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Abstract 

In the 5.0 society era where human and electronics has become indivisible component, 

technological breakthroughs for enabling future electronic devices are unceasingly demanding 

for innovation. In line with innovation, the future electronic trends require highly transparent, 

cost-effective, large-area scalability, and harsh-environment-resistant material. With the recent 

paradigm shift from wide bandgap (Eg > 3.0 eV) into ultra-wide bandgap material (Eg > 4.0 

eV), ultra-wide bandgap materials become a promising candidate for future technologies. 

However, the challenge is to improve the performance of those materials to be suitable with 

the current advance technology.  

Thin-film transistors (TFTs) are considered a basic building block of the current electronic 

devices. To realize the future electronic trend, ultra-wide bandgap material TFT, such as 

amorphous Gallium Oxide (a-Ga2Ox) TFT is gaining a huge research interest for the past few 

years. In particular, solution-processed a-Ga2Ox has been attracting great attention due to large-

scale production, high breakdown voltage, device design flexibility, and excellent optical 

quality (Eg > 4.8 eV). Nonetheless, obtaining electrical conduction on as-deposited solution-

processed a-Ga2Ox is quite challenging. This is mainly cause by numerous impurities-related 

issues of solution deposition technique, and the combination of ultra-wide bandgap and an 

amorphous structure which hinder electron mobility. Therefore, developing semiconducting 

solution-processed a-Ga2Ox will be a superb research achievement. In this dissertation, Fermi 

level engineering of ultra-wide bandgap amorphous oxide semiconductor (UWB-AOS) film is 

proposed by modifying the a-Ga2Ox film properties. The first demonstration on utilization of 

solution-processed a-Ga2Ox for TFT device via experimental and machine learning approach 

will be elucidated. 

Chapter 1 provide a brief introduction on the fundamentals of TFTs, ultra-wide bandgap 

material trends, and specifically oxide material used in this work. The advanced material design 

method for accelerating material design and device fabrication was also introduced. 

Chapter 2 starts with an overview of other report strategies for material properties 

modification of oxide TFTs. To achieve semiconducting behavior of solution-processed a-

Ga2Ox, the strategy is to shift the Fermi level position closer to the conduction band. By 

utilizing Fermi level engineering, insulating a-Ga2Ox has been successfully conversed into its 

semiconducting state. Fermi level engineering is a technique for material design which rely on 
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the Fermi level shifting phenomena. For n-type semiconductor such as a-Ga2Ox, the EF shifting 

phenomenon implies an increase in the electron carrier concentration which further improve 

the film conductivity and the TFT device as well. By varying experimental condition including: 

annealing ambient gases and temperature, EF-CBM distances were minimized. Interestingly, 

semiconducting a-Ga2Ox were successfully obtained as shown by TFT switching behavior (sat 

= 10-2 cm2/Vs) which was achieved by performing annealing under 4% hydrogen ambient. EF 

estimation via UV-Visible spectra and XPS reveal the Fermi level shifting phenomena which 

is mainly affected by the hydrogen doping. Secondary ion mass spectrometry confirmed the H-

incorporation which further act as a shallow donor. The H-incorporated occupy donor state 

near conduction band and contributed excess electron carrier concentration which represent as 

an increase in the carrier density by 1 order magnitude.  

Chapter 3 starts with a critical point of solution deposition technique and current strategies 

to address those issues. To achieve semiconducting behavior of as-deposited a-Ga2Ox, the 

strategy is by controlling the precursor aging time and relative humidity during film deposition. 

It was found the device performance was deteriorated as the precursor aging time increased. The 

optimum precursor aging for as-deposited a-Ga2Ox film is 0 week. Furthermore, by monitoring and 

controlling relative humidity during thin film deposition, decent performance of as-deposited 

a-Ga2Ox TFTs were achieved (sat = 10-2 cm2/Vs). Aside from the water vapor, the result also 

showed that the hydrogen annealing tends to enhance the device performances in selected 

cases. Finally, the result showed that hydrogen doping which drive the electron doping, might 

have originated from either hydrogen annealing or water vapor (humidity). Those hydrogen 

doping are vital factors to achieve the semiconducting behavior of as-deposited a-Ga2Ox TFTs. 

Chapter 4 highlights the utilization of machine learning as an optimization method for 

accelerating material design and device fabrication. In particular, how this method is beneficial 

for developing novel materials with limited literature such as solution-processed a-Ga2Ox. The 

strategy is by utilizing machine learning as an approach for predicting Fermi level of solution-

processed a-Ga2Ox. By using regression models, experimental data was used as an input to 

further train the algorithm. An excellent Fermi level prediction of 87% accuracy by Machine 

Learning method has been successfully achieved. Machine learning can easily identify optimized 

fabrication parameters to achieve the minimum Fermi level value. For instance, Fermi level value 

of 1.36 eV can be obtained by depositing 90 nm film at 425°C under 4% H2 annealing. These 

approaches for estimating and predicting Fermi level of solution-processed ultra-wide bandgap 

semiconductors will be valuable and powerful in accelerating material design and device 
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fabrication. Moreover, it will be beneficial for rapid and cost-effective optimization of UWB 

material design for future electronic applications. 

 The dissertation is concluded in Chapter 5 by summarizing the findings and providing 

suggestion for future studies.  
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Abbreviation Description 

-Ga2O3 Crystalline Gallium Oxide at beta phase 

sat Field-effect mobility in saturation region 

 Film density 

a-IGZO Amorphous InGaZnO 

a-IZO Amorphous InZnO 

a-Ga2Ox Amorphous Gallium Oxide 

c-Ga2Ox Crystalline Gallium Oxide 

AOS Amorphous oxide semiconductors 

CBM Conduction band minimum 

Cox Gate insulator capacitance 

Eu Urbach energy 

Eg Optical bandgap energy 

EF Fermi level energy 

gm Transconductance 

GI – XRD Grazing incidence X-ray diffraction 

Ids Drain current 

Ioff Off-current 

Ion On-current 

Ion/Ioff Current On/Off ratio 

L Channel length 

Poly-Ga2O3 Polycrystalline Gallium Oxide 

S/D Source/drain electrode 

SIMS Secondary ion mass spectroscopy 

SPM Sulfuric-peroxide mixture 

SS Subthreshold swing 

T Optical transmittance 

TFT Thin-film transistor 

UWB – AOS Ultra-wide bandgap amorphous oxide semiconductor 
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Vds Drain voltage 

Vgs Gate voltage 

Vth Threshold voltage 
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WB – AOS Wide bandgap amorphous oxide semiconductor 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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Chapter 1 Introduction 

 

1.1 Background 

Human society has been actively growing from society 1.0 (hunting society), 2.0 

(agricultural society), 3.0 (industrial society), 4.0 (information society), and recently faces the 

new era of society 5.0 (super smart society). In general, society 5.0 is a human-centered society 

which relies on a system that highly integrates cyberspace and physical space. In consequence, 

human and electronics have become indivisible components of society. Recent electronics 

technology allows us to get connected to people around the world. A huge transformation of 

the way people connect is marked by a pandemic breakout in early 2020. Thereupon, the market 

demand for technology innovation that allows human-electronic interfaces in such an easy, safe, 

and convenient way for the long term is needed.  

Technological breakthroughs have pushed the boundaries of technology by enabling 

electronic devices which are smaller, thinner, and even lighter with a simpler appearance such 

as foldable, rollable, and wearable as well. Those technologies are used for multiple purposes 

including entertainment, life-assistant, work-assistant, and even for space exploration [1]. The 

future generation of electronic technologies requires large-scale production using highly 

transparent, cost-effective, and harsh-environment-resistant materials by utilizing ultra-wide 

bandgap material. To realize such devices, innovation of material exploration and engineering 

is highly demanded. The challenges, however, is to improve the performance of those material 

to be suitable with the current advance technology. 

 

1.2 Thin-film transistors (TFTs) 

1.2.1.1 Basic principle of TFTs 

 Thin-film transistors (TFTs) are switching elements which basically constructed by the 

MOSFET transistors. It consists of three terminals and are used for electrical switching or 

signal amplification [2]. TFT technology has been widely used in flat-panel displays, personal 

computers, smartphones, and personal digital assistants. Alongside that, its application on a 
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diverse area has been investigated such as X-ray detection [3], ultra-violet photodetectors 

[4][5], chemical sensing [6], and bio-chemical sensing [7]. 

 As shown in Figure 1.1, a basic TFT structure is composed of semiconductor channel, gate 

insulator, and metallic gate/source/drain electrodes. Specifically, the semiconductor channel is 

an active layer where the charge carriers are accumulated and laterally transported. Gate 

insulator acts to manipulate the conductance of the channel while ensuring electrical insulation 

to minimize a leakage current. Source/drain electrodes acts to inject or extract charge carriers 

from external sources. While the gate electrode acts to modulate the source-to-drain charge 

conduction. By applying a positive gate voltage (VG > 0V), the gate insulator became 

electrostatically polarized. Thereupon, electron carriers in semiconductor channel are 

accumulated at the interface and laterally transported from source to drain. 

 

 

Figure 1.1. Schematic of n-type TFT operation. 

 

TFT device performance is evaluated by specific parameters that are extracted from the 

output and transfer characteristics as represented in Figure 1.2. The on-current is an important 

parameter which is highly dependent to the device geometry (channel thickness tc, width W, 

and length L), gate insulator material selection, and applied voltage [8]. Thus, it is normalized 

into field-effect mobility () based on the gradual channel approximation [9]. Furthermore, the 

linear regime as shown in Figure 1.2a represented as a region where the carrier density is 

Source

Channel

Gate insulator

Drain

Gate

VD > 0 V

VG > 0 V

e–
e– e– e– e– e– e–

e–



 
 

3 
 

uniform (Vds < Vgs – Vth). In this specific case, the drain current is represented by the following 

equation: 

𝐼𝑑𝑠,𝑙𝑖𝑛 =
𝑊

𝐿
𝜇𝑙𝑖𝑛𝐶𝑜𝑥 {(𝑉𝑔𝑠 − 𝑉𝑡ℎ) −

𝑉𝑑𝑠

2
} 𝑉𝑑𝑠      (1.1) 

where 𝐼𝑑𝑠,𝑙𝑖𝑛 is drain current in linear region, 𝜇𝑙𝑖𝑛 is linear mobility, 𝐶𝑜𝑥 is the gate insulator 

capacitance per unit area, 𝑉𝑔𝑠  is gate voltage, 𝑉𝑡ℎ  is 𝑉𝑔𝑠  at 𝐼𝑑𝑠= 1 pA (in this work) , and 𝑉𝑑𝑠  is 

drain voltage. The 𝜇𝑙𝑖𝑛 obtained from the following equation: 

𝜇𝑙𝑖𝑛 = 𝑔
𝑚

𝐿

𝑊𝐶𝑜𝑥𝑉𝑑𝑠
         (1.2) 

where 𝑔𝑚 is transconductance. Otherwise, when Vds  Vgs – Vth, the TFT device operates in 

saturation regime. Therefore, the drain current is represented by the following equation: 

𝐼𝑑𝑠,𝑠𝑎𝑡 =
𝑊

2𝐿
𝜇

𝑠𝑎𝑡
𝐶𝑜𝑥(𝑉𝑔𝑠 − 𝑉𝑡ℎ)

2
       (1.3) 

and the 𝜇𝑠𝑎𝑡 represented by the equation: 

𝜇𝑠𝑎𝑡 =
𝑔𝑚

2

2
𝑊

𝐿
𝐶𝑜𝑥𝐼𝑑𝑠

         (1.4) 

Both mobility (𝜇𝑙𝑖𝑛 and 𝜇𝑠𝑎𝑡) correspond to the charge carrier transport efficiency which 

directly affects the maximum drain current. The main difference for both mobility () is that it 

either describes the  in the linear regime or saturation region. In this case, linear regime is 

obtained when the Vds = 0.1 V. While saturation regime is obtained when Vds = 5.0 V.  Both 

values are calculated for each TFT. Nonetheless, in most cases in this study, only the saturation 

regime will be reposted. 

Other than those parameters, current on/off ratio (Ion/Ioff), and subthreshold swing (SS) are 

also evaluated. The Ion/Ioff is obtained by dividing the maximum drain current with the 

minimum drain current in saturation regime. Whereas SS corresponds to how fast the TFT 

device switches between its ON and OFF states. Its value is related to the trap density [8]. The 

SS value is represented by the following equation: 

𝑆𝑆 =  
𝑑𝑉𝑔𝑠

𝑑𝑙𝑜𝑔10𝐼𝑑𝑠
          (1.5) 

With respect to the device performance, the  and Ion/Ioff values are targeted as high as 

possible, Vth is targeted to be as close as 0 V, while the SS is targeted as low as possible. Those 
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parameter values are necessary to reduce the operating voltage and minimize the power 

consumption [10]. 

 

Figure 1.2. (a) Output and (b) transfer characteristics of an n-type TFT [2]. 

 

In this study, the equations above will used to evaluate the TFT device performance. 

The saturation mobility will be reported instead of linear mobility. Likewise, the ON voltage 

was defined at 1 pA since this device still has relatively poor performance. Moreover, the 

absolute value of drain current was used in producing the transfer curve. Despite the poor 

performance, this research is promising since it is the first demonstration on obtaining 

semiconducting behavior of solution-processed ultra-wide bandgap a-Ga2Ox. 

 

1.2.1.2 Amorphous oxide TFTs 

 Oxide semiconductor was first proposed as channel materials for TFT devices in 1964 using 

SnO2 and In2O3 [11]. However, there was no significant progress on the oxide material-based 

TFT after this report. Later in 2004, Hosono et al. demonstrated high-performance amorphous 

InGaZnO (a-IGZO) TFT which was fabricated at room temperature [12]. This report, in any 

case, marked the regaining of the research interest in oxide material-based TFTs. Thereafter, 

a-IGZO TFT have been massively researched for various application including flat-panel 

displays [13][14], integrated circuits [15][16], and sensors [17][18]. In particular, a-IGZO 
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offers numerous attractive features which are better than amorphous silicon (a-Si) and low-

temperature polysilicon (LTPS) as summarized in Table 1-1. 

 For the past decade, a-IGZO became a rising star because it offers excellent uniformity, 

fabrication process simplicity, large-area scalability, and compatibility with various deposition 

technique. Moreover, it exhibits superior device performance with   10 cm2/Vs. Furthermore, 

a-IGZO, and most of amorphous oxide semiconductor (AOS) materials, typically offer high 

optical transparency in the visible region (400 – 800 nm) which is promising for the realization 

of future generation flexible and transparent devices. 

Table 1-1. Summary of the comparison between a-Si, LTPS, and a-IGZO [8]. 

 a-Si:H Poly-Si a-IGZO 

Mobility (cm2/Vs) < 1 30 – 100  10 – 100 

Uniformity Good Poor Good 

Cost/Yield Low/High High/Low Low/High 

Light stability Poor Good > a-Si 

Printable No Yes Yes 

Pixel circuit for OLED Complex Complex Complex 

Process cost Low High Low 

 

1.3 Paradigm shift from wide bandgap (WB) to ultra-wide 

bandgap (UWB) devices 

In 1946, the first demonstration of the Ge- and Si-based transistor marked the beginning of 

semiconductor technologies. Shortly thereafter, for 40 years, semiconductor technology was 

dominated by Ge, Si and III-Vs materials [19]. From that time, semiconductor material was 

integrated into various electronic devices which are discrete, bulky, inefficient, and slow-turn-

on. Until the late 1980s, semiconductor technology was limited to those materials which have 

relatively low bandgap of Eg~2.3 eV. Researchers realized that wider bandgap material has a 

high potential of higher breakdown voltage and excellent optical quality which are mainly 

required for advanced electronic devices. Nonetheless, despite their obvious potential, 

developing wider bandgap semiconductor is extremely challenging.  

An essential material breakthrough was made by Prof. Akasaki, Amano, and Nakamura 

(AAN) which were awarded the 2014 Nobel Prize in Physics [20][21]. AAN made three 
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essential breakthroughs in the late 1980s and early 1990s: (a) “apparently magic” AlN and GaN 

buffer layers on sapphire can dramatically reducing the dislocation densities, (b) an excellent 

method to activate p-type Mg doping of GaN, and (c) a remarkable resistance of InGaN 

quantum well luminescence to defects. Since then, InGaN-based optoelectronics has been 

driving the development of wide bandgap (WB) semiconductor materials [22]. 

Shortly, for the past few decades, huge progress was achieved by WB semiconductor 

materials such as SiC and GaN. Both WB semiconductor materials are maturing rapidly with 

a significant market growth of ~US$210M per year in 2015[22]. It has been established for 

power electronic applications in hybrid and electric vehicles, photovoltaic inverters, and power 

supplies [22]. 

 

Table 1-2. Comparison of WB and UWB material properties. 

 WB UWB 

 GaN 4H-SiC AlN -Ga2O3 Diamond 

Bandgap (eV) 3.4 3.3 Up to 6.0 4.85 5.5 

Thermal conductivity (W/mK) 253 370 up to 319 11-37 Up to 3450 

p-type dopability Good Good Poor Poor Good 

n-type dopability Good Good Moderate Good Moderate 

Solution deposition 

compatibility 
No No Yes Yes No 

 

To date, the future generation of electronics demands advanced technology which is 

transparent, cost-effective, large-scale production, and harsh-environment-resistant for a wider 

application range. In order to realize such technology, tremendous research interest has shifted 

from wide bandgap materials (Eg > 3.0 eV) to ultra-wide bandgap materials (Eg > 4.0 eV). 

Ultra-wide bandgap (UWB) material is becoming a competitive candidate due to its unique 

features which enables great potential for high breakdown voltage, high thermal stability, and 

large-area scalability. Despite of its high potential, UWB semiconductor materials such as -

Ga2O3, AlGaN/AlN, and diamond are immature. Although there has been intensive research on 

those materials for the past two decades, the demonstration of UWB-based devices is totally 

immature. In addition, there is only a small number of laboratories around the world that has 

been established for the development of UWB-based devices. Thus, UWB materials currently 

find themselves at a stage of development, similar to WB materials in the 1980s. For the next 
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few decades, researchers will confidently make a breakthrough for UWB-based devices for 

wider applications such as space exploration.  

Table 1-2 summarized the comparison of the recent WB and UWB material properties. 

Among other UWB materials, -Ga2O3 is the newest and least mature material. Nonetheless, it 

became one of the most intriguing and fascinating material due to: (1) its unique fundamental 

material properties, (2) affordable native substrates, (3) a prospective candidate for transistor 

devices [22]. -Ga2O3 has excellent transparency in deep ultra-violet (DUV) region which 

makes it prospective for solar-blind DUV photodetectors, flame detectors, high-temperature 

signal processing, harsh-environment electronics, and wireless communication devices [22]. 

 

1.4 Amorphous ultra-wide bandgap (UWB) materials 

Gallium oxide (Ga2O3) is a direct ultra-wide bandgap (UWB) semiconductor material with 

seven phases (, , , , , polycrystalline, and amorphous) [23]. In particular, -Ga2O3 has 

become promising material for solar-blind photodetectors, optoelectronic devices, 

photovoltaics, sensors, magneto electronics, flame detectors, harsh-environment electronics, 

and ozone layer monitoring [22][24][25][26]. Nevertheless, the -Ga2O3 fabrication process is 

expensive and complicated as compared with the amorphous one [26]. In addition, among 

seven phases of Ga2O3, amorphous gallium oxide (a-Ga2Ox) is the most promising material for 

large scale production [23]. In contrast with -Ga2O3 which is highly transparent in DUV region, 

the a-Ga2Ox has excellent transparency not only in DUV region, but all over UV, visible, and 

NIR region [23]. This appealing fact makes a-Ga2Ox become a promising candidate material 

for future transparent devices which are highly flexible on device design. 

In general, the properties of crystalline materials with minimum defects are superior 

compared to their amorphous counterparts. Nonetheless, things have changed since the 

emergence of a-IGZO as the new future of flexible high-performance TFT devices [12]. 

Thereafter, transparent amorphous oxide semiconductor (TAOS) have been extensively 

investigated and now used for commercial large-area flat-panel displays [8]. With respect to a-

IGZO material, Ga element is a stabilizer component in amorphous structure since it will not 

crystallize unless the substrate temperature is high enough. While InO and ZnO tend to 

crystallize readily even at low temperature (room temperature) [27]. It indicates the flexibility 

of amorphous gallium oxide (a-Ga2Ox) material modification and exploration as compared to 

a-InO and a-ZnO. 
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At the moment, a-Ga2Ox has attracted a great attention as evident by the increased number 

of publications related to a-Ga2Ox for the past decade (Figure 1.3). The a-Ga2Ox is regarded as 

one of the most promising material for future electronic applications due to its ultra-wide 

bandgap (Eg > 4.8 eV), high breakdown field strength, device design flexibility, harsh-

environment resistance, cost-effectiveness, and large-area scalability [28][29][1][30][29]. 

Currently, it has been widely used as thin-film transistors, solar blind ultra-violet 

photodetectors, and sensors, flame detection and missile warning [29][30][5][4][31][5]. 

Particularly, in ultra-violet photodetector applications, the a-Ga2Ox have been reported to 

exhibit decent performance which is comparable with or even better than crystalline gallium 

oxide [29]. The contrast of crystalline and amorphous gallium oxide is summarized in Table 1-

3. With those excellent properties, a-Ga2Ox is become promising candidate future devices 

which are highly transparent, large-scale, harsh environment-resistant, and more importantly it 

is cost-effective. 

 

 

Figure 1.3. Number of publications related to a-Ga2Ox from 1967 to the end of 2019 [29]. 

 

The challenges, however, is a-Ga2Ox-based devices mainly exhibit poor device 

performance particularly solution-deposited a-Ga2Ox [26][30]. Obtaining the electrical 
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conduction is quite challenging caused by a complex combination of ultra-wide bandgap and 

an amorphous structure which hinder electron mobility. Thus, numerous attempts to improve 

a-Ga2Ox electrical properties have been demonstrated [30][31]. Later, UWB a-Ga2Ox material 

development and enhancement will be continuously explored. 

 

Table 1-3. Comparison of crystalline and amorphous Gallium Oxide. 

 -Ga2O3 a-Ga2Ox 

Bandgap (eV) 4.6 – 4.9 [28] 4.1 – 5.1 [31][28][32] 

Spectral range Deep UV UV-VIS-NIR 

Breakdown voltage High  High  

Fabrication cost High Low 

Harsh-environment-resistant Yes  Yes  

Large-area scalability Moderate  High 

 

1.5 Deposition process for TFTs 

With the immense application of TFT devices in the current 5.0 society, the TFT fabrication 

method which encourages cost-effective and large-scale production is indispensable to be 

economically efficient. TFT deposition method has two main categories: vacuum deposition 

technique, and solution deposition technique. Vacuum deposition technique has been widely 

used for deposition method of numerous oxide material including IGZO [27][33][34], 

InSnZnO [35], -Ga2O3 [36], a-Ga2Ox [31], and countless oxide materials. 

Particularly, in TFT device applications, the vacuum-deposited TFT exhibits unquestionably 

high-quality film and excellent TFT performance. Nevertheless, it is mainly struggling with 

serious issues of its high cost and energy requirement, experiment complexity, and difficulty 

in scaling to large-area electronic devices [31][37][38]. For the past decade, the solution 

deposition technique has become more popular and attractive as an alternative deposition 

method for oxide-based TFT channels evidence by the increased number of publications related 

to solution-processed oxide TFTs for the past decade (Figure 1.4). Since then, the solution 

process has become the superior alternative method due to large-area fabrication, equipment 

simplicity, atmospheric processing, and low cost [37][38].  In selected cases, solution-deposited 

TFT exhibit comparable device performance as summarized in Table 1-4. 
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Figure 1.4. Number of publications related to oxide TFTs and solution-processed oxide TFTs 

from 2010 to 2018 [39]. 

 

Table 1-4. Comparison of solution-deposited TFTs vs vacuum-deposited TFTs. 

Channel 

material 

Mobility 

(cm2/Vs) 
On/Off ratio Vth (V) 

Deposition 

process 
Reference 

Li:ZnO 85.0 ~106 < 6 Spray pyrolysis [40] 

IGZO 7.65 ~106 - Spin coating [41] 

IGZO 20.9 ~107 - DC sputtering [42] 

a-Ga2Ox 1.5 > 107 - PLD [31] 

a-Ga2Ox 0.04 ~107 5 RF sputtering [5] 

a-Ga2Ox 0.01 ~104 1.7 Spin coating [30] 

 

Nevertheless, in most cases, solution-deposited TFT performance is inferior to that the 

vacuum-deposited counterpart. An extensive effort to improve the performance of solution-

deposited TFT in the past few years. Yet, solution deposition technique is still struggling with 

those issues. Another thing is, the solution deposition technique has severe impurities-related 
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issues which might be attributed to the precursor-related impurity or environment related 

impurity. Additionally, there still numerous unsolved issues for solution-deposited a-Ga2Ox, 

not only how to improve its initial characteristics, but deep investigation of its stability is also 

expected. As of now, there is still limited report on solution-deposited a-Ga2Ox-based device 

[26][30] which apparently open a wider opportunity for future exploration. Finally, by 

encouraging a-Ga2Ox material exploration, future devices which are transparent, wearable, 

cost-effective, and harsh-environment-resistant will closely to achieved.  

 

1.6 Fermi level engineering 

Fermi level engineering is a technical term which refers to material design technique based 

on the Fermi level shifting phenomena. As mentioned in the past few sections, despite of its 

excellent potential for future devices, solution-deposited a-Ga2Ox is an immature material 

which is widely open for material modification and exploration. In general, there are three main 

drawback of solution-deposited a-Ga2Ox: (a) it has inferior electrical properties owing to 

insufficient electron carrier concentration, (b) p-type doping is extremely challenging which 

prevented its application to bipolar devices such as light emitters, (c) there is only limited 

information available regarding solution-deposited a-Ga2Ox since this material is still 

continuously developing. Thus, to overcome those issues, innovation in material design 

technique is required. 

In general, for n-type semiconductor (a-Ga2Ox), excess electron carrier concentration is 

represented as fermi level (EF) position relatively close to the conduction band minimum 

(CBM). The minimum EF-CBM distance is imperative to enhance the electrical properties 

which further exhibit better device performance. Therefore, the main idea of Fermi level 

engineering is to modify the EF-CBM distance. This method, however, is still quite challenging 

because of limited literature has been reported the Fermi level engineering, particularly in 

gallium oxide material (Table 1-5). As the comparison, EF value of wide bandgap materials 

such as c-IGO and a-IGZO were also included. In particular, for -Ga2O3, considerable 

optoelectronic devices was successfully obtained at EF value of 1.92 – 2.07 eV [44]. Apparently, 

for ultra-wide bandgap material, the EF value of ~2.0 eV is close enough to utilize this material 

as an electronic device. Nonetheless, this value is still relatively far compared to the wide 

bandgap materials such as c-IGO and a-IGZO. Generally, ultra-wide bandgap nature hinder the 

electron conduction which implies on the low electron carrier concentration [31] and reflected 
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as EF relatively far from the CBM. Therefore, by considering several reasons that mentioned 

above, this study targeted the EF value to be as close as ~0.4 eV to the CBM. 

To achieve the targeted EF value, Fermi level engineering to optimize the EF position is 

required. By obtaining EF value close to the CBM, I expect to obtain excellent semiconducting 

solution-processed a-Ga2Ox film. Nonetheless, in most cases, experimental optimization is 

time-consuming and it is required material intensive usage. Thus, advanced method of Fermi 

level engineering by combining material engineer and data scientist perspectives is required.  

 

Table 1-5. Summary of reported work of EF-CBM distance of oxide materials. 

Material 
Deposition 

process 

Optical bandgap 

(Eg, eV) 

EF-CBM distance 

(eV) 
Reference 

c-IGO ALD 3.63 0.05 [45] 

a-IGZO Sputter 3.01 – 3.03 0.39 – 1.09 [43] 

-Ga2O3 PECVD 4.40 – 5.10 1.92 – 2.07 [44] 

-Ga2O3 PLD 4.91 – 5.12  2.27 – 2.56 [46] 

-Ga2O3 PLD 4.12 – 4.90 1.12 – 2.13  [47] 

-Ga2O3 PLD 4.48 – 4.72 0.44 – 0.85 [36] 

a-Ga2Ox Spin coating 4.22 – 4.80 1.18 – 1.72 [30] 

 

1.7 Objective and research outline 

In the 5.0 society era where human and electronics has become an unseparated component, 

technological breakthroughs and development for enabling future electronic devices are 

unceasingly demanding for innovation. Along with the innovation, proposed material and 

method explorations must be in line with the future electronic device trends, which are highly 

transparent, cost-effective, large-area scalable, and harsh-environment-resistant. With the 

recent paradigm shift from wide bandgap into ultra-wide bandgap material for advanced 

technologies application. With those in mind, the objectives of this dissertation are 

conceptualized: 

 

a) Develop a semiconducting solution-processed hydrogenated ultra-wide bandgap 

amorphous Gallium Oxide. 
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  Amorphous Gallium Oxide has unique fundamental properties which highly 

prospective for realizing advanced technology for future electronic trends. However, UWB-

based devices are not yet established. Innovation in material development particularly 

electrical properties enhancement will further open the horizon of future development and 

application. 

 

b) Understand the role of humidity to develop a semiconducting solution-processed as-

deposited ultra-wide bandgap amorphous Gallium Oxide. 

  Solution deposition technique is struggles with solution-related issues such as precursor 

aging and water vapor (humidity). In most cases, solution-deposited film has a high 

sensitivity to its environment condition during film deposition. Understanding the role of 

humidity not only brings a comprehensive knowledge of solution-deposited a-Ga2Ox, but 

also slightly improve the film quality and TFT performance as well. 

 

c) Develop a material design method for rapid and cost-effective material design 

  Developing an immature material is not only challenging, but it is time consuming and 

expensive because it requires an intensive material resource. An optimization method to 

cut-off the experiment steps will significantly accelerate material design and device 

fabrication. 

 

  Achieving these objectives will greatly aid in the development of future transparent, 

wearable, and harsh-environment-resistant application for a-Ga2Ox. In particular, this would be 

the first demonstration on utilization of solution-processed a-Ga2Ox for TFT device application. 

This dissertation comprises five chapters. Chapter 1 provide a brief introduction on the 

fundamentals of TFTs, ultra-wide bandgap material trends, and specifically oxide material used 

in this work. The advanced material design method for accelerating material design and device 

fabrication was also introduced. 

  Chapter 2 starts with an overview of other report strategies for material properties 

modification of oxide TFTs. The developed semiconducting hydrogenated a-Ga2Ox are 

described in detail. To achieve semiconducting behavior of solution-processed a-Ga2Ox, the 

strategy is to shift the Fermi level position closer to the conduction band by performing various 

annealing condition. The Fermi level shifting phenomena is investigated by secondary ion mass 

spectrometry and is explained as a crucial mechanism which drive material conversion.  

  Chapter 3 starts with a critical point of solution deposition technique and current 
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strategies to address those issues. The developed semiconducting as-deposited a-Ga2Ox are 

described in detail. To achieve semiconducting behavior of as-deposited a-Ga2Ox, the strategy 

is by controlling the precursor aging time and relative humidity during film deposition. 

  Chapter 4 highlights the utilization of machine learning as an optimization method for 

accelerating material design and device fabrication. In particular, how this method is beneficial 

for developing novel materials with limited literature such as solution-processed a-Ga2Ox. The 

strategy is by utilizing machine learning as an approach for predicting Fermi level of solution-

processed a-Ga2Ox. 

  The dissertation is concluded in Chapter 5 by summarizing the findings and providing 

suggestion for future studies. 
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Chapter 2 Insulator-to-Semiconductor conversion of 

solution-processed UWB a-Ga2Ox film via Fermi 

level engineering 

 

2.1 Introduction 

The global market is growing rapidly and demanding for next-generation electronics which 

require large-scale production using transparent, cost-effective and harsh-environment-

resistant materials. This trend has pushed the boundaries of technology by enabling large-scale 

fabrication via solution deposition technique. Although vacuum deposition technique offers 

unquestionably high film quality as well as device performance, its application is restricted 

because of its high cost, high energy requirement, experiment complexity, and difficulty in 

scaling to large-area electronics [1][2][3]. Therefore, solution process has become the superior 

alternative method due to large-area fabrication, equipment simplicity, atmospheric processing, 

and low cost [2][3].  

As introduced in Chapter 1, a huge research interest has been shifted from wide bandgap 

materials (Eg > 3.0 eV) to ultra-wide bandgap materials (Eg > 4.0 eV). Ultra-wide bandgap 

materials, such as amorphous Gallium Oxide (a-Ga2Ox), is currently regarded as one of the 

most promising material due to its excellent optical quality (Eg > 4.8 eV), device design 

flexibility, harsh-environment resistance, cost-effectiveness, and solution-processed 

compatibility [4][5][6][7]. It has been widely used for various electronic devices such as solar 

blind ultra-violet photodetectors, sensors, and thin-film transistors (TFTs) [5][7][8][9][1]. In 

addition, it exhibits decent device performance which is comparable to single crystalline 

gallium oxide in selected applications [4][5]. With those excellent properties, fabricating 

solution-processed a-Ga2Ox will encourage the realization of future devices which are large-

scale, highly transparent, cost-effective, and harsh environment-resistant. 

 Nevertheless, obtaining electrical conduction on as-deposited a-Ga2Ox is quite challenging 

because the combination of ultra-wide bandgap (UWB) and an amorphous structure has serious 

difficulties in encouraging electron mobility. Thus, it tends to exhibit insulating behavior, 

particularly in solution-processed a-Ga2Ox. Therefore, developing semiconducting solution-

processed UWB a-Ga2Ox will be a superb research achievement from a materials engineer’s 
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perspective. Likewise, it will widen the range of oxide material applications from industry 

perspectives. 

This chapter demonstrates insulator-to-semiconductor conversion of solution processed 

ultra-wide bandgap a-Ga2Ox material. The key strategy of material conversion is to enhance the 

electrical properties which is represented as the EF relative position shift closer to the 

conduction band. For n-type semiconductor, particularly a-Ga2Ox, this shifting phenomenon 

towards the conduction band implies an increase in electron carrier concentration which further 

improve the film conductivity and the TFT device as well. The material design technique based 

on Fermi level shifting phenomena is further named as Fermi level engineering. 

Section 2.2 presents the recent methods in enhancing electrical properties of oxide materials 

such as thermal annealing, photo-assisted annealing, and film density modification. The 

advantages and disadvantages of each type will also be discussed. In particular, hydrogenation 

or hydrogen doping method is presented in section 2.3 as an alternative method for oxide 

material conversion. The hydrogen-doping principles, challenges and various hydrogen-

incorporation method will also be discussed. This section will highlight the superiority of 

hydrogen annealing over other incorporation methods. 

The first report in solution-processed a-Ga2Ox material conversion was presented in section 

2.4 as the superb achievement. For further investigation, film characteristics and TFT device 

performance were evaluated in section 2.5 and 2.6 respectively. Eventually, section 2.7 present 

the mechanism on how the hydrogen-incorporated affected the electrical properties of a-Ga2Ox. 

 

2.2 Insulator-to-semiconductor conversion methods 

As mentioned in section 2.1, as-deposited a-Ga2Ox mostly exhibit insulating behavior 

owing to its insufficient electron mobility and carrier concentration. Therefore, semiconducting 

a-Ga2Ox can be obtained by enhancing the electron mobility by various methods which is 

appropriate for amorphous ultra-wide bandgap material. At the moment, several research 

approaches have been proposed to enhance the electrical properties of oxide materials such as 

thermal annealing [10], photo-assisted annealing [2][11][12][13][14], and film density 

modification [1]. 

 In 2008, Nagarajan et al. highlighted the use of conventional thermal annealing for 

demonstrating insulator-to-metal transition of Gallium Oxide (Ga2O3) material. All Ga2O3 

films are confirmed as insulator at room temperature. Once the films are heated up to 673 K, 



 
 

23 
 

the pronounce insulator-to-metal transition is observed for the films prepared in Argon 

atmosphere. At 673 K (~400 °C), the conductivity increases by seven orders of magnitude (103 

S cm-1). This excellent improvement is mainly induced by crystallization of stoichiometric 

Ga2O3 within metastable oxide matrix by disproportionation (chemically driven). Although 

conventional thermal annealing has successfully enhanced the film conductivity, it is mostly 

applied at relatively high temperature, particularly for thermally stable material such as 

Gallium Oxide [4]. In addition, obtaining electron conduction in Ga2O3 is not as challenging as 

a-Ga2Ox, because Ga2O3 is a crystalline material. If high temperature of ~400 °C was needed 

to improved conductivity of Ga2O3, higher temperature will be needed to modified the 

conductivity of a-Ga2Ox, particularly the solution-processed UWB a-Ga2Ox. 

Additionally, high temperature annealing tends to trahindensform oxide materials from an 

amorphous phase to crystalline phase which increase the surface roughness that further 

deteriorate the device performance [11]. Therefore, different annealing approaches which 

maintain amorphous phase of oxide materials is required. In consequence, new processing 

paradigm such as photo-assisted annealing has been proposed as a substitute method of 

conventional thermal annealing.  

In general, thermal annealing is performed in solution processed materials for 3 reasons: 

solvent evaporation, precursor-related impurities evaporation and metal oxide formation. Thus, 

a certain temperature is required for a specific oxide material. Kang et al. (2016) revealed that 

Indium Oxide precursor is completely converted to oxide film after annealing at 120 °C (1 

hour) and subsequent exposure to flash lamp annealing (FLA) for 30 s. The heat from 120 °C 

annealing is used for solvent evaporation. Whereas the heat induced from FLA is used to 

generate metal oxide formation. After > 30 s exposure, prominent oxide conversion which leads 

to good carrier transport properties is observed. After prolonging the exposure time, the light 

energy breaks the metal-oxide bond and creates oxygen vacancy (VO) which fill the trap states 

at crystal domain boundaries and increasing the carrier transport properties [13]. 

To date, photo-assisted is considered an alternative annealing method which rely on the 

heat induced by photonic process. Several light sources such as flash lamp [13][12][14], 

mercury and excimer lamp[15], excimer laser [2] and ultra violet irradiation [14][2][16] have 

been widely used for photo-assisted annealing (Table 2-1). Despite excellent electrical 

improvement of photo-assisted annealing, the light energy is limited in its application to wide 

bandgap (Eg ≥ 3.0 eV) oxide materials such as IZO, In2O3, IGZO, Ta2O3 etc. The effective 

energy of light source within visible and ultra-violet (UV) ranges are insufficient to enhance 

ultra-wide bandgap (Eg ≥ 4.0 eV) oxide materials. Thereby, an appropriate method is required 
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for ultra-wide bandgap material, particularly a-Ga2Ox.  

In 2017, Kim et al. demonstrated a superb semiconducting vacuum-processed a-Ga2Ox via 

film density modification. By increasing the film growth rate, higher film density was obtained 

which further suppressed the electron trap formation. The electrical conductivity increases 

exponentially with the increase in the film density. The minimum film density to obtain 

semiconducting a-Ga2Ox is 5.2 g/cm3 [1]. Nevertheless, as mentioned in chapter 2.1, large-scale 

production can be realized mainly if the film was deposited via solution deposition technique. 

Therefore, a proposed method by Kim et al. is likely inappropriate to solution-processed a-

Ga2Ox. The semiconducting behavior of insulating solution-processed a-Ga2Ox might be 

achieved by performing material conversion for instance by introduce hydrogen doping which 

will be further discussed in section 2.3. 

 

Table 2-1. Summary of various light sources for photo-assisted annealing. 

Semiconductor Light source Light energy (eV) Ref. 

a-IZO UV light 4.8 eV (85%), 6.7 eV (15%) [2] 

a-IZO Excimer laser 4.9 eV [2] 

In2O3 Flash lamp 0.8 – 6.2 eV [12] 

In2O3 Flash lamp 0.8 – 6.2 eV [13] 

IGZO Flash lamp 1.3 – 3.2 eV [14] 

IGZO UV 4.4 – 6.9 eV [14] 

Ta2O5 Excimer lamp 3.5 eV (XeF) [15] 

Ta2O5 Mercury lamp 4.8 and 6.7 eV [15] 

IGZO Deep UV 4.9 eV [16] 

 

2.3 Hydrogen-doping principles and challenges 

In amorphous oxide semiconductors, potential barrier distribution around the conduction 

band minimum is formed by structural randomness of amorphous structure which hinders 

carrier transport. Once the carrier concentration increases, the potential barrier can be 

overcome and the carrier mobility can be improved [17]. Furthermore, it was reported that 

carrier mobility of IGZO increased as the carrier concentration increased [18][19][20]. The 

carrier concentration of n-type semiconductor, such as IGZO, can be controlled by introducing 

hydrogen dopant. As the hydrogen (H2) is known as donor for various n-type semiconductors 



 
 

25 
 

[21][22][23], hydrogen doping is carried out to improve the electrical characteristics of TFTs. 

In addition, hydrogen is an effective passivator for defects. The hydrogen can passivate the 

deep states (defect sites due to oxygen deficiency) and interface trap state which reduces the 

threshold voltage (Vth) [24]. 

Nonetheless, it should be highlighted that the TFT characteristics of hydrogenated-IGZO 

are varied with the amount of hydrogen dose [25]. Kim et al. in 2012 revealed that the IGZO 

TFTs performance are improved as hydrogen plasma treatment time increased. However, 

prolonging the treatment time leads to TFT deterioration. The hydrogenated IGZO TFTs exhibit 

severe humps in the transfer characteristics and increment of subthreshold swing (SS). These 

deteriorations are attributed to excessively doped hydrogen which leads to interstitial defects 

rather than acting as defect passivator. Thus, the challenge of hydrogen doping method is to 

control the hydrogen dose at considerate amount. Fundamentally, the hydrogen dose can be 

modulated by controlling the hydrogen sources dose such as hydrogen gas or hydrogen plasma 

depending on the hydrogen-incorporation method. Various hydrogen-incorporated methods 

will be discussed in section 2.3.1. 

 

2.3.1 Hydrogen-doping methods 

 As mentioned in section 2.3, the carrier concentration of most n-type semiconductor can be 

controlled by introducing hydrogen dopant. Since Gallium Oxide (Ga2O3) is known as an n-

type semiconductor [4], this method is likely applicable for solution-processed ultra-wide 

bandgap a-Ga2Ox material. Various methods to implant hydrogen (H2) to oxide materials are 

developed and summarized in Table 2-2. 

 In general, there are 2 principal methods to incorporate hydrogen dopant:  pre-treatment 

and post-treatment. Pre-treatment means the incorporation occurs during film deposition, prior 

to film formation. The hydrogen gas flowed during film deposition and hydrogen will further 

diffuse and be incorporated [26]. On the other hand, post-treatment is where the incorporation 

occurs after film formation. This treatment includes hydrogen diffusion [22], hydrogen plasma 

[25][27], and hydrogen annealing [17]. 

 Sato et al. (2009) demonstrated hydrogen diffusion phenomena of coplanar homojunction 

a-IGZO TFT (Figure 2.1). A SiOx/SiNx:H bilayer film was deposited onto a-IGZO layer by 

PECVD at 250 °C. The hydrogen from SiOx/SiNx:H which serves as donor was diffused into 

a-IGZO film and improved its conductivity. Thus, the a-IGZO region with SiOx (indicated as 
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blue color of SiOx) capping layer remain as semiconducting channel, while the region without 

capping layer is converted into conductive source/drain a-IGZO. The contact holes were 

created and Molybdenum (Mo) was deposited and patterned as wiring from a-IGZO 

source/drain region. 

 

Table 2-2. Comparison of electrical properties of oxide film and TFTs performance with 

various hydrogen-doping methods. 

Method 
Hall (cm2/Vs) ne (cm-3)  sat

 

(cm2/Vs) 

Annealing 

(°C) 
Ref. 

As-depo H-doped As-depo H-doped 

PECVD-

SiNx:H 
11 17 5.61016 7.81019 - - [22] 

H2 plasma - - 1.01014 1.51020 - - [25][27] 

Deposition 

under 

Ar/H2 

ambient 

1.2 0.3 7.41018 5.31019 3.6 - [26] 

H2
 

annealing  

16 15 7.01019 2.01020 - 300 [28] 

- - - - 8.6 300 [29] 

1.8 6.4 3.41014 1017~1019 7.4 260 [17] 

 

 

Figure 2.1. Cross-sectional schematic of coplanar homojunction a-IGZO TFT [22]. 
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 Moreover, hydrogenated IGZO via hydrogen plasma shows TFTs device improvement 

[25][27]. The hydrogen from hydrogen plasma treatment acts as shallow donor carriers, such 

as H+ and OH [27]. The hydrogen which diffused to 50 nm-depth of a-IGZO, passivated the 

oxygen deficiency and the total trap which existed in channel layer and channel-gate insulator 

interface [25][27]. The presence of hydrogen in a-IGZO further improved its conductivity and 

transformed to conductive source/drain (Figure 2.2). By using a-IGZO as channel and 

source/drain at the same time, the contact resistance between channel and source/drain can be 

eliminated and the sheet resistance can be reduced [27]. Although the proper hydrogen dose 

well passivated the oxygen deficiency, excess hydrogen dose acted as excessive donors which 

exist as interstitial defects [25]. Additionally, prolonging the hydrogen plasma treatment time 

tends to damage the film surface and generate defect density [17].  

 

 

Figure 2.2. Schematic cross-sectional diagram of the total resistance in homojunction a-

IGZO TFTs with Ar and H2 plasma treatments [27]. 

 

 In 2013, Oh et al. reported smoother surface of hydrogenated IGZO can be achieved by 

performed hydrogen annealing. After annealing the IGZO film at N2 and H2 ambient, the 

surface roughness was reduced. The smoothened surface is ascribed to film densification due 

to structural relaxation of IGZO which occurs during thermal annealing [30][31]. Hence, 

compared to existing hydrogenation methods which summarized in Table 2-2, hydrogen 

annealing is apparently the most appropriate method to design semiconducting solution-

processed ultra-wide bandgap a-Ga2Ox. The detail of hydrogen annealing method will be 

discussed in section 2.3.2.   
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2.3.2 Hydrogen annealing 

 Hydrogen-incorporation via hydrogen-based annealing has been demonstrated by various 

methods such as hot isostatic pressing or HIP [28], high-pressure hydrogen annealing of HPHA 

[17], and post-thermal treatment of hydrogen annealing [29]. Kim et al. in 2011, carried out 

hydrogen-incorporation in an IGZO film using a hot isostatic pressing (HIP) method which 

was performed at 300 °C for 10 h under high pressure. Unlike hydrogen plasma treatment, the 

HIP did not activate hydrogen to form a reactive radical but it involved physical injection of 

atomic or molecular neutral state hydrogen. In addition, the hydrogen injected mainly occupies 

the Zn–O or Ga–O bond site rather than the In–O bond site. The hydrogen injection to the Zn–

O or Ga–O bond site tends to generates free carrier. While the hydrogen injected to the In–O 

bond site particularly acts as a scattering center in the conduction path which decreases the 

mobility (). 

 In 2013, Oh et al. demonstrated hydrogenation of thin-film IGZO which was carried out 

by applying high-pressure hydrogen annealing (HPHA). The HPHA effectively increased the 

carrier concentration and Hall mobility of IGZO film. Moreover, the hydrogenated IGZO films 

exhibit smoother surface as compared to the as-deposited film. The increased carrier 

concentration in the HPHA samples strongly depends on the annealing temperature. By varying 

the annealing temperature from 260–280 °C, the carrier concentration is modulated from 1016 

to 1019 cm-3. Likewise, the negative shift of Vth was also observed as the annealing temperature 

increased which implies more carriers reside in the channel layer. Interestingly, the process 

temperature of HPHA is lower than the required process temperature of other reported 

hydrogenation methods. This is because the high hydrogen-incorporation rate in the HPHA 

process. According to Hendry’s law, the hydrogen gas had higher solubility and higher 

diffusivity with higher hydrogen partial pressure at a given temperature [32]. 

 Son et al. (2010) demonstrated post-treatment at 300 °C in H2 gas ambient which increase 

the electron concentration of bottom-gate top-contact IGZO TFT. As shown in Figure 2.3, the 

on current of hydrogenated IGZO TFT is higher than the one treated in O2 and vacuum. In 

IGZO systems, hydrogen has been known to be a donor for n-type oxide semiconductors which 

improved IGZO film to be more conductive by increasing the electron concentration [27]. The 

increase in the electron concentration of IGZO is owing to percolation conduction through 

potential barriers in the vicinity of conduction band edge [18]. Furthermore, the increase in the 

electron concentration leads to negative shift of threshold voltage (Vth). 
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Figure 2.3. Transfer characteristics of Si/SiO2/IGZO/Al TFT at VD of 20 V [29]. 

 

 To realize semiconducting ultra-wide bandgap a-Ga2Ox, an appropriate method is needed 

to convert its conductivity without changing its amorphous phase. Although high-pressure 

system such as HIP and HPHA well passivated the deep states and interface trap state [24], the 

high pressure tends to rearranged the structure, densified [30][31] and transformed to 

crystalline phase in selected cases [17]. Therefore, instead of high-pressure system, 

conventional hydrogen annealing is preferred. In this study, the hydrogen annealing system is 

illustrated in Figure 2.4. The hydrogen annealing treatment was performed in quartz glass tube 

under H2/N2 gas ambient. 

 

Figure 2.4. Schematic diagram of hydrogen annealing system that was used in this study. 
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2.3.3 Fabrication process of hydrogen-annealed solution-processed 

ultra-wide bandgap a-Ga2Ox TFTs 

2.3.3.1 Materials and precursor preparation 

 Solution-processed deposition technique has been widely developed for realization of 

large-scale production. Nonetheless, precursor-related impurities are highlighted as the major 

drawback of solution deposition approach. In general, a certain temperature is needed to 

completely evaporate the precursor-related impurities. Uncomplete evaporation affects the film 

formation, metal-oxide bond formation as well as the TFT device performance [33]. In 

addition, solution deposition technique is highly environment-dependent. For instance, it is 

relative humidity dependent, which might be another origin of impurities. In other words, the 

impurities might originate from the precursor-related impurities and/or environment-related 

impurities. Therefore, relatively high temperature is required for impurities evaporation. In 

particular, this section discussed the precursor-related impurities reduction by the precursor 

selection. The detail in the effect of precursor-related impurities and environment-related 

impurities will be discussed in chapter 3. 

 There have been numerous improvements in the chemistry to lowered down the processing 

temperature by solute and solvent engineering. The goal is to lower the processing temperature 

without unwanted impurities left after thermal decomposition. In 2008, Altungbas and 

colleagues [34] reported the effect of precursor selection to the structural and optical properties 

of ZnO thin-films. The ZnO films were fabricated from three different precursors (zinc nitrate, 

zinc acetate and zin chloride) at the same annealing temperature. The result reveals that 

different ZnO films had different surface morphologies and optical bandgaps cause by different 

decomposition temperatures, as illustrated in Figure 2.5. Although the same annealing 

temperature was used, the film characteristics and device performances were determined by 

the precursor selection. Similar studies on HIZO and IZO precursor selection (zinc nitrate, zinc 

acetate, and zinc chloride) were also reported [35][36]. Among of these precursors, zinc nitrate 

exhibited the greatest weight loss of the residual organic materials at low temperature which 

implies fastest metal oxide formation (Figure 2.5). In consequence, zinc-nitrate-based TFTs 

exhibited the highest mobility and on/off ratio [35]. 



 
 

31 
 

 

Figure 2.5. Comparison of weight loss with increasing temperature with respect to nitrate, 

acetate, and chloride precursors [33]. 

 

 Furthermore, solvent selection is also critical in the conventional sol-gel process. A non-

aqueous solvent, such as 2-methoxyethanol, must undergo high temperature annealing for 

metal-oxide formation. In contrast, an aqueous solvent, such as deionized water, has high 

complexity reaction caused by high reactivity of the metal-oxide precursors towards water [33]. 

Instead, in this study, 2-methoxyethanol was used as the solvent for gallium nitrate precursor. 

 In this study, Gallium oxide precursor (0.5 M) was synthesized via sol-gel method by 

dissolving gallium nitrate hydrate (Ga(NO3)3∙xH2O 99.999%, Sigma-Aldrich) in 2-

methoxyethanol (C3H8O2 anhydrous 99.8%, Sigma-Aldrich) under constant stirring at room 

temperature for 12 hours. The gallium oxide precursor was subsequently deposited after sol-

gel process was finished. The detail on the precursor aging will be discussed in chapter 3. 

 

2.3.3.2 Device fabrication 

Figure 2.6 illustrates the experimental procedure for solution-processed a-Ga2Ox TFT 

device fabrication. Heavily doped p-type Si substrates with thermally grown SiO2 (85 nm) were 

used. To remove the organic residues on the substrates, conventional sulfuric-peroxide mixture 

(SPM) cleaning method was performed. The substrates were immersed in the H2SO4 solution 
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at 80 °C for 10 mins and subsequently the H2O2 solution was added for another 10 mins (Figure 

2.6a). Prior to the deposition, the substrate surface hydrophilicity was improved by subjecting 

UV/O3 treatment for 10 mins at 115 °C (Figure 2.6b) using SAMCO UV and Ozone Dry 

Stripper Model UV-1 with a wavelength of 254 nm (85%) and 185 nm (15%). The a-Ga2Ox 

channel was deposited via spin coating technique at 2000 rpm for 15 s followed by 2-step 

baking process (Figure 2.6c). The pre-baking at 150 °C for 5 mins was performed to ensure 

that the solvent and precursor-related impurities have been completely evaporated. Whereas 

the post-baking at 500 °C for 5 mins was performed to generate metal-oxide formation and 

film densification without changing its phase to crystalline. The multiple-step baking process 

was subsequently performed until ~100 nm-thick-a-Ga2Ox film was formed. Multi-stacking 

film deposition was done to fill physical voids that might be present in the preceding layers. In 

addition, this step is necessary to make the film denser and more homogeneous on each iteration 

of spin-coating and baking. The film thickness was controlled by controlling precursor volume 

per drop (30 L), spin rate (2,000 rpm, 15 seconds), and number or layers. Afterwards, the 

final post-baking was done for 1 h. 

 

 

Figure 2.6. Schematic diagram of the fabrication process of a-Ga2Ox TFTs. Started by (a) 

substrate cleaning via SPM process, (b) UV/O3 treatment, (c) Gallium Oxide film deposition, 

(d) H2-annealing treatment, and (e) film patterning and metal deposition. 

(a) (b) (c)

(d) (e)
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The a-Ga2Ox channel-islands were patterned by standard photolithography process and 

subsequently the wet etching was achieved using 0.05 M HCl solution. Afterwards, the a-

Ga2Ox film was annealed at 500 °C for 2 h under 4% hydrogen ambient (N2:H2 96:4%) which 

continuously flowed at a flowrate of 500 sccm (Figure 2.6d). Bottom-gate top-contact a-Ga2Ox 

TFTs were fabricated by depositing 100-nm-thick Aluminum as source/drain electrodes via 

electron beam evaporation. 

 

2.3.3.3 Characterization  

 The baking temperatures, pre-baking and post-baking, were determined by 

Thermogravimetry/Differential Scanning Calorimeter (TG-DSC; Hitachi DSC7000) 

measurement of a-Ga2Ox precursor. The transfer characteristics of a-Ga2Ox TFTs were 

analyzed using a semiconductor parameter analyzer (Agilent Technologies B1500A). Film 

thickness, phase structure, and film density were characterized and determined by profilometer, 

grazing incidence X-ray diffraction (XRD; Rigaku SmartLab9kW/IP/HY/N), and X-ray 

reflectivity spectroscopy (XRR; Rigaku SmartLab9kW/IP/HY/N), respectively. Optical 

bandgap values (Eg) and Valence band offset (EV-offset) were estimated by ultraviolet-visible 

spectroscopy (UV-Vis; JASCO ILN-472) Tauc plot and X-ray photoemission spectroscopy 

(XPS; ULVAC-PHI 5000 VersaProbell). Finally, elemental analysis and hydrogen diffusion 

were evaluated by secondary ion mass spectroscopy (SIMS; ULVAC-PHI ADEPT-1010). 

 

2.4 Achievement of semiconducting a-Ga2Ox TFTs via hydrogen 

annealing 

In fabricating a-Ga2Ox film via solution process, temperature selection for pre-baking and 

post-baking are vital considerations since these temperatures can control the channel’s film 

quality [7]. Those temperatures were determined by analyzing the thermal properties of 

Gallium Oxide precursor through TG-DSC measurement as shown in Figure 2.7. The Gallium 

Oxide precursor exhibited gradual mass loss from ~25 °C to 120 °C which indicates 

evaporation of the solvent, 2-methoxyethanol. It was completely evaporated when it reached 

its boiling point at 124°C, which is also indicated by the ~90% mass loss. 
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The gallium nitrate hydrate (Ga(NO3)3∙xH2O) precursor contains three group compounds, 

which are gallium compound (Ga), nitrate compound ((NO3)3), and hydrate compound (H2O). 

The hydrate compound was removed via thermally driven hydrolysis at ~100 °C indicated by 

a deep peak of endothermic reaction in DSC curve. Whereas the nitrate compound was 

removed via thermal decomposition at 124 °C to 138 °C which is observed as ~4% weight loss. 

Thus, the pre-bake temperature was chosen at 150 °C to ensure that the solvent and precursor-

related impurities have been completely removed. The metal oxide started to form at ~200°C 

and followed by densification at 380°C. While the film was crystallized at 680°C. Therefore, 

the post-bake temperature was chosen at 500°C to ensure the metal oxide formation and 

densification of the film without changing its phase to crystalline. By applying both pre-bake 

and post-bake temperatures, the as-deposited a-Ga2Ox films will be obtained. The hydrogenated 

film or the H2-annealed a-Ga2Ox films were obtained by applying hydrogen annealing as 

explained in section 2.3.3.2. The film characteristics of as-deposited and H2-annealed a-Ga2Ox 

films will be discussed in section 2.4.1. 

 

 

Figure 2.7. TG (red) and DSC (black) thermograph of Gallium Oxide precursor. 

 

2.4.1 Film characteristics 

The phase structural properties of the as-deposited and H2-annealed Gallium Oxide films 

on Si/SiO2 substrates were examined by using grazing incidence X-ray diffraction (XRD) 
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analysis. As displayed in Figure 2.8a, the as-deposited Gallium Oxide film exhibits an 

amorphous structure which indicates as broad peak around 2 of 30–40° which is assigned to 

monoclinic Gallium Oxide crystal structure. Similar XRD pattern was observed after 

performing H2 annealing treatment at 500 °C. Despite being annealed at 500 °C, the H2 

annealing treatment can retain the amorphous nature of a-Ga2Ox. 

 

 

Figure 2.8. (a) XRD spectra and (b) XRR spectra of as-deposited and H2-annealed Gallium 

Oxide films. 

 

 To look deeper into the structural differences between as-deposited and H2-annealed a-

Ga2Ox films, the X-ray reflectometry (XRR) measurement was performed. The XRR 

oscillation pattern of as-deposited and H2-annealed a-Ga2Ox films are shown in Figure 2.8b. 

The film thickness, film density, and film roughness were fitted and estimated based on the 

oscillation pattern. The values of as-deposited a-Ga2Ox film thickness, film density and film 

roughness are 20.6 nm, 4.14 g/cm3, and 0.47 nm respectively. Similar values were obtained for 

H2-annealed a-Ga2Ox at 21.0 nm, 4.11 g/cm3, and 0.45 nm respectively (Table 2-3). This means 

that the H2-annealing treatment did not change the structural characteristics of as-deposited a-

Ga2Ox. The hydrogenated a-Ga2Ox films have relatively smooth surface which is ideal for TFT 

devices. The smooth surface tends to suppress the interfacial traps which implies better TFT 

device performance [25]. The detail on the as-deposited and H2-annealed a-Ga2Ox TFT 

characteristics will be discussed in section 2.4.2. 
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The optical bandgap and transparency of a-Ga2Ox films before and after H2 annealing was 

estimated by Tauc plot of UV-Visible spectra as displayed in Figure 2.9. The red shift of 

optical bandgap (Eg) was observed from 4.80 eV (as-deposited) to 4.22 eV (H2-annealed) which 

probably owing to annealing and/or hydrogen doping introduction [7]. To further investigate 

the main factors on this red shift phenomena, additional experiment to separate the effect of 

annealing temperature and annealing gases ambient will be discussed in section 2.5. Regardless 

the Eg values, those values confirmed that the a-Ga2Ox is an ultra-wide bandgap material, 

despite being treated via H2 annealing. The unique characteristic of ultra-wide bandgap 

material is its excellent transparency. In particular, a-Ga2Ox has film transparency of >96% in 

the visible region (wavelength of 555 nm) which is a good candidate for transparent devices. 

The film characteristics of as-deposited and H2-annealed films were summarized in Table 2-3. 

 

 

Figure 2.9. Optical bandgap and transmittance (inset) of as-deposited (blue) and H2-annealed 

(red) a-Ga2Ox films. 

 

2.4.2 TFT characteristics 

In the previous section, the characteristics of a-Ga2Ox films were confirmed to as 

amorphous ultra-wide bandgap material. As mentioned in section 2.1, the combination of 

amorphous structure and ultra-wide bandgap material has severe difficulties in obtaining the 

electron conduction. This is caused by insufficient carrier concentration of as-deposited a-
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Ga2Ox [1]. As displayed in Figure 2.10, the transfer characteristics of as-deposited solution-

processed a-Ga2Ox TFT is completely inactive. The complex combination of amorphous phase 

structure, ultra-wide bandgap material, and poor carrier concentration hinder electron mobility. 

  

 

Figure 2.10. Transfer curves of as-deposited (left) and H2-annealed (right) a-Ga2Ox TFTs. 

 

Interestingly, adding 4% H2 gas significantly increases the carrier concentration by 1 order 

of magnitude (Table 2-3) which leads to conductivity improvement. As the conductivity 

increases, the a-Ga2Ox film was transformed from insulator to semiconductor. Stacking the 

semiconducting a-Ga2Ox film as an active channel in TFT structure which illustrated in Figure 

2.6, will eventually exhibits switching behavior as displayed in Figure 2.10.  

 

Table 2-3. Summary of as-deposited and H2-annealed a-Ga2Ox film characteristics. 

Sample 
Thickness 

(nm) 

Roughness 

(nm) 

Film 

density 

(g/cm3) 

Eg 

(eV) 

Transparency 

(T555nm in %) 

Carrier 

density (cm-3) 

As-deposited 20.6 0.47 4.14 4.80 98.62 11010 

H2-annealed 21.0 0.45 4.11 4.22 96.14 61011 
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In addition, the ON curve was successfully obtained at extremely lower drain voltage (Vd) 

≤ 9.9 V unlike other reported a-Ga2Ox TFTs which require higher Vd up to 50V [9][10]. This 

achievement of semiconducting solution-processed ultra-wide bandgap a-Ga2Ox which was 

obtained from H2-annealing need to be understood since it retained its amorphous structure 

even after annealing. To further understood the mechanism behind this improvement, the 

ambient gases were varied while maintaining the annealing temperature at 500 °C. The film 

characteristics as well as the TFT performance of this variations will be discussed in section 

2.5. 

 

2.5 The effect of annealing ambient gases to the a-Ga2Ox film 

characteristics 

Previous chapter reveals a superb research achievement by obtaining semiconducting 

behavior of the most challenging material, solution-processed ultra-wide bandgap a-Ga2Ox. 

This improvement might be caused by either hydrogen doping [17][28][29] and/or annealing 

[37]. Aside from hydrogen doping which was explained in section 2.3.2, Yadav et al. (2020) 

demonstrated the effect of annealing temperature to the electrical properties of Ga2O3 films. As 

the annealing temperature increased from room temperature to 800 °C, the oxygen deficiency 

was generated. Thus, the free carrier concentration was also increased. Furthermore, bandgap 

narrowing and Fermi level shifting phenomena were also observed [37]. At high temperature, 

many body interactions between carriers in the conduction band and valence band were 

increased. This phenomenon is also known as bandgap renormalization where the bandgap 

narrows as the temperature increases [38].  

To further study the main cause of this improvement, different gas environment was flowed 

during annealing while maintaining the temperature at 500°C. This experiment was performed 

to separate the effect of annealing gases (particularly H2 gas) and annealing temperature. 

 

2.5.1 Thin film deposition and sample preparation 

The a-Ga2Ox films were prepared for various characterizations to evaluate the structural, 

optical, and chemical properties of the untreated and treated-films. The fabrication steps were 

similar to Figure 2.6 in section 2.3.3.2. Prior to the deposition, the Si/SiO2 (p++) substrate and 
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glass substrate were cleaned and exposed by UV/O3 treatment. The a-Ga2Ox film was deposited 

via spin coating technique at 2000 rpm for 15 s followed by 2-step baking process at 150°C 

and 500 °C, 5 mins each. The final post-baking was done for 1 h. Afterwards, the a-Ga2Ox film 

was annealed at 500 °C for 2 h under various annealing condition as displayed in Table 2-4.  

Film thickness, phase structure, and film density were characterized and determined by 

profilometer, grazing incidence X-ray diffraction (XRD; Rigaku SmartLab9kW/IP/HY/N), and 

X-ray reflectivity spectroscopy (XRR; Rigaku SmartLab9kW/IP/HY/N), respectively. Optical 

bandgap values (Eg) and Valence band offset (EV-offset) were estimated by ultraviolet-visible 

spectroscopy (UV-Vis; JASCO ILN-472) Tauc plot and X-ray photoemission spectroscopy 

(XPS; ULVAC-PHI 5000 VersaProbell). Finally, elemental analysis and hydrogen diffusion 

were evaluated by secondary ion mass spectroscopy (SIMS; ULVAC-PHI ADEPT-1010). The 

film characteristics will be discussed in the next section. 

  

Table 2-4. Summary of deposition parameters of untreated and treated a-Ga2Ox
 films. 

Sample Temperature (°C) Gases Flowrate (sccm) Time (h) 

As-deposited No annealing 

N2-annealed 500 N2 (100%) 500 2 

H2-annealed 500 N2:H2 (96:4%) 500 2 

ATM-annealed 500 N2:O2 (80:20%) 500 2 

 

2.5.2 Film characteristics 

The phase structural properties of the untreated and treated Gallium Oxide films on Si/SiO2 

substrates were examined by using grazing incidence X-ray diffraction (XRD) analysis as 

displayed in Figure 2.11. As-deposited a-Ga2Ox was confirmed as amorphous which was also 

explained in the previous section. When the film was annealed at 500 °C in pure nitrogen 

ambient (N2 gas 100%), the film was remained as an amorphous. This result emphasize that 

annealing gas ambient and annealing temperature did not induce film crystallization. Similar 

amorphous pattern was also observed for the film annealed under 4% H2 gas ambient (N2:H2 

96:4%). Interestingly, when the O2 gas was introduced, the film started to crystallize. The 

mixture of N2:O2 gases which referred as atmospheric (ATM) annealing, exhibits several peaks 

of monoclinic crystalline gallium oxide (c-Ga2O3). Likely, the O2 gas encourages Ga – O bond 

rearrangement which further initiate film crystallization. Nonetheless, incomplete 
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crystallization might have occurred because the film was annealed under crystallization 

temperature (Tc = 680 °C). By only annealing the film at 500 °C (without O2 gas induced), the 

crystallized film will generally not be obtained. In the ATM-annealed film, the c-Ga2O3 

structure existed amidst the a-Ga2Ox structure, named as polycrystalline Gallium Oxide (poly-

Ga2O3). Eventually, the XRD result suggests that the film crystallization is mainly dependent 

on the annealing ambient gases instead of the annealing temperature. The effect of both 

parameters was clearly observed. 

 

 

Figure 2.11. XRD spectra of untreated and treated a-Ga2Ox films. 

 

Furthermore, as the film was crystallized, the film density increases from 4.11 g/cm3 to 

5.13 g/cm3 as summarized in Table 2-5. In general, denser film tends to suppress the electron 

trap formation which further improves the electrical properties of a-Ga2Ox film [1]. In this study, 

most film has relatively low film density of 4.1 – 4.2 g/cm3 except the ATM-annealed film (5.1 

g/cm3). This is mainly caused by oxygen-driven crystallization which only occurred in the 

ATM-annealed film, as mentioned above. In consequence, this result highlighted the severe 

difference of the amorphous and polycrystalline Gallium Oxide film densities. The amorphous 

films have relatively ~ 1 g/cm3 lower film density than the polycrystalline film. 

Studies on the film density dependence of various Gallium Oxide film was summarized in 
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Table 2-6. Various Gallium Oxide film densities which were deposited via solution and vacuum 

deposition technique were reported. It showed that the solution-deposited film has relatively ~ 

1 g/cm3 lower film density than vacuum-deposited film. Kim et al. in 2017 reported the 

dependency of the film density on the conductivity. It was reported that the electrical 

conductivity increases exponentially with the increase in the film density. The minimum film 

density to obtain semiconducting a-Ga2Ox is 5.2 g/cm3 [1]. Despite the value (5.2 g/cm3) being 

close to the ATM-annealed film density (5.1 g/cm3), the ATM annealing treatment could not 

retain the amorphous nature of a-Ga2Ox. Moreover, regardless of low film density of H2-

annealed film (4.11 g/cm3), the H2-annealed TFT showed excellent electrical characteristics 

improvement as mentioned in the previous section. Hence, there might be another reason to 

explain this improvement aside from the annealing temperature dependency. In particular, this 

improvement might be related to the presence of H2 gas. 

 

Table 2-5. Physical and optical properties of untreated and treated a-Ga2Ox films. 

Annealing 

ambient 

Thickness 

(nm) 

Roughness 

(nm) 

Film 

density 

(g/cm3) 

Phase 

structure 
Eu (meV) Eg (eV) 

As-deposited 20.6 0.47 4.14 a-Ga2Ox 362.2 4.80 

ATM-annealed 20.7 0.70 5.13 poly-Ga2O3 468.1 4.66 

H2-annealed 21.0 0.45 4.11 a-Ga2Ox 746.9 4.22 

N2-annealed 22.0 0.50 4.17 a-Ga2Ox 388.1 4.60 

 

Table 2-6. Film density of solution-deposited and vacuum-deposited Gallium Oxide films. 

AOS Material Dopant Deposition Film density 

(g/cm3) 

Ref. 

a-Ga2Ox - solution 4.14 This work 

a-Ga2Ox H2 solution 4.11 This work 

a-Ga2Ox B solution ~4.8 [39] 

a-Ga2Ox InZn solution ~4.2 [40] 

a-Ga2Ox - vacuum ~5.2 [1] 

c-Ga2O3 - vacuum ~5.3 [41] 

a-Ga2Ox - vacuum ~6.0 [42] 

c-Ga2O3 - vacuum ~6.3 [42] 
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To further elucidate the electrical characteristics improvement of H2-annealed sample, the 

optical properties such as optical bandgap (Eg), Fermi level (EF) and Urbach energy (Eu) of 

each film were calculated from the UV-Vis and XPS spectra. The optical bandgap of direct 

bandgap was obtained through the Tauc equation: 

(𝛼ℎ𝜈)2 = 𝐴 (ℎ𝜈 − 𝐸𝑔)       (2.1) 

where 𝛼 is absorption coefficient, A is constant slope parameter, ℎ𝜈 is photon energy, and 𝐸𝑔  

is bandgap energy. Whereas the Fermi level (𝐸𝐹) relative position and Urbach energy (Eu) were 

calculated using the following equation: 

𝐸𝐹 = 𝐸𝑔 − 𝐸𝑉−𝑜𝑓𝑓𝑠𝑒𝑡       (2.2) 

 𝛼 = 𝐴 𝑒𝑥𝑝 (
ℎ𝜈

𝐸𝑢
)       (2.3) 

Where 𝐸𝐹  is Fermi level relative position to the conduction band, 𝐸𝑔  is bandgap energy which 

estimated from UV-Vis Tauc’s plot, and 𝐸𝑉−𝑜𝑓𝑓𝑠𝑒𝑡  is Valence band offset which is estimated 

from XPS spectra at lower binding energy (0 – 10 eV), 𝛼 is absorption coefficient, A is constant 

slope parameter, ℎ𝜈 is photon energy, and  𝐸𝑢 is Urbach energy. The detail on the Fermi level 

estimation through UV-Vis and XPS spectra will be discussed in Chapter 4. 

 

 

Figure 2.12. Optical bandgap and transmittance (inset) of untreated and treated a-Ga2Ox 

films. 
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Figure 2.12 displayed the optical bandgap (Eg) of untreated and treated a-Ga2Ox films. The 

optical and physical characteristics of those films were also summarized in Table 2-5. It was 

observed that the Eg was shifted from 4.80 to 4.22 eV as different annealing ambient was 

applied. In particular, the Eg was shifted from 4.80 eV to 4.60 eV as the film was annealed at 

500 °C in pure nitrogen ambient. This red shift phenomenon is mainly caused by the applied 

annealing temperature which encourage bandgap renormalization as mentioned above. As the 

temperature increases, the Eg narrows [38]. Moreover, the bandgap renormalization 

phenomenon was also observed on the ATM-annealed film where the Eg was narrowed to be 

4.66 eV. 

Interestingly, as 4% H2 gas was introduced, the Eg was shifted even lower up to 4.22 eV. 

The large reduction in the Eg was mainly caused by hydrogen doping. As the dopant was 

incorporated to the oxide film, the Eg was narrowed owing to carrier concentration 

improvement [7][25]. In this case, the H2 gas which continuously flowed was diffused and 

incorporated into a-Ga2Ox bulk film, which further increased the carrier concentration and 

observed as Eg narrowing.  

 

 

Figure 2.13. Optical absorption of untreated and treated a-Ga2Ox films. 

 

Hereafter, the Urbach energy (Eu) was also evaluated. The Eu indicates the subgap disorder 

level of oxide materials which might have originated from low/poor crystallinity, amorphous 

disorder, and defect impurity. Its value is the combination of both conduction band and valence 

band tail states. As showed in Table 2-5, the Eu value was increased from 362.2 meV to 746.9 
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meV. In general, the amorphous nature has a random structure which contributes to subgap 

disorder of oxide materials. Likewise, the annealing treatments (N2, H2, and ATM annealing) 

tends to rearrange the a-Ga2Ox structure uncontrollably, which might also be another origin of 

subgap disorder. 

In case of N2-annealed film, the subgap disorder mainly originated from the annealing 

temperature. As the a-Ga2Ox film was annealed at 500 °C (100% N2), the heat induced band 

rearrangement but insufficient to form a crystalline phase. Thus, the randomness of the 

amorphous structure increased which further increase the Eu (388.1 meV) as well. In contrast, 

the oxygen-driven crystallization transformed the a-Ga2Ox to be poly-Ga2O3 under ATM 

annealing condition. The presence of crystalline structure amidst amorphous structure result in 

poor crystallinity which added subgap disorder in the bulk film. In other words, the subgap 

disorder of ATM-annealed film originated from annealing temperature and its poor 

crystallinity. Although crystalline structure tends to have relatively low Eu, unfortunately poly-

Ga2O3 has relatively high Eu of 468.1 meV owing to incomplete crystallization which 

contributed to the increase of structure randomness. 

 

 

Figure 2.14. Band alignment of untreated and treated a-Ga2Ox films. 

 

Particularly, the H2-annealed film has the highest subgap disorder of Eu = 746.9 meV. It 

might be caused by complex combination of amorphous disorder and defect impurity. In terms 

of amorphous disorder, the H2-annealed film has the similar states to N2-annealed film where 
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bond was rearranged but did not crystallize. Nonetheless, the H2-annealed film exhibit 
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extremely high Eu as compared to N2-annealed film which mainly due to H2 defect impurity. 

Apparently, the H2 gas was diffused and was incorporated to the highly random H2-annealed 

a-Ga2Ox film.  

 

 

Figure 2.15. SIMS of untreated and treated a-Ga2Ox films. 

 

The presence of H2-dopant was clearly observed as the high Eu value in Table 2-5 and broad 

optical absorption showed in Figure 2.13. Kamiya et al. reported that wider optical absorption 

of a-IGZO film indicates the higher subgap disorder [43]. Those subgap disorder tends to create 

tail states in the bandgap edges. In amorphous oxide semiconductor such as a-IGZO and a-

Ga2Ox, the energy width of valence tail states is larger than conduction tail states, implying that 

the Eu better represents the valence tail states [1][43]. Hence, additional acceptor states were 

created above valence band maximum. Nevertheless, in this study, the additional donor states 

tend to be created rather than acceptor states particularly for H2-annealed film. This is because 

the H2 gas serves as a shallow donor which increased the carrier concentration and reflected as 

a switching TFT (Figure 2.10). Therefore, additional donor states were created specifically 

only for H2-annealed sample. As illustrated in Figure 2.14, the additional acceptor states were 

created for ATM-annealed and N2-annealed films which further narrowed the Eg as compared 
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and dominant donor states were also created. This result reveals the presence of H2-dopant as 

a shallow donor which occupied donor states and narrowed the Eg. The detail on the Eg 

narrowing as well as EF shifting phenomena will be discussed in section 2.7. 

To support the hypothesis, SIMS measurement was conducted to further investigate the H-

incorporation. In particular, the H intensity was gradually decreased for H2-annealed, ATM-

annealed and N2-annealed respectively as shown in Figure 2.16. The detected H intensity 

might indicate either H-impurities or H-incorporated. H-impurity originated from the 

precursor-related impurity or H2O environment impurity (relative humidity) which might be 

trapped to the film during solution deposition. While the H-incorporated refers to the H2 gas 

which were incorporated to the film during H2 annealing. However, it is quite difficult to 

distinguish which H contributed more.  

In particular, the as-deposited film has the highest hydrogen intensity which eventually 

reduced after annealing treatment was applied (H2 annealing, N2 annealing, and ATM 

annealing respectively). It suggests that the as-deposited film contains excess water (H-

impurities) which might be trapped during film formation. As the film was annealed under 

100% N2 ambient, those H-impurities were evaporated which observed as H intensity 

decreased in SIMS spectra. Interestingly, the H intensity was increase as 4% hydrogen was 

introduced which confirm that the H was incorporated and serves as a shallow donor.  

 

2.6 a-Ga2Ox TFTs performance under different annealing 

ambient gases 

In the previous chapter, the effect of annealing gases ambient and annealing temperature to 

the a-Ga2Ox films has been clearly discussed. The effect of both parameters was clearly 

observed and separated. In this chapter, the TFT performance of untreated and treated a-Ga2Ox 

film will be further discussed.  

 

2.6.1 Device fabrication 

The a-Ga2Ox TFTs fabrication steps were similar to Figure 2.6 in section 2.3.3.2, and film 

preparation in section 2.5.1. In advance, the annealing treatments were performed after 

channel-islands of a-Ga2Ox were patterned. This is because the annealing treatments somehow 

modified film characteristics which further affected the wet etching rate. Uncontrolled etching 

rate will cause under-etching or over-etching which brings another issue to the TFTs 
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characteristics. In addition, applying the annealing treatments after electrode deposition will 

bring additional issue such as electrode damage. The H2 gas might diffuse to the Al electrode 

and form Al:H or damage the electrode thin-film. In contrast, the O2 might also diffuse and 

promote oxidation, creating AlOx. Thus, the films were etched at the same state condition: as-

deposited. Afterwards, the a-Ga2Ox film was annealed at 500 °C for 2 h under various annealing 

condition as displayed in Table 2-4. And eventually, bottom-gate top-contact a-Ga2Ox TFTs 

were fabricated by depositing 100-nm-thick Aluminum as source/drain electrodes via electron 

beam evaporation. 

 

2.6.2 TFT characteristics 

The transfer characteristics of a-Ga2Ox TFTs are displayed in Figure 2.17. The transfer 

characteristics of as-deposited solution-processed a-Ga2Ox TFT is completely inactive. There 

was no switching behavior observed due to insufficient carrier concentration. The complex 

combination of amorphous phase structure, ultra-wide bandgap (Eg = 4.8 eV), and low carrier 

density (11010 cm-1) hinder electron mobility. In addition, the as-deposited a-Ga2Ox has 

relatively high trap states owing to high oxygen vacancy and low film density as mentioned in 

the previous section. The TFT performance of solution-processed ultra-wide bandgap Gallium 

Oxide was summarized in Table 2-7.  

 

 

Figure 2.17. Transfer characteristics of untreated and treated a-Ga2Ox TFTs. 
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there was no changes in the TFT characteristic (Figure 2.17). This is because the N2 is an inert 

gas which is not reactive and widely used to protect the electronic devices performance from 

degradation. The dissociation energy of N2 molecules is fairly high (9.756 eV)[44]. Thus, high 

energy was needed to break those bonds. Apparently, 500 °C is insufficient to break the N2 

bonds. Therefore, there was no N2 which diffused to the film which was also confirmed by 

XPS and SIMS measurement. In addition, this temperature was also insufficient to crystallize 

the a-Ga2Ox films. Instead, it was only enough to rearrange the Ga – O bonds. Moreover, the 

Eu of the N2-annealed film was increased as compared to the as-deposited film, owing to bond 

rearrangement without film crystallization. Hence, in the N2 annealing treatment, the 

temperature of 500 °C mainly caused minimum film modification to the N2-annealed film. 

Furthermore, as 4% H2 gas was added, significant film and TFT device improvements were 

observed. The H2 serves as a shallow donor which occupies donor states near the conduction 

band. Likewise, the H2 passivated the trap states which exist on the as-deposited film. As a 

result, the carrier density was improved which implies conductivity improvement as well. Thus, 

the switching behavior was observed on the H2-annealed TFTs. 

 

Table 2-7. Summary of Gallium Oxide TFT performance 

Annealing 

ambient 
Gases µsat (cm2/Vs) Vth (V) SS (V/dec) 

ON/OFF 

ratio 

As-deposited No annealing No switching 

ATM-annealed N2:O2 

(78:21%) 

(7.6 ± 0.9) × 

10-2 

13.0 ± 

2.8 

0.16 ± 0.07 ~104 

H2-annealed N2:H2 

(96:4%) 

(1.0 ± 0.01) × 

10-2 

1.7 ± 

0.2 

0.34 ± 0.20 ~104 

N2-annealed N2 (100%) No switching 

 

While for the ATM-annealed TFT, the switching behavior was mainly caused by the film 

crystallization. As the 500 °C was insufficient to modify the a-Ga2Ox film, the O2 gas modified 

the film characteristics as well as the TFT performance. The ATM-annealed film has higher 

density which implies lower trap states and further improved the TFT performance [1]. This is 

probably the main reason why the TFT switching behavior is observed in Figure 2.17. 

However, the poly-Ga2O3 was formed which implies higher interface roughness. Thus, 

although the trap states in the bulk was reduced as the film density increased, another trap were 
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created in the interface (either channel-gate insulator interface or channel-source/drain 

interface) due to relatively high surface roughness. The presence of interfacial traps will further 

deteriorate the device performance [45]. Likewise, the charge trapping of the n-type 

semiconductor at the interface tends to shift the Vth positively.  

 

2.7 Mechanism on the electrical characteristic improvement of a-

Ga2Ox TFTs 

Figure 2.18 illustrates the schematic diagram of a-Ga2Ox material conversion. The a-Ga2Ox 

has an amorphous nature, ultra-wide bandgap (Eg = 4.8 eV), and low carrier density (11010 

cm-3) which hinder electron mobility. The Ga – O was loosely bounded and the interatomic 

distance was relatively high. This assumption is based on the fact that the as-deposited a-Ga2Ox 

has relatively low Ga – O bond, high oxygen vacancy and low film density. Likewise, the a-

Ga2Ox has excessively high traps states which implies poor TFT performance. 

 

 

Figure 2.18. Schematic diagram of insulator-to-semiconductor conversion of solution-

processed ultra-wide bandgap a-Ga2Ox via H2 annaling. 
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Once the film was annealed at 500 °C in 4% H2 gas ambient, the H-dopant was introduced. 

The H2 gas was diffused and was incorporated into the a-Ga2Ox film. The H-incorporated 

serves as a shallow donor which occupies donor states near the conduction band and further 

increase the carrier density of 1 order magnitude (61011 cm-3). In addition, the H-incorporated 

passivated the trap states of the as-deposited film. Eventually, the film conductivity was 

improved which reflected as TFT switching behavior. 

 

2.7.1 H-doping mechanism 

In general, the as-deposited a-Ga2Ox has relatively high hydrogen impurities (H-impurities, 

H-imp.). Excessively high amounts of H-impurities create interstitial defects which further 

deteriorate the device performance [25]. As annealing was applied, the impurities were 

evaporated which was indicated by the ~10% decrease of Ga-OH percentage area in N2-

annealed sample (Error! Reference source not found.). Regardless of the N2 gases, the applied t

emperature mainly caused the H-impurities evaporation. Simultaneously, as 4% H2 gas was 

introduced, the Ga-OH percentage area was increased by ~5% (H2-annealed sample). It 

emphasizes that the H2 gas which flowed during annealing was diffused and incorporated into 

a-Ga2Ox film which further serve as shallow donor. At certain amounts, H acts as a shallow 

donor which is reflected in the switching of the H2-annealed a-Ga2Ox TFT. The H2 gas (H+ 

atom) binds to an oxygen creating O – H bond and serves as shallow donor in a-Ga2Ox [46]. 

However, excessive H tends to creates interstitial defect, while lower H might refer to 

insufficient carrier concentration. Therefore, controlling the H percentage is crucial.  

 

2.7.2 EF shifting phenomena 

An attractive phenomenon was observed as the a-Ga2Ox was treated in various annealing 

gas ambient. In the previous section, the role of H2-dopant as a shallow donor and defect 

passivator were discussed. As the H2 gas was diffused and incorporated, the Eg as well as the 

EF were decreased as displayed in Figure 2.19. The reduction in the Eg was mainly due to 

carrier concentration induced by hydrogen doping. The hydrogen acts as a shallow donor which 

occupied donor level. Those electron carriers create additional states below conduction band 

minimum (CBM) and further shift EF close to the CBM [7][25]. The EF shifting phenomena 

implies electrical properties improvement. Nevertheless, the H-incorporated is implanted at 

considerable amount since excess H-incorporated tends to create interstitial defects. Apparently, 
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the EF relative position to the CBM is a key strategy in enhancing the electrical properties of 

n-type semiconductors. The detail on the EF engineering will be discussed in Chapter 4. 

 

 

Figure 2.19. Band diagram of untreated and treated a-Ga2Ox films. 

 

2.8 Summary 

In summary, the first demonstration of insulator-to-semiconductor conversion of solution-

processed ultra-wide bandgap a-Ga2Ox (Eg > 4.8 eV) has been successfully achieved. It was 

found that performing H2 annealing at 500°C induced hydrogen incorporation which further 

serves as a shallow donor in insulating a-Ga2Ox. The hydrogen incorporation leads to an 

increase in electron carrier concentration as reflected by EF shifting closer to the CBM (1.18 

eV). By applying H2-annealing, semiconducting behavior of solution-processed a-Ga2Ox was 

successfully achieved with excellent film quality and considerable TFT device performance. 

Likewise, by referring Table 1 – 4, it can clearly observe that this result is comparable to the 

vacuum deposited counterpart. The H2 annealing is a promising method which can be used to 

enhance other ultra-wide bandgap oxide materials. 
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Chapter 3 Study of humidity dependence on 

solution-processed UWB a-Ga2Ox films. 

 

3.1 Introduction  

The rapid growth of mass-produced electronic devices has accelerated research into new 

deposition methods of thin-film components for large-scale production. Typically, vacuum 

deposition technique is limited because of its high cost, high energy requirement, experiment 

complexity, and difficulty in scaling to large-area electronics [1][2][3]. Thus, solution 

deposition technique provide an attractive alternative method due to large-area fabrication, 

equipment simplicity, atmospheric processing, and low cost [2][3][4]. It has been widely used 

as a deposition method of various oxide material such as amorphous InZnO [5][6], ZnO [7], 

InZnO [8][9], ScOx [10], LaAlO3 [11], HfLaOx [12], HfO2 [13], etc. 

In particular, since the research interest has shifted from wide bandgap materials (Eg > 3.0 

eV) to ultra-wide bandgap materials (Eg > 4.0 eV), solution-processed ultra-wide bandgap 

(UWB) amorphous gallium oxide (a-Ga2Ox) has been attracting great attention [1]. The huge 

interest on enhancing properties of solution-processed UWB a-Ga2Ox is owing to large-scale 

production, high breakdown voltage, device design flexibility, excellent optical quality (Eg > 

4.8 eV), harsh-environment resistivity, and cost-effectiveness which has prospective 

applications for optoelectronic devices [14][15][16][17][18]. 

Nonetheless, precursor aging and atmospheric H2O needs to be considered since it is an 

inevitable component in the solution deposition technique. The precursor aging was found to 

significantly affect thin-film formation as well as the device performance [19][20][21]. 

Moreover, the H2O from nature (humidity) has potential to affect the metal oxide formation as 

well as the film formation. For instance, H2O plays an integral role in sol-gel process 

particularly in the hydrolysis process [22]. It can dramatically decrease the decomposition 

temperature by changing the decomposition pathway [23][24], and further affect the metal-

oxide formation as well as the film thickness [4]. Therefore, monitoring and controlling 

atmospheric H2O during thin film deposition is critical. 
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In the previous chapter, a semiconducting solution-processed UWB a-Ga2Ox has been 

successfully obtained via H2 annealing. This chapter will specifically discuss an achievement 

of obtaining semiconducting behavior in as-deposited film which is apparently related to the 

deposition process. The effect of precursor aging and relative humidity (RH) on solution-

deposited a-Ga2Ox film characteristics will be further demonstrated. Section 3.2 presents the 

critical point of solution deposition technique such as precursor-related and environment-

related impurity. The strategy to control these impurities will be discussed in detail. 

Section 3.3 presents the precursor aging dependency on the a-Ga2Ox films formation. While 

section 3.4 will discussed the achievement of obtaining semiconducting as-deposited solution-

processed a-Ga2Ox. Section 3.5 demonstrates the effect of dry and wet ambient on the a-Ga2Ox 

TFTs. And eventually, the proposed mechanism will be discussed in section 3.6. 

 

3.2 Critical point of solution deposition technique 

 Regardless of its ability to produce large-scale production, the solution deposition 

technique has severe impurities-related issues. It might originate from the precursor-related 

impurities and/or environment-related impurities as mentioned in the previous chapter. In this 

study, sol gel method was used to precursor synthesis by dissolving gallium nitrate hydrate in 

2-methoxyethanol under constant stirring at room temperature for 12 hours. The nitrate-based 

precursor was selected to accelerate metal-oxide formation [25]. While the organic solvent was 

selected to prevent high reactivity reaction of  metal-oxide and water [26]. In addition, the 

deposition routes based on 2-methoxyethanol is most appropriately considered as sol gel 

process because the key reaction precursor species are hydrolysis and condensation, in which 

metal-oxide bonds are formed [27] through the following equations: 

Hydrolysis equation 

𝑀(𝑂𝑅)𝑥 +  𝐻2𝑂 →  𝑀(𝑂𝑅)𝑥−1(𝑂𝐻) + 𝑅𝑂𝐻     (3.1) 

Condensation equation (alcohol elimination) 

2𝑀(𝑂𝑅)𝑥−1(𝑂𝐻) →  𝑀2𝑂(𝑂𝑅)2𝑥−3(𝑂𝐻) + 𝑅𝑂𝐻     (3.2) 

Condensation equation (water elimination) 

2𝑀(𝑂𝑅)𝑥−1(𝑂𝐻) →  𝑀2𝑂(𝑂𝑅)2𝑥−2(𝑂𝐻) + 𝐻2𝑂     (3.3) 
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Figure 3.1. Flow chart of a typical solution deposition process [27]. 

 

 Sol gel is an approach to synthesize materials through a phase transformation from liquid 

to sol and finally to gel. A typical sol gel reaction begins with dissolving metal salt in solvent. 

The metal cations undergo a hydrolysis reaction and subsequently the condensation reaction 

occurs to form metal oxide (M – O – M) bonds. Eventually, the oxide film is formed by coating 

the precursor solution and subjected to post-annealing to facilitate M – O – M bond formation 

(condensation), remove byproducts and solvent through evaporation/decomposition (impurity 

evaporation), and densify the resultant oxide film through void removal (film densification) 

[28]. Moreover, prolonging the annealing time or increasing the annealing temperature lead to 

spin 

coating
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the film crystallization. Those film formation process through solution deposition technique 

was illustrated in Figure 3.1. 

 Typically, precursor-related impurities are attributed to incomplete solvent evaporation 

which affects the film formation, metal-oxide bond formation as well as the TFT device 

performance [26]. Thus, the appropriate baking/annealing temperature is required. 

Thermograph analysis is generally used to define both pre-baking and post-baking temperature. 

As explained in chapter 2, the thermograph analysis of Gallium Oxide precursor reveals that 

the appropriate baking temperatures are at 150°C and 500°C for pre-baking and post-baking 

respectively. By applying both temperatures, Gallium Oxide films were successfully obtained. 

The XPS and SIMS spectra were also revealed that there were no nitrate-related peaks which 

suggest that the precursor-related impurities (nitrate compounds) were removed. 

 Other than that, the precursor-related impurities might be attributed to the precursor aging 

time. Olvera and colleagues in 2010 [20] demonstrated the effect of precursor aging time to the 

ZnO:F films. As the precursor was aged for 12 days, the F atoms are incorporated effectively 

into the ZnO lattice. When the F-incorporated increased, the electrical resistivity decreased 

which further increased the carrier concentration. Otherwise, 16-days-aged ZnO:F precursor in 

a dark room tends to increase the electrical resistivity owing to the instability of the chemical 

species formed during aging [21]. These competing results are mainly because of the different 

process parameters such as concentration, substrate temperature and F-dopant concentration. 

Selvan et al. reported that electrical resistivity increased as the CdZnS films aged from 1-4 

days. Likewise, a red shift of optical bandgap was observed as the precursor was aged [29]. 

Apparently the precursor aging time was also increased the trap density [19]. 

 In respect to the environment-related impurity, the solution deposition technique is highly 

environment-dependent, for instance relative humidity. The relative humidity is inversely 

proportional to the thickness [4]. Bakos et al. reported that the water content might affect the 

hydrolysis process because it might diffuse to the amorphous oxide films [22]. It can also 

change the decomposition pathway of ZnO precursor. An increase of the water vapor promotes 

Zn – O bonds formation [23][24]. 

 Previous research revealed that precursor aging and relative humidity can significantly 

affect the film formation as well as the device performance. Nonetheless, there is no reported 

work focusing on the effect of precursor aging and relative humidity of solution-processed a-

Ga2Ox. Thus, this topic is much more interesting to be investigated. 
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3.3 Evaluation of precursor aging on the a-Ga2Ox Films 

As mentioned in the previous section, precursor aging time significantly affects the film 

formation as well as the electronic device performance. By varying the aging time, the film 

properties might be improved or deteriorate, mainly depending on the targeted materials. This 

chapter will specifically discuss the effect of precursor aging time to the solution-processed 

UWB a-Ga2Ox material. 

 

3.3.1.1 Device fabrication and characterization 

 Figure 3.2 illustrates the experimental procedure of a-Ga2Ox films as well as the TFTs. 

Gallium oxide precursor (0.5 M) was synthesized via sol-gel method by dissolving gallium 

nitrate hydrate (Ga(NO3)3∙xH2O 99.999%, Sigma-Aldrich) in 2-methoxyethanol (C3H8O2 

anhydrous 99.8%, Sigma-Aldrich) under constant stirring at room temperature for 12 hours. 

The precursor solution was aged for 0, 3, and 7 weeks before the film deposition (Figure 3.2a). 

 

 

Figure 3.2. Schematic diagram of the fabrication of a-Ga2Ox TFTs under controlled RH. 

Started by (a) precursor synthesis via sol-gel method, (b) substrate preparation and UV/O3 

treatment, (c) evaluate the humidity during film formation, (d) H2-annealing treatment, and 

(e) film patterning and metal deposition. 

(a) (b) (c)

(d) (e)
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Heavily doped p-type Si substrates with thermally grown SiO2 (85 nm) were used. To 

remove the organic residues on the substrates, conventional sulfuric-peroxide mixture (SPM) 

cleaning method was performed. Prior to the deposition, the substrate surface hydrophilicity 

was improved by subjecting UV/O3 treatment for 10 mins at 115 °C (Figure 3.2b) using 

SAMCO UV and Ozone Dry Stripper Model UV-1 with a wavelength of 254 nm (85%) and 

185 nm (15%). The a-Ga2Ox channel was deposited via spin coating technique at 2000 rpm for 

15 s followed by 2-step baking process at 150 °C and 500 °C, 5 mins each (Figure 3.2c). The 

final post-baking was done for 1 h. The relative humidity during baking (RHbake) was fixed 

20%. 

For the annealed-films, the a-Ga2Ox channel-islands were patterned by standard 

photolithography process and subsequent wet etching was performed using 0.05 M HCl 

solution. Afterwards, the a-Ga2Ox film was annealed at 500 °C for 2 h under 4% hydrogen 

ambient (N2:H2 96:4%) which continuously flowed at a flowrate of 500 sccm (Figure 3.2d). 

Bottom-gate top-contact a-Ga2Ox TFTs were fabricated by depositing 100-nm-thick Aluminum 

as source/drain electrodes via electron beam evaporation as illustrated in Figure 3.2e. 

 

3.3.1.2 Characterization 

 The optical properties such as optical bandgap (Eg), Urbach energy (Eu) and film 

transparency were estimated by ultraviolet-visible spectroscopy (UV-Vis; JASCO ILN-472). 

The Eg and Eu were calculated using Equation (2.1) and (2.3). Whereas the transfer 

characteristics of a-Ga2Ox TFTs were analyzed using a semiconductor parameter analyzer 

(Agilent Technologies B1500A). 

 

3.3.1.3 Film characteristics 

To look deeper into the film characteristics, the optical properties such as Eg, film 

transparency, and Eu were evaluated and the results are summarized in Table 3-1. As shown in 

Figure 3.3, the blue shift of Eg was observed from 4.76 eV (non-aged precursor) to 4.98 eV (7 

weeks-aged precursor). A wider Eg will lead to difficulty in obtaining semiconducting behavior 
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since it hinders electron mobility. Thus, using the starting non-aged precursor is preferred since 

it has relatively lower Eg. Regardless of the Eg values, all films are categorized as ultra-wide 

bandgap materials (Eg > 4.0 eV) which typically exhibit superior optical properties as compared 

to the wide bandgap material (Eg > 3.0 eV). 

Moreover, a unique film transparency was observed at different range of light region. At 

visible light region (transmittance at wavelength of 555 nm, T555nm), all samples show similar 

film transparency of ~95%. While at UV light region, (transmittance at wavelength of 450 nm, 

T450nm), the film transparency increased up to 98% as the starting precursor was aged for 7 

weeks. Typically, the reduction in the film transparency might be attributed to the free carrier 

absorption which is related to the improvement of the film carrier density [30]. On the other 

hand, an increase in the film transparency might be caused by the reduction of the film carrier 

density.  

 

 

Figure 3.3. Optical bandgap and transmittance (inset) of non-aged and aged a-Ga2Ox films. 
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Table 3-1. Summary of non-aged and aged a-Ga2Ox film characteristics. 

Sample Eg (eV) 
Transparency 

(T555nm in %) 

Transparency 

(T450nm in %) 
Eu (meV) 

0 week 4.76 95 90 688.4 

3 weeks 4.89 95 90 530.1 

7 weeks 4.98 95 98 371.2 

 

Furthermore, the Eu which indicates the subgap disorder level of oxide material was also 

evaluated. As showed in Table 3-1, the Eu was decreased from 688.4 meV to 371.2 meV 

proportional to the aging time. As the precursor was aged and atoms are tightly incorporated 

[20][31], the subgap disorder was reduced. To clarify this hypothesis, further film 

characterizations to elucidate the atomic bonds and chemical reactions is required. Since this 

is a preliminary work on solution-deposited a-Ga2Ox films, future work on this topic is 

recommended.  

  

3.3.1.4 TFT characteristics 

By using the non-aged and aged precursors, the as-deposited a-Ga2Ox TFTs were fabricated. 

Figure 3.4 (left side) showed the transfer characteristics of as-deposited a-Ga2Ox TFTs. It is 

observed that the TFT performance were degraded as the starting precursor was aged from 0 

to 7 weeks. The as-deposited TFT, which prepared by using fresh precursor, showed excellent 

switching behavior with saturation mobility of ~102
 cm2/Vs, Vth = 32.9 V, SS = 0.31 V/dec, and 

ON/OFF current ratio of ~104 as summarized in Table 3-2. When the additional H2-annealing 

was applied, the Vth was shifted negatively which implies more electron carrier concentrations 

present in the H2-annealed film (Figure 3.4 right side). The H-dopant was incorporated along 

with the H2-annealing which further promotes electron carrier concentrations. However, excess 

H-dopant tends to degrade the device performance which showed as the reduce in the ON/OFF 

ratio up to 2 order magnitude. Likewise, the saturation mobility was also decreased. 

Otherwise, the 3 weeks-aged precursor produced non-switching behavior of the as-

deposited a-Ga2Ox TFT. Interestingly, the H2-annealed TFT exhibited switching behavior 

which mainly caused by the H-dopant incorporation as mentioned above. While for the 7 

weeks-aged precursor, there were no switching behavior observed for both as-deposited and 
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H2-annealed TFTs. Apparently, precursor aging tends to introduce defects and/or impurities 

which further deteriorate the film formation as well as the TFT device performances. 

 

 

Figure 3.4. Transfer characteristics of non-aged and aged precursor for as-deposited (left) 

and H2-annealed (right) a-Ga2Ox TFTs. 

 

Table 3-2. Summary of Gallium Oxide TFT performance for non-aged and aged precursor. 

Sample Aging µsat (cm2/Vs) Vth (V) SS (V/dec) ON/OFF ratio 

As-deposited 0 week (1.4 ± 0.2) × 10-2 32.9 ± 0.3 0.31 ± 0.08 ~104 

As-deposited 3 weeks No switching 

As-deposited 7 weeks No switching 

H2-annealed 0 week (7.7 ± 0.2) × 10-3 22.4 ± 1.0 0.34 ± 0.11 ~102 

H2-annealed 3 weeks (1.1 ± 0.02) × 10-2 1.7 ± 0.9 0.15 ± 0.19 ~104 

H2-annealed 7 weeks No switching 

 

In selected cases, the H2-annealing helps to enhance the electron carrier concentration as 

well as the device performance. Nonetheless, over-aged precursor has numerous defects and/or 

impurities which makes it difficult to obtain the electron mobility. In addition, H2-annealing 

will deteriorate the device performance since it introduced more defects (H-dopant or H-

interstitial defect). In respect to the source of defects and/or impurities of aged precursor, the 
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dedicated chapter to elucidate this topic is required. Therefore, I would suggest this topic for 

the future work. Regardless of the source of defects and/or impurities of aged precursor, the 

fresh starting precursor showed excellent TFT performance. Thus, this precursor will be used 

for the next studies in the next section.  

 

3.4 Achievement of semiconducting behavior of as-deposited a-

Ga2Ox TFTs in controlled RH 

Chapter 2 has demonstrated semiconducting behavior of solution-processed UWB a-Ga2Ox 

via H2-annealing. Whereas in the previous section, by using a fresh precursor solution and 

fixing the RHbake, the semiconducting behavior of as-deposited a-Ga2Ox TFT was successfully 

obtained. The achievement of obtaining semiconducting behavior of as-deposited a-Ga2Ox 

TFTs will be further discussed in this section. In particular, the as-deposited TFTs will be 

prepared under different fabrication process: uncontrolled and controlled relative humidity 

(RH). The TFT characteristics will be evaluated. Moreover, the fresh precursor solution will 

be used starting from this section. 

 

3.4.1.1 Device fabrication 

 Figure 3.5 illustrates the experimental procedure of as-deposited a-Ga2Ox TFTs under 

uncontrolled and controlled RHbake. Particularly, this section will discuss the as-deposited a-

Ga2Ox TFT under different fabrication process. Thus, there was no additional annealing 

applied. The fresh precursor (0.5 M Gallium Oxide precursor) was prepared by dissolving 

gallium nitrate hydrate (Ga(NO3)3∙xH2O 99.999%, Sigma-Aldrich) in 2-methoxyethanol 

(C3H8O2 anhydrous 99.8%, Sigma-Aldrich) via sol gel method. The gallium oxide precursor 

was subsequently deposited after sol-gel process was finished (Figure 3.5a). Heavily doped p-

type Si substrates with thermally grown SiO2 (85 nm) were used. To remove the organic 

residues on the substrates, conventional sulfuric-peroxide mixture (SPM) cleaning method was 

performed. Prior to the deposition, the substrate surface hydrophilicity was improved by 

subjecting UV/O3 treatment for 10 mins at 115 °C (Figure 3.5b) using SAMCO UV and Ozone 

Dry Stripper Model UV-1 with a wavelength of 254 nm (85%) and 185 nm (15%). The a-

Ga2Ox channel was deposited via spin coating technique at 2000 rpm for 15 s followed by 2-
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step baking process at 150 °C and 500 °C, 5 mins each (Figure 3.5c). The final post-baking 

was done for 1 h. 

  

 

Figure 3.5. Schematic diagram of the fabrication process of as-deposited a-Ga2Ox TFTs 

under uncontrolled and controller RH. 

 

 The as-deposited TFTs were prepared at two different fabrication conditions: uncontrolled 

RH and controlled RH. The uncontrolled RH was fabricated by depositing the film at 

atmospheric condition without any environment modification. The controlled RH condition 

was obtained by controlling the RH during the spin coating deposition (RHdepo fixed at 70%), 

and during the baking (RHbake was fixed at 30%). Afterwards, a-Ga2Ox channel-islands were 

patterned by standard photolithography process and subsequently the wet etching was achieved 

using 0.05 M HCl solution. Bottom-gate top-contact a-Ga2Ox TFTs were fabricated by 

depositing 100-nm-thick Aluminum as source/drain electrodes via electron beam evaporation 

(Figure 3.5d). 

 

3.4.1.2 TFT characteristics 

Figure 3.6 showed the as-deposited a-Ga2Ox TFTs under uncontrolled and controlled RH. 

The transfer characteristics of uncontrolled a-Ga2Ox TFT is completely inactive. This is might 

be due to the nature of UWB a-Ga2Ox which has complex combination of amorphous phase 

structure, ultra-wide bandgap material, and low electron carrier concentration which hinder 

electron mobility. 

Interestingly, as the film was deposited under controlled RH condition of RHdepo = 70% 

and RHbake = 30%, it exhibited switching behavior as displayed in Figure 3.6. This excellent 

(a) (b) (c) (d)
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result marks the success of UWB material engineering, where the semiconducting behavior 

was successfully obtained for solution-processed as-deposited UWB a-Ga2Ox material. 

Apparently, the controlled RH significantly modified the TFT device performance. To look 

deeper on the reason of this achievement, additional experiment was performed to further vary 

the RH under dry and wet condition which will be discussed in the next section.  

 

 

Figure 3.6. Transfer characteristics of as-deposited a-Ga2Ox TFTs under uncontrolled (left) 

and controlled (right) RH. 

 

3.5 Evaluation of dry and wet humidity on the a-Ga2Ox TFTs 

Previously, semiconducting behavior of vacuum-processed a-Ga2Ox was demonstrated by 

Kim et al. in 2017 [1]. In this section, the first demonstration of obtaining semiconducting 

behavior of solution-processed as-deposited a-Ga2Ox will be discussed. 

 

3.5.1.1 Device fabrication and characterization 

 The fabrication process was similar to Figure 3.2 in section 3.3.1. The 0.5 M of Gallium 

oxide precursor was prepared via sol-gel method by dissolving gallium nitrate hydrate 

(Ga(NO3)3∙xH2O 99.999%, Sigma-Aldrich) in 2-methoxyethanol (C3H8O2 anhydrous 99.8%, 

Sigma-Aldrich) under constant stirring at room temperature for 12 hours. The gallium oxide 

precursor was subsequently deposited after sol-gel process was finished. The a-Ga2Ox channel 
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was deposited via spin coating technique at 2000 rpm for 15 s followed by 2-step baking 

process at 150 °C and 500 °C, 5 mins each. The final post-baking was done for 1 h. The relative 

humidity during film deposition (RHdepo) was fixed at 70%. Whereas the relative humidity 

during baking (RHbake) were varied at 20% (dry) and 60% (wet). The film characteristics as 

well as the TFT performances were evaluated.  

For the annealed-films, the a-Ga2Ox channel-islands were patterned by standard 

photolithography process and subsequently the wet etching was achieved using 0.05 M HCl 

solution. Afterwards, the a-Ga2Ox film was annealed at 500 °C for 2 h under 4% hydrogen 

ambient (N2:H2 96:4%) which continuously flowed at a flowrate of 500 sccm. Bottom-gate 

top-contact a-Ga2Ox TFTs were fabricated by depositing 100-nm-thick Aluminum as 

source/drain electrodes via electron beam evaporation.  

 The film thickness, phase structure, and film density were characterized and determined by 

profilometer, grazing incidence X-ray diffraction (XRD; Rigaku SmartLab9kW/IP/HY/N), and 

X-ray reflectivity spectroscopy (XRR; Rigaku SmartLab9kW/IP/HY/N), respectively. Optical 

properties such as bandgap values (Eg), Urbach energy (Eu) and film transparency were 

estimated by ultraviolet-visible spectroscopy (UV-Vis; JASCO ILN-472). Lastly, elemental 

analysis and hydrogen diffusion were evaluated by secondary ion mass spectroscopy (SIMS; 

ULVAC-PHI ADEPT-1010). The transfer characteristics of a-Ga2Ox TFTs were analyzed 

using a semiconductor parameter analyzer (Agilent Technologies B1500A). 

 

3.5.1.2 Film characteristics 

Figure 3.7 displays the XRD pattern of a-Ga2Ox films under dry and wet RH to evaluate 

the phase structure of the films. It was observed that both dry and wet RH did not change the 

amorphous structure of a-Ga2Ox films. Typically, the dry and wet RH mainly affect the water 

content in the bulk film. Whereas the film crystallization might occur because of high 

temperature annealing close to the crystalline temperature (TC = 680 °C) or the thermally driven 

band rearrangement as mention in the chapter 2. In addition, the H2-annealing also did not 

change the amorphous structure which was also consistent with the previous work in chapter 

2. 
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Figure 3.7. XRD spectra of a-Ga2Ox films under dry and wet RH. 

 

Although there was no significant phase structure dependency on the RH, a significant 

thickness dependency was observed. Wet RH has numerous water vapor which might be 

trapped to the wet Gallium Oxide film. In respect to the sol gel method, the film formation was 

started by coating the precursor onto a substrate, followed by phase transformation from liquid 

to sol, and finally to gel [28]. During that process, the wet film was highly sensitive to the 

environment condition. When the environment has numerous water vapor, it tends to be trapped 

into the wet film and loosely bounded to the atoms. As baking temperature was applied, those 

water vapor which is loosely bounded will evaporate. Apparently, a rapid-massive water 

evaporation occurred during the post-baking (500 °C) which further leave behind the remaining 

vacancies (oxygen vacancies). During the metal oxide formation, the atoms are tightly bounded 

and densified which implies the thickness reduction from 20.6 nm to 15.7 nm. Moreover, the 

presence of vacancies implies the loosening of atomic arrangement which further decreased 

the film density from 4.43 g/cm3 to 4.14 g/cm3
 Table 3-3. 
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Table 3-3. Summary of a-Ga2Ox films characteristics under dry and wet RH. 

Sample 
Thickness 

(nm) 

Roughness 

(nm) 

Film 

density 

(g/cm3) 

Transparency 

(T450nm in %) 

Eu 

(meV) 

Eg 

(eV) 

As-depo (dry) 20.6 0.44 4.43 99 508.7 4.86 

As-depo (wet) 15.7 0.52 4.14 98 506.7 4.86 

H2-anneal (dry) 21.0 0.44 4.03 96 828.6 4.65 

H2-anneal (wet) 15.9 0.50 3.79 92 707.4 4.79 

 

Similar trend was also observed for the H2-annealed films under dry and wet RH. 

Interestingly, the film density was reduced for the H2-annealed films. In this case, the H2 gas 

which flowed during H2-annealing acts as a shallow donor. The H-dopant was diffused and 

was incorporated to the a-Ga2Ox films (particularly in the oxygen side).  

Furthermore, the optical properties such as film transparency, Eg and Eu were also evaluated. 

The as-deposited film has excellent optical quality with Eg of 4.86 eV and film transparency of 

~99% as summarized in Table 3-3. Similar transparency as well as the Eg were observed for 

the films deposited at dry and wet RH. It is likely that the water vapor (RH) did not affect the 

optical properties of as-deposited a-Ga2Ox films. Once the film was annealed at 500 °C in 4% 

H2 gas, the reduction of the film transparency as well as the Eg were observed. This might be 

caused by the H-dopant incorporation which acts as a shallow donor [14]. The H-dopant was 

incorporated to the a-Ga2Ox bulk film and further increased the electron carrier concentration. 

This improvement was reflected to the film transparency reduction as the free carriers actively 

absorb the light energy [30]. Furthermore, the H-dopant also occupied the donor level near the 

conduction band which further narrowed the Eg from 4.86 meV to 4.65 meV. 

Hereafter, the Urbach energy (Eu) was also calculated to evaluated the subgap disorder level 

of oxide materials. As showed in Table 3-3, the Eu value was increased from 506.7 meV to 

828.6 meV. In general, the amorphous nature has a random structure which contributes to 

subgap disorder of oxide films. After H2-annealing, the Eu was increased up to 828.6 meV 

which is mainly caused by the complex combination of amorphous disorder and defect impurity. 

In terms of amorphous disorder, the H2-annealed film has higher structural randomness level 

than the as-deposited films. The annealing encourages the atomic bond rearrangement but is 

insufficient to crystallize the films which contributed to the subgap disorder of H2-annealed 
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films. In addition, the H2 gas was diffused and was incorporated to the highly random H2-

annealed a-Ga2Ox films. Thus, a relatively high Eu were observed for the H2-annealed films. 

 

 

Figure 3.8. SIMS of a-Ga2Ox films deposited at dry and wet RH. 

 

To look deeper on the H-diffusion, SIMS measurement was conducted. In general, the wet 

RH has relatively higher H content as displayed in Figure 3.8. A unique hump was observed 

specifically for the as-deposited films at ~ 30 nm depth from the surface. These humps were 

removed after H2-annealing. Apparently, for the as-deposited films, the heat induced by the hot 

plate was restrained since a-Ga2Ox was known as thermally stable material [16]. Moreover, 

when the post-baking time was prolonged from 1 to 2 h, those humps were removed. Similarly, 

the humps were also removed for the H2-annealed films. 

 

3.5.1.3 TFT characteristics 

The transfer characteristics of a-Ga2Ox TFTs are displayed in Figure 3.9. In particular, the 

as-deposited TFT deposited at RHbake of 20% exhibited switching behavior with saturation 

mobility of ~10-2 cm2/Vs, Vth = 34.8 V, SS = 0.31 V/dec, and ON/OFF current ratio of 104 as 

summarized in Table 3-4. As the RHbake was increased to 30%, the negative shift of the Vth was 

observed. This is caused by the water vapor which can also act as H-dopant and further 

increased the electron carrier concentration which was observed as the negative shift of V th. 
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Nonetheless, as the RHbake was increased up to 60%, device deterioration was observed. 

Numerous H-dopant was introduced and create interstitial defect which further reflected as 

switch-off TFT behavior. 

 

 

Figure 3.9. Transfer characteristics of a-Ga2Ox TFTs at dry and wet RH. 

 

Table 3-4. Summary of a-Ga2Ox TFT performance at dry and wet RH. 

Sample RHbake µsat (cm2/Vs) Vth (V) SS (V/dec) ON/OFF ratio 

As-deposited 20% (0.9 ± 0.2) × 10-2 34.8 ± 0.3 0.31 ± 0.02 ~104 

As-deposited 30% (1.0 ± 0.2) × 10-2 21.4 ± 0.9 0.39 ± 0.30 ~104 

As-deposited 60% No switching 

H2-annealed 20% (7.1 ± 0.2) × 10-3 32.6 ± 0.2 0.42 ± 0.11 ~102 

H2-annealed 30% (1.1 ± 0.02) × 10-2 1.5 ± 0.9 0.15 ± 0.19 ~104 

H2-annealed 60% No switching 

 

Similar trend was also observed for the H2-annealed TFTs. As the RHbake was increased 

from 20% to 30%, the Vth was shifted negatively. As the RHbake was increased at higher 

humidity of 60%, the device was deteriorated. Likely, the water vapor (H2O) and H2-gas 

annealing (H2 atom) have similar role in improving the device performance by acting as a 

shallow donor. In general, for n-type semiconductor, the dopant will exist as a cation (H+). Thus, 

the H-dopant tend to bind with oxygen atom. In respect to the H-dopant sources, it might be 
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originated from the hydroxyl group (OH–) from water (H2O), or it might be originated from H2 

gas which bind to oxygen atom. 

 

3.6 Proposed mechanism on the electrical characteristic 

improvement of a-Ga2Ox TFTs 

Figure 3.10 illustrates the schematic of proposed mechanism. Prior to the proposed 

mechanism, the film formation process in from wet film into amorphous film needs to be 

understood (Figure 3.10 (a)). During that process, the wet film was highly sensitive to the 

environment condition. Therefore, the water vapor tends to trapped. When the film was 

deposited at dry RH, the film has relatively low H-trapped (Figure 3.10 (b)).  

 

Figure 3.10. Schematic diagram of proposed mechanism. (a) Film formation from wet film 

into amorphous film. Film transformation from wet film (b) into amorphous film (c) in dry 

ambient. And film transformation from wet film (d) into amorphous film (e) in wet ambient. 
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during the post-baking (500 °C) which further left the remaining vacancies (oxygen vacancies). 

During the film densification, the atoms are tightly bounded and densified which implies the 

reduction of thickness as well as the film density (Figure 3.10 (c)). 

Otherwise, in wet ambient, it suggests that there was excess amount of H-trapped which 

further leaves numerous vacancies after baking (Figure 3.10 (d)). As compared to dry-sample, 

the wet-sample has more vacancies which tends to form thinner film with lower film density 

owing to numerous vacancies which present before the densification (Figure 3.10 (e)). Thus, 

dry ambient tends to form thicker film with higher film density. While wet ambient tends to 

form thinner film with lower film density. 

 

3.7 Summary 

In summary, the first demonstration of semiconducting behavior of as-deposited solution-

processed ultra-wide bandgap a-Ga2Ox (Eg > 4.8 eV) has been successfully achieved. We have 

briefly studied the effect of precursor aging to the solution-processed a-Ga2Ox TFT 

performance. It was found that the optimum aging time for as-deposited film is 0 week. 

Moreover, we found that by controlling the relative humidity during film deposition, the 

semiconducting behavior of as deposited solution-process ultra-wide bandgap a-Ga2Ox was 

obtained. It was found that the water vapor (H2O) at wet humidity and the H2 gas during 

annealing attributed to the H-dopant. The incorporation of H-dopant into a-Ga2Ox film leads to 

an increase in electron carrier concentration as reflected by TFT switching behavior. 

Nonetheless, wet ambient tends to deteriorate the TFT performance owing to excess H-

incorporated which acts as interstitial defect. Therefore, the optimum humidity condition was 

determined at 70% humidity during precursor deposition (RHdepo), and 30% humidity during 

film formation (RHbake).  
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Chapter 4 Analysis of Machine learning for Fermi 

level engineering 

 

4.1 Introduction  

Ultra-wide bandgap (UWB) oxide semiconductors have gained great attention for 

optoelectronic device applications owing to their unique combination of electrical conductivity 

and optical transparency [1]. It has been widely used in various device applications such as thin 

film transistors (TFTs), sensors, and solar-blind photodetectors (SBPDs) [2][3][4][5][6]. In 

particular, UWB amorphous gallium oxide (a-Ga2Ox) is the most superb candidate for future 

device applications due to its excellent optical properties (Eg = 4.8 eV), high film uniformity, 

high breakdown voltage, harsh-environment resistivity, cost-effectiveness and flexibility in 

device design [2] [3][7][8]. Moreover, it exhibits decent performance which is comparable to 

single crystalline gallium oxide in selected applications [2][7]. Nonetheless, as-deposited a-

Ga2Ox-based devices exhibit poor device performance which is highlighted as the major 

drawback. Apparently, Fermi level engineering is an appropriate method to modified solution-

processed UWB a-Ga2Ox as explained in Chapter 2. As the H-dopant was introduced and 

occupied the donor level, the electrical properties were significantly improved [3] from 

insulator to a semiconductor. Likewise, the device performance was also improved.  

For n-type semiconductor such as a-Ga2Ox [7], excess electron carrier concentration is 

required to enhance electrical properties which further exhibit better device performance. Thus, 

quantifying and controlling the number of electron carrier concentration is a critical 

consideration for fabricating a-Ga2Ox-based devices. One method to quantify the carrier 

concentration of materials is through Hall effect measurement. Hall effect can describe the 

movement of charge carriers through a material when a perpendicular magnetic field is 

introduced. This phenomenon was first introduced by Edwin Hall in 1879, and has been widely 

used to quantify carrier concentration for various oxide semiconductor materials 

[6][9][10][11][12][13][14][15][16]. Nevertheless, due to equipment limitations, performing 

Hall effect measurement for insulating UWB a-Ga2Ox is quite challenging [3]. UWB a-Ga2Ox 

has a complex combination of ultra-wide bandgap (Eg = 4.8 eV), structural randomness of 

amorphous nature, low carrier concentration, and high resistivity which makes it difficult to be 

measured. 
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As an alternative, the carrier concentration can be identified by estimating the Fermi level 

(EF) relative position. For n-type semiconductor, the carrier concentration represents as electron 

carrier concentration which is expressed by the following equation: 

 𝑛 = 𝑁𝐶𝑒−(𝐸𝐶−𝐸𝐹) 𝑘𝑇⁄         (4.1) 

where n is electron carrier concentration, NC is density of state in the conduction band, EC is 

conduction band energy, EF is Fermi energy, k is Boltzmann constant, and T is temperature in 

Kelvin degree. This equation means that the higher electron carrier concentration is reflected 

as the EF is close to the conduction band minimum (CBM). As the EF shifts closer to the valence 

band maximum (VBM), the electron carrier concentration is lower. Whereas for p-type 

semiconductor, the dominant mobile carrier is represented as hole carrier concentration (p) 

which is expressed by this equation: 

 𝑝 = 𝑁𝑉𝑒−(𝐸𝐹−𝐸𝑉) 𝑘𝑇⁄          (4.2) 

where p is the hole carrier concentration, NV is density of states in the valence band, and EV is 

valence band energy. As the EF is closer to the VBM, the hole carrier concentration is higher. 

Otherwise, lower hole carrier concentration is reflected as EF shifts towards the CBM. To 

further understand the different between electron and hole carrier concentration, the concept of 

energy band diagram was illustrated in Figure 4.1. 

 

 

Figure 4.1. Energy band diagram of p-type and n-type semiconductor. 
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By understanding this concept, a facile method to modify UWB a-Ga2Ox material can be 

developed, for instance by shifting the EF relative position. Several research approaches have 

been demonstrated to shift the EF relative position of oxide materials such as thickness 

modification [17], temperature modification [18][19], and hydrogen doping incorporation [3]. 

In particular, as explained in Chapter 2, the hydrogen doping incorporation method has 

successfully modified solution-processed UWB a-Ga2Ox by shifting the EF as close as 1.18 eV 

toward the CBM. Likewise, this EF shifting phenomena has further improved the electrical 

properties and exhibited semiconductor behavior of solution-process UWB a-Ga2Ox. Aside 

from hydrogen-incorporation method, thickness modification and temperature modification 

can also be applied as an alternative method to obtain optimized EF relative position. 

Nevertheless, experimental methods require complex optimization, have intensive material 

resource usage, and are time-consuming to obtain the optimized EF result. Therefore, 

simulation approach is necessary to accelerate material design and device fabrication such as 

density functional theory (DFT). DFT has been widely used to calculate optical and electrical 

properties of various materials [20][21][22][23]. Nonetheless, DFT calculation is generally 

expensive, particularly in case of large supercell requirement, charge states, explicit image 

charge correlations [20], and an advance level of theory such as GW corrections [24] or hybrid 

functionals [25]. In addition, it is quite challenging to demonstrate DFT calculation for 

amorphous materials. Thus, machine learning is proposed as an alternative method for rapid 

and cost-effective optimization of EF prediction of amorphous materials, particularly solution-

processed UWB a-Ga2Ox. 

Section 4.2 presents the recent progress on machine-learning-assisted method in materials 

science and how it works in predicting the optical and electrical properties of various materials. 

Specifically, the EF prediction via supervised machine learning will also be discussed in detail. 

In contrast, experimental approach of EF estimation will be discussed in section 4.3. Likewise, 

this section will compare two EF estimation approaches: experimental and simulation 

approaches in general. The advantages and disadvantages of both methods will be discussed. 

Several machine learning regression models which is likely appropriate for solution-processed 

UWB a-Ga2Ox will be discussed in section 4.4. And eventually, the machine-learned EF 

prediction of solution-processed UWB a-Ga2Ox films will be discussed in section 4.5. 
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4.2 Recent progress of machine learning approach in materials 

science 

To date, machine learning is gaining traction in materials science and engineering due to 

its short time consumption, cost-effectiveness, large prediction area, and low material resource 

requirement. Machine learning has become a promising method for materials design which has 

been widely used in predicting optical [26] and electrical properties [27], as well as accelerating 

materials [28] and experimental design [22]. Fernandez et al. in 2016 demonstrated the 

electrical properties prediction of graphene material using machine learning algorithms. The 

electrical properties such as electron affinity (EA), energy of Fermi level (EF), electron bandgap 

(Eg) and ionization potential (EI) are calibrated with structural features of 70% of dataset 

describing more than 70% of cross-validation variance. Machine learning models showed 

accurate prediction with a strong correlation of R2 ~90% [27]. 

In 2020, Regonia et al. presented the implementation of supervised machine learning to 

predict the optical bandgap energy (Eg) of ZnO material. It showed that developing 

mathematical models of ZnO nanostructures via machine learning can significantly accelerate 

the production of ZnO-based devices and applications [26]. This report reveals that by adding 

diverse data, collinearity which reduces the model accuracy can be prevented. Moreover, 

Ramprasad and colleagues [28] demonstrated machine learning as a powerful method to 

accelerate design of polymer dielectrics. Similarly, Talapatra et al. was also demonstrated 

machine learning as an autonomous and adaptive learning method on  accelerating 

experimental design [22].  

Nowadays, machine learning has become an integral component of material design [29]. 

Researchers have extracted the models and design rules from material data to drive accelerated 

discovery. The machine-learning-based design of materials design in material science was 

illustrated in Figure 4.2. The data set consist of materials which is referred to as “input, and 

the property of interest is referred as the “target” or “output (Figure 4.2a). Figure 4.2b 

illustrates the learning problem when the problem is defined as follows: 

𝐺𝑖𝑣𝑒𝑛 𝑎 {𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 → 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦}𝑑𝑎𝑡𝑎 𝑠𝑒𝑡 (4.3) 

what is the best estimate of the property for a new material that have not been defined in the 

original data set? To address that problem, all data-driven strategies are composed of two 

distinct steps. First, the input cases (materials) are represented as numerical data set. At the end 

of this step, each input case would have been reduced to a string of number (fingerprints) as 
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illustrated in Figure 4.2c. The second step establishes a mapping between the fingerprinted 

input and target property which are entirely numerical in nature. 

 

 

Figure 4.2. (a) Schematic view of an example data set, (b) statement of the learning problem, 

and (c) creation of a surrogate prediction model via the fingerprinting and learning steps [29]. 

 

As an example, complex polymers are ‘fingerprinted’ as simple, easily attainable numerical 

representations, which are mapped to the properties of interest (Y) using machine learning 

algorithm to develop an on-demand property prediction model as displayed in Figure 4.3. The 

different steps are involved in generating the database of the properties of 4-block polymers 

via DFT calculation (Figure 4.3a). Afterwards, the DFT calculated result were plotted in 

Figure 4.3b. While the Pearson correlation coefficient between fingerprint and properties was 

displayed in Figure 4.3c. And eventually, the correlation between fingerprint component and 

the properties was represented in the form of heat maps. Where the red crosses represent the 

components which lead to unstable polymers and were not considered in the present study. 

In particular, machine learning has been used to predict the EF of graphene nanoflakes with 

a model accuracy > 90% [27][30]. The best of our knowledge, there is no reported work of 

supervised machine learning of solution-deposited amorphous UWB material. Thus, this study 

will be a premier work on applying machine learning for EF prediction of solution-processed 

UWB a-Ga2Ox. 
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Figure 4.3. (a) Generating a database, (b) the DFT computed electrical properties, (c) the 

Pearson correlation coefficient, and (d) the heat map of fingerprint and properties [28]. 

 

4.3 Fermi level estimation methods 

As explained in section 4.1, obtaining the EF relative position is crucial for material design. 

By modifying the EF, the optical and electrical properties of oxide semiconductor material will 

be enhanced. In general, EF relative position can be estimated through experimental and 

simulation approaches. The detail of both approaches will be discussed in this section. 

 

4.3.1 Experimental approaches 

The experimental approach to estimate the EF is illustrated in Figure 4.4. Prior to the 

calculation, the optical bandgap energy (Eg) was determined by Tauc plot relation of UV-

Visible spectra using Equation 2.1. Figure 4.4a displayed the Tauc plot of an a-Ga2Ox/glass 
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sample. The x-intercept was determined by fitting a straight line towards the x-axis. An 

obtained x-intercept of 5.0 eV was defined as the Eg. Afterwards, the valence band offset (EV-

offset) was determined from the XPS spectra. The EV-offset is a level energy which implies the 

energy difference between EF and VBM. Its value can be estimated by taking the x-axis 

intercept where x = 0 at low binding energy of around 0 – 10 eV. In Figure 4.4b, the EV-offset 

was obtained at 2.9 eV.  Eventually, the EF was estimated by subtracting Eg and EV-offset using 

Equation 2.2 and resulting EF position of 2.1 eV relative to the CBM as shown in Figure 4.4c.  

 

 

Figure 4.4. (a) Tauc plot for Eg estimation, (b)Valence band for EV-offset estimation, and (c) EF 

estimation from experimental approach. Inset: the a-Ga2Ox/glass and a-Ga2Ox/SiO2/Si 

samples that were used for film characterization on (a) UV-Vis and (b) XPS respectively. 

 

In general, there are three critical points of this experimental approach. First, the 

experimental data should be valid, especially the EV-offset value. Charge neutralization should 

be applied for insulating samples [31] for accurate estimation. Second, this estimation should 

be applied for numerous sample conditions to obtain accurate EF estimation. It means that the 

estimation time will be highly time consuming. In consequence, for a frequent experiment, an 

intensive material resources are needed. Thus, by considering those issues, machine learning 

approach is apparently much more appropriate and powerful to obtain an optimized EF value. 
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4.3.2 Machine learning approaches 

In machine learning approach, a diverse data of experimental parameters from various valid 

sources were prepared. The experimental parameters (referred to as features X) are mapped 

into expected resulting properties (referred to as target or predicted values Y). For target 

variables with continuous value, the mapping X→Y may be performed with appropriate 

regression techniques. The detail of the machine learning work principle was explained in 

section 4.2. 

As compared to the experimental approach, machine learning offers short time 

consumption, cost-effectiveness, large prediction area by using minimum material resources. 

Nevertheless, machine learning has low environment dependency which is the consequence of 

ideal condition in simulation environment. For instance, a temperature of 380 °C was applied 

to generate the metal-oxide bond formation of a-Ga2Ox film. The machine would note and 

understand that 380 °C is an absolute parameter to generate metal-oxide formation. In reality, 

metal-oxide formation is influenced by many factors, not only the temperature. The effect of 

atmosphere ambient, relative humidity, chemical reaction, precursor aging, and any other 

complex undefined parameters are neglected. In contrast, experimental approach are greatly 

realistic where every single detail on the experimental condition which might affect the result, 

will be included. The comparison of both approaches is summarized in Table 4-1. 

 

Table 4-1. Comparison of experimental and machine learning approach. 

Aspects Experimental 
Machine 

Learning 

Time 

consumption 
Long (month) Short (day) 

Cost consumption High Low 

Prediction area Small Large 

Material resources High Low 

Environment 

dependence 
High Low 
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 For a comprehensive result, herein both approaches were merged as illustrated in Figure 

4.5. A highly realistic data will be used as an input of machine learning pipeline instead of 

simulation-based data such as DFT data. Afterwards, to cut-off the time consumption, the 

machine learning approach will be used as an optimization method to obtain the predicted EF 

value. In machine learning (ML) pipeline, the predicted EF value was cross-validated by the 

machine and subsequently gives an output of predicted EF data. Finally, the machine learning 

output was cross-validated by highly realistic experimental data. By applying this approach, I 

expect that the EF predicted value meets the credibility in both material science and material 

informatics perspectives. 

 

 

Figure 4.5. Schematic diagram of merged experimental and machine learning approach. 

 

Additionally, in terms of materials science perspective, the chosen datasets must meet 

credibility and reasonability principles. Simulating untrusted data will lead to biased 

calculation and misinterpretation. For instance, a-Ga2Ox is well-known as a UWB material, 

therefore the Eg should be higher than 4.0 eV. In many cases, a-Ga2Ox bandgap is within 4.1 – 

5.1 eV [6][7][32]. Therefore, the reported work of a-Ga2Ox with Eg of 2.0 eV should be 

excluded since it is questionable. 

Whereas from material informatic perspective, data separation of training and testing in the 

pipeline is a must since unseparated data leads to biased calculation. In other words, the 

credibility of the model performance will be in doubt. Hence, I applied both data selection and 
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data separation to guarantee the credibility and validity of our simulation result. 

 

4.4 Machine learning regression models 

In machine learning approach, regression model was used to map the features X into 

predicted values Y. Each model has their unique characteristics which make it appropriate to a 

specific data set, while it is not appropriate for other data sets [29]. Up to now, several 

regression models have been widely used for various prediction such as Kernel Ridge 

Regression (KRR) [26], Support Vector Regression (SVR) [27], and Random Forest 

Regression (RFR) [20]. 

 

 

Figure 4.6. The flowchart of RFR [33]. 
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KRR combines Ridge regression and classification with the kernel trick. It learns a linear 

function in the space induced by the respective kernel and the data. KRR is similar with SVR. 

Nevertheless, both regression models use different loss functions. KRR uses squared error loss, 

while SVR uses 𝜖-insensitive loss. Moreover, the KRR fitting can be done in closed-form and 

it is typically faster for medium-sized data sets. Likewise, KRR learning model is non-sparse 

which implies slower prediction time as compared to SVR. In other words, KRR is faster in 

fitting, but SVR is faster in predicting owing to its sparse model [34]. 

Furthermore, RFR utilizes ensemble learning which fits a number of classifying decision 

trees on various sub-sample of data sets. It uses averaging to improve the predictive accuracy 

and control over-fitting. Compared to KRR and SVR, RFR has higher performance accuracy 

[35][36] and has been used to predict EF of graphene nanoflakes with excellent accuracy of 

more than 90% [30]. In this study, those three regression models are used to predict the EF of 

a-Ga2Ox. Each model performance in predicting the EF will also be evaluated. 

 

4.5 Machine learning for Fermi level prediction of a-Ga2Ox film. 

This section demonstrates the machine-learned EF prediction of solution-processed UWB 

a-Ga2Ox. In particular, the analysis focused on the relationship between EF (predicted value, Y) 

and experimental conditions (features, X) such as thickness, baking temperature, and 

environment gases during annealing of a-Ga2Ox film. Prior to the machine learning simulation, 

an experimental data set of EF value of a-Ga2Ox were collected. Since there is a limited report 

on the dependency of fabrication parameters on the EF of a-Ga2Ox, additional experiment was 

conducted. 

 

4.5.1 Sample preparation 

The a-Ga2Ox films fabrication steps were similar to Figure 2.6 in section 2.3.3.2. Prior to 

the deposition, the Si/SiO2 (p++) substrate and glass substrate were cleaned and exposed by 

UV/O3 treatment (Figure 4.7a-b). The a-Ga2Ox film was deposited via spin coating technique 

at 2000 rpm for 15 s followed by 2-step baking process at 150°C and 500 °C, 5 mins each. The 

a-Ga2Ox film deposition was repeated to make multi-layers with varying thickness from 80 to 

150 nm. The final post-baking was performed for 1 hour (Figure 4.7c).  Figure 4.7d displays 

additional annealing treatments that were performed by varying annealing temperature (300 to 
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900 °C) and ambient gases concentration (mix H2/N2, and pure N2). Afterwards, the EF of each 

sample was experimentally estimated through UV-Visible (UV-Vis) Spectrometer and X-ray 

Photoemission Spectrometer (XPS) as explained in section 4.3.1 (Figure 4.7e). The estimated 

EF values as well as the varied experimental parameters were summarized in Table 4-2. Those 

data were used as the main data source. Since there is only limited report on the fabrication 

parameters dependency of amorphous gallium oxide EF, the literature data were mixed with 

the experimental data. In total, there were 31 data points, including 24 data points of this work 

or experiments (e) and 7 data points of reported work or literatures (L).  

Three machine learning models (KRR, SVR, and RFR) were trained (Figure 4.7f), and the 

hyperparameters of each model were optimized with leave-one-out cross validation (LOOCV). 

Afterward, the models were evaluated using the following metrics: root mean square error 

(RMSE), mean absolute error (MAE), and coefficient of determination (R2). RMSE measures 

the distance between the expected value and the predicted value of a sample. MAE expresses 

the absolute difference between the expected value and predicted value of a sample While R2 

express the accuracy of regression models in training the data set. The detail on the machine 

learning pipeline will be discussed in section 4.5.5. 

 

 

Figure 4.7. Schematic diagram for generating database of EF value of a-Ga2Ox films. Started 

by (a) substrate cleaning via SPM, (b) UV/O3 treatment, (c) a-Ga2Ox film formation, (d) H2-

annealing treatment, (e) Fermi level estimation, and (f) machine learning processing. 

(a) (b) (c)

(d) (e) (f)
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Table 4-2. Summary of EF values of a-Ga2Ox in various experimental conditions. 

Sample 
Thickness 

(nm) 

Baking 

(°C) 

H2 

(%) 

N2 

(%) 

Pure 

N2 (%) 

Eg 

(eV) 

EF 

(eV) 

Train (E) 100 400 0 0 0 4.86 1.97 

Train (E) 80 500 0 0 0 5.00 2.10 

Train (E) 100 500 0 0 0 4.84 1.92 

Train (E) 150 500 0 0 0 4.79 1.52 

Train (E) 100 500 0 0 0 4.84 1.92 

Train (E) 100 500 0.02 0.98 0 4.73 1.59 

Train (E) 100 500 0.03 0.97 0 4.61 1.39 

Train (E) 100 500 0 0 0 4.80 1.69 

Train (E) 100 500 0 0.78 0 4.66 1.4 

Train (E) 100 500 0.04 0.96 0 4.22 1.18 

Train (L) 240 750 0 0 0 5.12 2.56 

Train (L) 400 750 0 0 0 5.03 2.27 

Train (L) 100 400 0 0 0 4.12 1.12 

Train (L) 100 550 0 0 0 4.81 1.93 

Train (L) 100 700 0 0 0 4.81 1.95 

Train (L) 100 1000 0 0 0 4.9 2.13 

Train (E) 80 500 0.04 0.96 0 4.73 1.61 

Train (E) 80 500 0.04 0.96 0 4.69 2.1 

Train (E) 80 500 0.025 0.975 0 4.46 1.57 

Train (E) 80 500 0.035 0.965 0 4.39 0.73 

Train (E) 80 700 0 0 0 4.79 2.09 

Train (E) 80 800 0 0 0 4.69 1.64 

Train (E) 80 900 0 0 0 4.81 2.00 

Test (E) 100 300 0 0 0 4.98 1.66 

Test (E) 100 500 0 0 0 4.84 1.92 

Test (E) 120 500 0 0 0 4.83 1.9 

Test (E) 100 500 0.04 0.96 0 4.54 1.36 

Test (E) 100 500 0 0 1 4.60 1.72 

Test (L) 800 750 0 0 0 4.91 2.46 

Test (E) 80 500 0.04 0.96 0 4.66 1.69 

Test (E) 80 600 0 0 0 4.89 1.79 

 

4.5.2 Materials characterization 

Material characterization is used to determine the Eg, EV-offset, and to estimate the EF as well. 

The Eg values were estimated by ultraviolet-visible spectroscopy (UV-Vis; JASCO ILN-472) 

Tauc plot. Whereas the EV-offset values were estimated by X-ray photoemission spectroscopy 
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(XPS; ULVAC-PHI 5000 VersaProbell). Afterwards, the EF of each sample was obtained by 

subtracting the Eg and 𝐸𝑉−𝑜𝑓𝑓𝑠𝑒𝑡  as explained in section 4.3.1. The EF of 24 data samples were 

obtained within 1.5-2 months of consecutive experiments. By considering the experimental 

time consumption, EF prediction via machine learning will drastically accelerate the EF 

prediction. 

 

4.5.3 Experimental result 

In term of thin-film transistor (TFT) devices, the thickness of the semiconductor channel 

film is a critical parameter since it has a strong correlation with the trap states inside the bulk 

film. A thinner film has more bulk traps and interface trap states which indicate lower carrier 

concentration. Otherwise, thicker film has excess carriers which contribute to negative shift of 

the threshold voltage (Vth) of the TFT devices [37][38][39]. Thus, determining an appropriate 

thickness of active channel material is crucial. Typically, a-Ga2Ox-based devices have a 

semiconductor channel thickness of around 50 – 200 nm [6][5][40]. In particular, for ultra-

wide bandgap material such as a-Ga2Ox, electron conduction is difficult to obtain in a thicker 

film. 

In this study, the thickness was varied from 80 – 150 nm and its correlation to the optical 

properties (Eg, film transparency and EF) were further evaluated. As shown in Figure 4.8a, the 

Eg and EF were decreased as the thickness increased. Which suggests an improvement of carrier 

concentration as the EF-CBM distance decreased. Moreover, similar trend was also observed 

in the previously reported work of -Ga2O3 where the film thickness is inversely proportional 

to the Eg and EF [41]. Furthermore, a-Ga2Ox is well known for its excellent transparency (> 

95%) due to its ultra-wide bandgap (Eg > 4.0 eV). Therefore, the reduction in the film 

transparency will significantly observed as the reduction in the Eg. Figure 4.9a displayed that 

the film transparency in the UV region (350 nm) was reduced from 99% to 90% as the thickness 

increased. The thicker film has lower film transparency which further expands the absorbance 

and implies Eg narrowing. Likewise, the reduction in film transparency might be attributed to 

free carrier absorption which is related to the improvement of the film carrier density [14]. The 

thicker film has more electron carrier concentration which implies more n-type semiconductor 

behavior [37]. This behavior was reflected as the reduction in the EF-CBM distance.  

Moreover, the Eg narrowing phenomena was also observed as the temperature increased 

(Figure 4.8b). At high temperature, many-body interactions between carriers in the conduction 
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band (CB) and valence band (VB) were increased which further reduced the Eg. This 

phenomenon is also known as bandgap renormalization [19].  

 

 

Figure 4.8. Relationship of experimental parameters to the Eg and EF. (a) Film thickness, (b) 

baking temperature, and (c) H2 gas concentration during annealing.  

 

Figure 4.9. Transmittance of a-Ga2Ox film at various experimental parameters. (a) Film 

thickness, (b) baking temperature, and (c) H2 gas concentration during annealing. 
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Interestingly, the Eg rises abruptly at a temperature of 600 °C as the film started to transform 

its phase from amorphous to crystalline, and has a lower Eg at 700 °C owing to the crystalline 

phase. The TG-DSC shows that metal-oxide formation, film densification, and crystallization 

temperature occurred at temperatures of ~200 °C, ~380 °C, and ~680 °C respectively (Figure 

4.10). At a temperature of 500 °C, the a-Ga2Ox film phase was confirmed to be still amorphous 

by X-ray diffraction (XRD) measurements (Figure 4.11). Thus, it suggests that the film phase 

started to transform to crystalline phase at a temperature of ~600 °C. 

 

 

Figure 4.10. TG-DSC thermograph of Gallium oxide precursor. 

 

Likewise, bandgap renormalization contributed to promoting excess carriers which further 

improve the electrical properties. This improvement was reflected in the reduction in EF relative 

position (Figure 4.8b). Furthermore, the reduction in film transparency indicates the 

improvement of the film carrier density [14]. Thus, the film transparency reduction as 

temperature increases which is shown in Figure 4.9b suggests the improvement of the 

electrical properties of the film which agrees with the previous reported work [18]. 
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at ~600 °C. 

Furthermore, as the H2 gas concentration during annealing increased, the Eg also narrowed 

(Figure 4.8c). The reduction in the Eg was mainly due to carrier concentration induced by 

hydrogen doping. The hydrogen acts as a shallow donor which occupied donor level. Those 

electron carriers create additional states below CBM and further shift EF close to the CBM 

[3][43]. The EF shift, which is also supported by the reduction in film transparency (Figure 

4.9c), implies electrical properties improvement. Thus, the EF shifted closer to the CBM as the 

H2 gas concentration increased. However, the H-incorporated needs to be implanted at 

considerable amount since excess H-incorporated tends to create interstitial defects [3][43].  

 

 

Figure 4.11. XRD spectra of a-Ga2Ox film as-deposited film and annealed film at 500 °C. 
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temperature occurred. Both of these features not only affected the film formation and film 

properties but also EF as well. Moreover, there is a more complex cross interaction for the H2-

annealed a-Ga2Ox film since it involves thickness, baking temperature, annealing temperature, 

and H2 gas concentration parameters. This cross interaction will further complicate the analysis 

of EF shifting. Therefore, a study on EF prediction via supervised machine learning will be 

useful and powerful. 

 

4.5.4 Data set pre-processing  

Machine learning simulation was started by determining the features and predicted 

variable. The feature variables are specific attribute values of a data sample, such as thickness, 

temperature, and other experimental parameters. On the other hand, the predicted variable is 

the corresponding target value of a set of features, which the model will try to predict. In this 

study, the predicted variable is EF, while the features are film thickness, baking temperature 

and gas concentration as summarized in Table 4-2. Since this study focused on solution-

deposited film, controlling the film thickness is quite challenging. Therefore, several 

parameters are controlled to obtain a consistent film quality such as: number of layers, precursor 

volume per drop (30 μL), and spin rate (2,000 rpm, 15 seconds). Therefore, I assume that those films 

have same film quality as well as the film thickness. 

 

 

Figure 4.12. Datasets distribution. 
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The EF data set of different fabrication parameters which are shown in Table 4-2 were used 

as the main data source. The data set distribution can be seen in Figure 4.12. The features–

predicted correlation was evaluated by plotting the data set in Pearson and Spearman 

correlation plot as shown in Figure 4.13. In this plot, the highest features–predicted correlation 

was indicated with a score value of 1 (proportional) and -1 (inversely proportional). Features 

with higher correlation (either 1 or -1) may imply higher probability of obtaining the best 

machine learning model performance. Figure 4.13 showed that in both correlation plot, it has 

~0.5 correlation value which implies that the data set is a good candidate for further training 

via machine learning.  

 

 

Figure 4.13. (a) Pearson and (b) Spearman correlation of features and predicted value (EF). 
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context of the data. Ideally, the hyperparameter optimization step is performed during the 

machine learning cross-validation step, which uses a separate data from the training and testing 

sets. However, since this study has a limited data set, LOOCV was used, which takes one 

sample at a time out of the training set to be used for cross-validation.  

Herein, the following machine learning regression models were used: Kernel Ridge 

Regression (KRR), Support Vector Regression (SVR), and Random Forest Regression (RFR). 

Upon optimizing the hyperparameters of each model, the models were retrained on the entire 

training set. Then, each model was evaluated separately on the same testing data set. Three 

model performance metrics were used in this study: coefficient of determination (R2), root 

mean square error (RMSE), and mean absolute error (MAE). The R2 expresses the variation in 

the testing data set that the model can predict well. A high R2 value (max value of 100%) means 

that the model perfectly fits the data. RMSE and MAE express the average magnitude of error 

of the model. A low error value (min value of 0) means that the model prediction is close to 

each testing sample. Since this is the first attempt in predicting Fermi level of solution-

processed ultra-wide bandgap material, our target is to obtain R2 = 90%, RMSE and MAE 

around ≤ 0.1. 

 

 

Figure 4.14. Machine learning pipeline for EF prediction. 
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Table 4-3. Summary of hyperparameters of each machine learning regression model. 

Hyperparameters KRR SVR RFR 

KRR_alpha 0.21   

KRR_gamma 0.10   

SVR_C  3.59  

SVR_gamma  0.02  

RFR_bootstrap   True 

RFR_max-depth   5 

RFR_n-estimators   100 

    

The model performance scores are shown in Figure 4.15 and summarized in Table 4-4. 

Figure 4.15 showed that RFR has the best regression model performance over 3 regression 

models. RFR successfully predicted EF at ± 0.09 eV with 87% prediction model accuracy which 

is close with our target. As mentioned in section 2.5.3, the EF has a complex combination with 

the Eg as well as the experimental parameters. Therefore, a complex regression model is 

preferred rather than simpler regression model. Herein, RFR is a more complex model than 

KRR and SVR. It uses ensemble learning methods that combines prediction from multiple 

machine learning decision trees, which makes it more robust than a singular model such as 

KRR. Evidently, KRR had the worst performance possibly due to underfitting, which happens 

when the model is too simple for the problem. In addition, SVR exhibit considerable 

performance of 72% accuracy, MAE of 0.13 and RMSE of 0.15. This indicates that SVR can 

be an alternative regression model aside from RFR. 

 

Table 4-4. Summary of model performance of each machine learning regression model. 

Regression RMSE MAE R2 

KRR 0.26 0.16 0.19 

SVR 0.15 0.13 0.72 

RFR 0.10 0.09 0.87 
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Figure 4.15. Summary of machine learning regression model performance. 
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Figure 4.16. Wider EF prediction range. 
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device performance. 
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Two additional films were deposited using the designated condition which had the best 

parameters in Table 4-5. The film characteristics were further investigated by UV-Vis 

spectrometer and XPS to estimate the EF of the film as explained in section 4.3.1.  

 The experimental cross-validation results were summarized in Table 4-5. It showed that 

the experimental data were close to the machine learning output with an error of ~ 0.02 eV.  

Table 4-5. Summary of experimental cross-validation. 

Classification Parameter Test 1 Test 2 

Data set 

Total features 4 5 

Excluded features - Pure N2 

Redundant features N2 Pure N2, N2 

Output model 

performance 

RFR R2 75% 87% 

RFR RMSE 0.15 0.10 

RFR MAE 0.12 0.09 

Output best 

parameters 

Thickness 90 nm 135 nm 

Annealing 425 °C 425 °C 

H2 percentage 4% 4% 

EF output 1.38 eV 1.44 eV 

Experimental cross-

validation (CV) 

EF CV 1.40 eV 1.41 eV 

EF CV error 0.02 eV 0.03 eV 

 

 These results show that machine learning regression models can be used to predict the EF 

of solution-processed UWB a-Ga2Ox film. By inputting fabrication parameters, it can predict 

the resulting EF of the film and can also be used to identify which parameters will achieve the 

minimum EF. Moreover, I expect that this approach will be useful in accelerating material 

design and device fabrication 

 

4.6 Summary 

In summary, EF prediction via supervised machine learning approach has been successfully 

demonstrated for solution-processed UWB a-Ga2Ox material. The results suggest that the 

minimum EF can be obtained by training the experimental data set via machine learning. The 
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best model performance was exhibited by RFR with an RMSE of 0.10, MAE of 0.09, and 

model accuracy of 87%. The optimized EF of 1.38 eV can be obtained with fabrication 

parameters of 90 nm film thickness, and 425°C annealing temperature under 4% H2 gas 

concentration. The obtained EF prediction values are meet the credibility in both experimental 

and machine learning simulation with a relatively low error of ~0.02 eV. Furthermore, the 

results of this work will be beneficial for the realization of a rapid and cost-effective 

optimization method of fabricating solution-processed UWB a-Ga2Ox-based device. 

In general, machine learning is a powerful method. Nonetheless, it has 2 critical issues that 

need to be considered. First, the machine tends to learn the data points and giving an output 

predicted data as an average value. In other words, the data points with high mode or 

repeatability will have a high change to be selected as an output. Second, the machine will 

search the predicted-value within a specific given range. In case of the minimum predicted 

value is out of range, the machine can not extrapolate to find the extreme value (minimum and 

maximum). Despite those issues, machine learning is beneficial for rapid estimation rather than 

experimental approach with excellent experiment-machine learning error of ~0.02 eV. 
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Chapter 5 Summary 

 

5.1 Conclusions  

The field of TFT technology has been rapidly growing and unceasingly demanding for 

innovation. In line with innovation, the future electronic trends require highly transparent, cost-

effective, large-area scalability, and harsh-environment-resistant material. However, the 

challenge is to improve the performance of those materials to be suitable with the current 

advance technology. Some of the important considerations to meet the future electronic devices 

lie in proper material selection, material design approaches, and interdisciplinary collaboration 

to resolve issues. 

In this dissertation, a semiconducting solution-processed ultra-wide bandgap amorphous 

oxide material is developed via Fermi level engineering. The main findings and contributions 

of this research are summarized as follows: 

I achieved semiconducting behavior of solution-processed a-Ga2Ox material in Chapter 2. 

By utilizing Fermi level engineering as an attractive approach, insulating a-Ga2Ox has been 

successfully conversed into its semiconducting state. Fermi level engineering is a technique for 

material design which rely on the Fermi level shifting phenomena. For n-type semiconductor 

such as a-Ga2Ox, the EF shifting phenomenon implies an increase in the electron carrier 

concentration which further improve the film conductivity and the TFT device as well. By 

varying experimental condition including: annealing ambient gases and temperature, EF-CBM 

distances were minimized. Interestingly, semiconducting a-Ga2Ox were successfully obtained 

as shown by TFT switching behavior which was achieved by performing annealing under 4% 

hydrogen ambient. EF estimation via UV-Visible spectra and XPS reveal the Fermi level 

shifting phenomena which is mainly affected by the hydrogen doping. 

I achieved semiconducting behavior of as-deposited solution-processed a-Ga2Ox material 

in Chapter 3. One key to enhance the solution-processed oxide TFT is by minimizing the 

defects and impurities which comes from the deposition process. In Chapter 3, the effect of 

relative humidity on solution-processed a-Ga2Ox thin film transistors was further evaluated. 

The water vapor (relative humidity) plays an important role in precursor hydrolysis, changing 

the decomposition pathway, the metal-oxide formation, the film thickness and device 
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performance as well. By monitoring and controlling relative humidity during thin film 

deposition, decent performance of as-deposited a-Ga2Ox TFTs were achieved. Aside from the 

water vapor, the result also showed that the hydrogen annealing tends to enhance the device 

performances in selected cases. Finally, the result showed that hydrogen doping which drive 

the electron doping, might have originated from either hydrogen annealing or water vapor 

(humidity). Those hydrogen doping are vital factors to achieve the semiconducting behavior of 

as-deposited a-Ga2Ox TFTs 

I achieved an excellent Fermi level prediction of 87% accuracy by Machine Learning 

method in Chapter 4. To realize rapid and cost-effective optimization method in material design, 

Fermi level engineering via supervised Machine Learning was proposed in Chapter 4. In this 

chapter, machine learning approach was used for Fermi level prediction of a-Ga2Ox films. By 

using regression models, experimental data was used as an input to further train the algorithm. 

The results show that machine learning models can be used to predict the EF of ultra-wide 

bandgap a-Ga2Ox film. Likewise, it can identify optimized fabrication parameters to achieve 

the minimum EF value. This method will be beneficial for rapid and cost-effective optimization 

of UWB material design for future electronic applications. 

In this study, Fermi level engineering through experiment and machine learning approaches 

is evaluated to obtain the target value of EF ~0.4 eV. Despite the targeted value is not yet achieve, 

this study has been successfully achieved the minimum Fermi level value of 1.18 ~ 1.36 eV. 

This result is 1 order magnitude lower compare than the previous reported work of ultra-wide 

bandgap material [1]. It suggests that, our material is promising for electronic devices 

particularly optoelectronic devices. 

 

5.2 Suggestions for future work 

 This work has shown the potential application of solution-processed a-Ga2Ox which is 

modified via Fermi level engineering. Both experimental and simulation approaches were 

combined for a comprehensive study of solution-processed a-Ga2Ox material. Nevertheless, 

there are still issues that need clarification and challenges that need to be overcome: 

1. Investigation of High-pressure Hydrogen Annealing (HPHA) of solution-processed a-

Ga2Ox material 
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 Ultra-wide bandgap amorphous material can attain electronic conduction only with 

difficulty because its ultra-wide bandgap leads to low electron carrier concentration and its 

amorphous structure lead to high electron trap density. By improving the film density, the 

electron trap density will significantly suppress. The hydrogen annealing has successfully 

converted an insulating a-Ga2Ox to its semiconducting counterpart. We expect that by 

applying HPHA, the film density can be improved, and further improving the electrical 

properties of a-Ga2Ox. 

  

2. Investigation of precursor aging time dependency of solution-processed a-Ga2Ox film 

characteristics 

 Precursor and solvent engineering apparently can significantly reduce the baking 

temperature of oxide material film by changing the decomposition pathway. Since there is 

a limited study on solution-deposited a-Ga2Ox, a deep investigation of chemical reaction 

which might occur during precursor aging is interesting to investigate. Another solution 

deposition route to lowering the baking temperature is also interesting to be studied, such 

as solution combustion synthesis or aqueous solvent synthesis. 

 

3. Demonstration of density functional theory (DFT) for solution-processed a-Ga2Ox 

material 

 For a comprehensive understanding, a collaborative research which combine 

experimental and simulation approaches is highly recommended. An excellent result was 

successfully obtained by combining experimental-machine learning or DFT-machine 

learning separately. There is limited report which combine experimental-DFT-machine 

learning. Those combination will be a powerful method for material design and device 

application. However, the DFT simulation for solution-processed amorphous material is 

still extremely challenging. A breakthrough of a demonstration of experimental-DFT-

machine learning approaches for solution-deposited amorphous material will be 

fascinating. 

 

4. Demonstration of Bayesian optimization for solution-processed a-Ga2Ox material 
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  Solution-processed a-Ga2Ox is immature material which has numerous parameters to 

be addressed. We found that there are many experimental parameters that needs to be 

optimized to obtain an excellent solution-processed a-Ga2Ox film. Therefore, to further 

accelerate the material design, Bayesian optimization will be helpful. Bayesian 

optimization is widely used for material design by optimizing several experimental 

parameters [2][3].  We expect that by using this method, we can easily find the optimized 

experimental parameters to obtain the best film quality as well as the TFT performance. 
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