as crucial parameters for the fabrication of the 

Schottky diode device, providing valuable insights into the doping process and the performance 

characteristics of Sn-doped gallium oxide films.  

6.4 Optical Band Gap Tunning with Metal Alloys to Ga2O3  

B2O3/Ga2O3 Alloy on (𝟐 𝟎 𝟏) UID and Sn-doped Ga2O3. The initial mechanical polishing of 

(2̅01) UID and Sn-doped Ga2O3 substrates resulted in a surface with an RMS of 1.5 nm, which 

although improved from the manufacturer's value of 0.26 nm, still poses challenges for optical 

transparency on the back side, particularly crucial for accurate optical measurements. Successful 

co-sputtering of B2O3 with Ga2O3 on both UID and Sn-doped Ga2O3 substrates was achieved, 

enabling the investigation of B2O3 alloy concentration effects using rf powers of 40, 50, and 80 

W. The introduction of B2O3 at rf powers above 50 W led to the emergence of additional (100) 

Ga2O3 peaks in the XRD data, indicating alterations in the crystal structure. EDS analysis 

confirmed the presence of boron in the films, with increasing atomic percent observed as the rf 

power was increased, aligning with the intended alloying strategy. The B2O3/Ga2O3 films exhibited 

high transparency across the entire spectrum, albeit with noise in the UV region, and absorbance 

data confirmed UV absorption for films co-sputtered with Ga2O3. Interestingly, the optical 

bandgap showed a slight decrease with B2O3 rf power, from 4.64 eV at 0 W to 4.62 eV at 50 W, 

followed by an increase to 4.65 eV at 80 W. These subtle changes in optical properties highlight 

the intricate interplay between alloy composition and deposition conditions, underscoring the 

importance of precise control in alloy film fabrication for tailored optical applications. 

In the case of co-sputtered B2O3 on Sn-doped Ga2O3, introduction of B2O3 at 50 W rf power 

resulted in the emergence of additional (100) Ga2O3 peaks in the XRD analysis, indicating changes 
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in the original crystal structure. However, these peaks were relatively weak in the samples 

deposited at 80 W rf power, suggesting a minimal impact of the B2O3 concentration on the 

crystalline characteristics of (2̅01)  Ga2O3. Similarly, EDS analysis confirmed the successful 

incorporation of boron into the films, with increasing atomic percent aligning with higher rf power 

levels as intended. The optical transparency of the B2O3/Ga2O3 films remained high across the 

entire spectrum, although some noise was observed in the UV region, possibly due to the 

absorption properties of the polished surface in that range. Absorbance data further supported this 

observation, highlighting absorption in the UV for films co-sputtered with Ga2O3. The bandgap of 

the films exhibited a subtle trend with increasing rf power. It decreased slightly from 4.64 eV at 

0W to 4.62 eV at 40 W but then increased to 4.66 eV at 80 W. This complex behavior underscores 

the intricate relationship between B2O3 concentration, rf power, and optical properties, 

emphasizing the need for careful optimization in the deposition process for desired material 

characteristics.  

The co-sputtering of Lu2O3 with Ga2O3 on (2̅01) UID Ga2O3 substrates was also explored 

across varying rf powers of 20, 30, and 80 W, shedding light on the influence of Lu2O3 alloy 

concentration on the resulting films. At a rf power of 20 W, the introduction of Lu2O3 led to the 

appearance of additional (100) Ga2O3 peaks in the XRD analysis, which then disappeared at the 

80 W sample, indicating a minimal effect on the original crystal structure of Ga2O3. EDS analysis 

revealed an increase in Lu atomic percent, although Lu2O3 deposition at low rf power (20 W) 

proved challenging, with an observed atomic percent of 1.4%. Despite this, the transparency of the 

films remained relatively high at 70%, although with noise observed in the UV region. The 

absorption in the UV range and the bandgap of the films showed a slight increase from 4.641 eV 

at 0 W to 4.648 eV at 80 W, suggesting a need for further optimization with higher rf power to 
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achieve desired optical and electrical properties. Co-sputtering of Lu2O3 with Ga2O3 on (2̅01)Sn-

doped Ga2O3 XRD data indicated that additional (100) Ga2O3 peaks decreased beyond 20 W rf 

power, suggesting a small effect on crystal structure at higher Lu2O3 concentrations. EDS analysis 

further revealed an increase in Lu atomic percent, with values of 1.0%, 2.6%, and 14.6% observed 

at 20, 30, and 80 W, respectively. This highlights the ability to control Lu2O3 alloy concentration 

during co-sputtering processes. The transmittance of the films ranged from 60% to 70%, with noise 

observed in the UV region. Despite this, there was a minor increase in absorption in the UV range 

and bandgaps, rising from 4.641 eV at 0 W to 4.664 eV at 80 W.  

B2O3/Ga2O3 Alloy on Al2O3. Lastly, the investigation into films co-sputtered with B2O3 and 

Lu2O3 along with Ga2O3 on Al2O3 substrates was investigated. Double-side polished Al2O3 

substrates were utilized to address noise issues in the UV range caused by diffraction from a non-

optically transparent surface. rf powers ranging from 0 to 80 W were explored for B2O3 alloy 

concentration, revealing amorphous films on Al2O3 and a fluctuation in bandgap around 5.0 eV. 

Additionally, rf powers from 0 to 50 W were studied for Lu2O3 alloy concentration, showing 

preserved crystal structure at lower powers and Lu2O3 cubic phase for pure sample, with a slight 

decrease in bandgap down to 4.95 eV at 12 W. In conclusion co-sputtering of B2O3 and Lu2O3 on 

these two surfaces demonstrated the potential for bandgap modification, although further 

optimization of film fabrication, i.e., film uniformity, is needed to fully harness these capabilities 

for optoelectronic devices and related applications. 
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6.5 Device Demonstration 

The demonstration of gallium oxide-based Schottky barrier diodes using photolithography 

technique was achieved with optimized parameters found in this dissertation, namely, film and 

doping optimization, Ohmic contact optimization, Schottky contact optimization. A 10x10 diodes 

of 200 μm in diameter made with Ni/Au and Mo/Au (50 nm/50 nm) pattern was successfully 

deposited on (2̅01) Sn-doped Ga2O3 substrates. Among the fabricated diodes, the SBD4_C34 

sample deposited with Mo(50 nm)/Au(50 nm) Schottky contacts exhibited the lowest ideality 

factor, with a value of n = 1.05047, indicating good electrical performance. Additionally, this 

sample showed the largest Schottky barrier height of ΦB = 1.21571 eV, suggesting good rectifying 

behavior across the metal-semiconductor interface. Furthermore, the SBD2_C11 sample deposited 

with Mo(50)/Au(50) demonstrated the largest breakdown voltage (VBR = 114.48 V), highlighting 

its robustness and suitability for high-voltage applications. These findings underscore the potential 

of gallium oxide-based Schottky barrier diodes for diverse electronic and semiconductor device 

applications and summarize all optimization parameters found in this dissertation. 

6.6 Future Work 

Several avenues emerge from the findings of this dissertation. Firstly, further exploration 

could involve depositing homoepitaxial Ga2O3 films at various deposition temperatures and on 

different substrate orientations. This would provide a deeper understanding of the crystalline 

structure and properties of these films under different growth conditions. Additionally, 

investigating alloys with diverse substrate orientations while employing double-sided polished 

gallium oxide substrates could help alleviate issues related to noisy optical measurements, 

enhancing the accuracy of optical characterizations.  
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Furthermore, delving into ohmic contacts with alternative metallization such as Hafnium, 

Borides, and ITO (Indium Tin Oxide) presents an intriguing direction. Different metallization 

schemes may offer unique advantages in terms of conductivity, stability, and compatibility 

with gallium oxide films, thus warranting comprehensive studies. Another crucial area for 

future research lies in the optimization of doping processes. Designing an optimization 

methodology to address multiple parameters derived from Hall effect measurements, such as 

bulk concentration, mobility, resistivity, and sheet resistance, would be instrumental. This 

optimization strategy could help achieve tailored doping profiles and enhance the overall 

performance of Sn-doped Ga2O3 films for various semiconductor applications.
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List of Publications 

i) Microstructure and Optical Properties of Sputter-Deposited Ga2O3 Films 

This publication included section 5.1: Optimization of heteroepitaxial growth of Ga2O3 films on 

sapphire substrates. (2021) [168] 

ii) Optical Bandgap Engineering of Ga2O3 via Lu2O3 and B2O3 Metal Alloy Deposition 

This manuscript will include only section 5.5: Optical Band Gap Tunning with Metal Alloys to 

Ga2O. 

iii) Ohmic and Schottky Contacts for Ga2O3. 

This manuscript will include only section 5.6: Implementation of Devices on the Ga2O3. 
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