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ABSTRACT OF THE THESIS 

 

Composition Engineering 

for Solution-Processed Gallium-Rich 

Indium-Gallium-Zinc-Oxide Thin Film Transistors 

 

by 

 

Isaac Caleb Wang 

 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2018 

Professor Yang Yang, Chair 

 

 

Metal oxides have risen to prominence in recent years as a promising active layer for thin 

film transistors (TFTs). One of the main reasons for this has been its value in display technology. 

Conventionally, displays have relied on amorphous hydrogenated silicon (a-Si:H) TFTs but the 

demand for large area displays with high resolution, fast response time, low power consumption 

and compatibility with integrated driving circuits have prompted research into other 

semiconducting materials. As a result, metal oxides have become major prospects to replace a-

Si:H with their high-performance electrical characteristics and simplicity of processing, making 

them valuable switching elements in display technology. Particularly, quaternary metal oxides 
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such as the amorphous Indium-Gallium-Zinc-Oxide (IGZO) have demonstrated extremely high 

performances as TFTs, prompting extensive research in the field.  

The conventional method of producing metal oxide thin films has been through vacuum 

deposition methods such as sputtering. However, for large area applications these vacuum 

deposition methods face inherent limitations which prevent easy application and device 

fabrication. Facing these restrictions, solution-processing has become a popularly researched 

alternative in producing metal oxide thin films due to their simple processing requirements, low 

cost, and ability to be applied over large areas. In solution-processed IGZO, there have been a 

couple approaches to improve device performance and stability as well as simplify processing. In 

this work, we produce a gallium-rich 2:2:1 IGZO TFT using solution processes and study its 

electrical characteristics and stability. In this paper, we demonstrate a working solution-

processed gallium-rich 2:2:1 IGZO TFT and compare it to a solution-processed indium-rich 

device to quantify its stability and performance. Through this work, we show that solution-

processing is a viable fabrication method for gallium-rich IGZO, which can be a high-stability 

alternative to other compositions of IGZO devices.  
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Chapter 1. INTRODUCTION 

 

1.1 Motivation 

In the technology world, large-area electronics have gained significant traction as various 

applications, which range from displays to sensors and more, look to make impact on all aspects 

of human life. Particularly, in the present flat panel display television business, demand for 

large-area displays is surging and new advanced technologies are required to achieve high 

resolution, fast response, low power consumption and integrated driving circuits [1]. Displays 

such as organic light-emitting devices (OLEDs) have become very attractive because of their 

Lambertian self-emission, high luminous efficiency, low operation voltage, light weight, broad 

color gamut, and low-temperature and large-area fabrication capability [2]. It is expected that 

active-matrix organic light-emitting displays (AMOLEDs) will dominate the flat-panel display in 

the future. 

Regarding the electronic flat panel display industry, thin-film transistors (TFTs) have 

become the main staple technology used in the past 20 years and are of key importance in the 

displays’ performances[3]. Previous TFT technology used in large-area electronics, such as active 

matrix liquid crystal display (AMLCD) backplanes, centered on a-Si:H active layers[4]. Although 

a-Si:H semiconductor exhibited lower carrier mobilities than polycrystalline silicon TFTs, they 

were sufficient for serving as switching elements in LCD technology while providing better 

uniformity and reproducibility across large areas at a lower cost. Despite its good uniformity, the 

low mobility and poor stability of a-Si:H limited its application in OLEDs, which are current-

controlled display devices that rely on the performance of driving TFTs to achieve uniform 

brightness. For AMOLED pixels, extending the application of the TFTs from switches to current 
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sources, which require continuous operation, mean that stability is an essential issue. For this 

purpose, low-temperature polycrystalline silicon (LTPS) has also been considered for its high 

mobility and good stability, but still, its uniformity does not meet the requirements for AMOLED 

operation due to disadvantages in productivity and substrate-size limitations. Many AMOLED 

displays today employ crystallized-silicon TFTs for backplanes because it is stable in a high 

current flow which is necessary for a bright display[5-7].Microcrystalline-Si TFTs have been 

investigated for their improved mobility and reliability but for high-definition, high-frame-rate 

displays and circuit integration, higher performance materials are needed.  

In recent years, oxide-based semiconductors have been widely investigated for their high 

mobility, high transparency, low processing temperature and good uniformity[8-17]. Display 

manufacturers began to pay attention to oxide semiconductors because manufacturing is simpler 

than that of crystallized-silicon TFTs and can reduce the maximum process temperature, 

allowing for use in large-sized displays and substrates. In display technology these TFTs are 

highly sought after as switches to turn pixels on and off for their switching elements for large 

areas, ultra-high definition, and fast frame rates. Amorphous oxide semiconductors (AOSs) do 

not have grain boundaries and are not limited in the same way as polycrystalline semiconductors. 

In addition, they can be easily processed at low temperatures while being environmentally 

friendly and using less expensive facilities[18]. However, reliability needs improvement[19-24] 

which can improve device performance and lifetime. 

As such, amorphous metal oxide TFTs are currently strong candidates for AMOLED 

backplanes.  With increasing performance demands in flat-panel displays such as higher 

resolution and frame rate exceeding the limits of a-Si:H TFTs performance, high performance 

TFTs will also be needed for the future AMLCD where oxide TFTs could potentially replace a-
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Si:H as well as replacing LTPS in AMOLED. Specifically, in the past decade an Indium-

Gallium-Zinc Oxide (IGZO) TFT has been introduced as one of the most promising candidates 

for flexible displays and AMOLED TV because of its high mobility of 10-40 cm2/(V·s), 

amorphous structure, and low thermal budget processes[25-28].  

In this work we will introduce the TFT’s history and operation while also reviewing 

materials used for its active channel layer. We will focus on amorphous metal oxides for TFTs, 

particularly IGZO, and discuss approaches to optimize the electrical performance and processing 

of metal oxide TFTs, as well as our own work on the subject. 

 

1.2 Background 

 

1.2.1 History of Thin Film Transistors 

Thin film transistors have become the staple of the electronic flat panel industry, similar 

to the role silicon chips had in the electronic computer revolution. The first invention of the thin 

film transistor occurred in 1925 through the work of J.E. Lilienfeld [29-31] and O. Heil[32], who 

patented concepts to control current flow in a material through a transversal electrical field. 

Lilienfeld demonstrated the appropriate materials: a semiconductor active layer of Cu2S, 

insulator Al2O3, and a metal gate of Al. However, his description of the invention reveals no 

understanding of semiconductors and Heil instead has a more solid claim to inventorship of the 

TFT. Heil displayed a much better knowledge and understanding of semiconductors and his 

patent demonstrated correct devices structure. At the time, thin films were unachievable due to 

inadequate materials and technologies for its fabrication so Lilienfeld and Heil’s patents were 

purely conceptual.  
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The history of the TFT truly began with the work of Weimer at RCA Laboratories[33-35] in 

1962. He used vacuum evaporation to deposit gold electrodes, a thin film of polycrystalline 

cadmium sulfide (CdS) n-type semiconductor and a silicon monoxide insulator, while using 

shadow masks to pattern the layers. When an insulator was placed between the gate and 

semiconductor material, he was able to produce a working thin film transistor.  

 After Weimer’s report, his colleague Shallcross reported similar results in TFTs made 

with CdSe [36]. In 1964, Weimer reported p-channel TFTs made with tellurium exhibiting 

mobilities of about 200 cm2/(V·s) [37]. These devices required very thin active layers to ensure 

enhancement mode operation. In 1963, Borkan and Weimer published their analysis of TFT 

characteristics[38]. Other laboratories would pursue TFT technology in the hopes of providing a 

basis for lower-performance logic at a low cost, relative to the cost and performance of circuitry 

based upon crystalline silicon. The emergence of the insulated-gate field-effect transistor 

(IGFET) now known as the metal oxide-semiconductor field-effect transistor (MOSFET) in 1962 

would redirect attention away from TFTs, leading to a decline in TFT development activity by 

the end of the 1960s[3]. 

In the 1970s TFT prospects dramatically changed when there was a realization that with 

crystalline silicon, low cost could not be separated from miniaturization while some applications 

required large arrays of low-cost electronics. Lechner et al. published a paper in 1971 

highlighting the opportunities for TFTs [39]18. Having been invented in the 1960s, liquid crystal 

displays were being explored as people tried to figure out how to exploit them in technology 

such as televisions. Lechner and his coworkers realized that TFTs could be used at every x-y 

intersection with a capacitor to store and hold a voltage on the liquid crystal in that cell. This 

solved the crosstalk problem with electrodes, where a change in one cell would be reflected by 
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changed in other cells. And in 1973, T.P Brody of Westinghouse Electric demonstrated a liquid 

crystal display using CdSe TFTs for the first time [40]. 

At this time, display applications for TFTs motivated the work of most groups, so there 

were increasing efforts focusing on the issues of stability, on/off ratio, and leakage currents. 

TFTs faced considerable stability issues, which manifested as slow decays of drain current as the 

device was operated with a steady gate voltage [41]. CdSe was the principal active layer material 

for TFTs but other efforts would rise. In 1975, Kramer reported a thin-film electroluminescent 

display driven by PbS TFTs [42]. In 1979, LeComber, Spear, and Ghaith described a TFT using 

amorphous silicon as the active material [43]. Previous discoveries found that hydrogenated 

amorphous silicon could be doped with donors or acceptors to induce n- or p-type conductivity 

[44], suggesting that hydrogenation was passivating a large density of midgap states associated 

with dangling bonds in the silicon random network. The crystal-like behavior led LeComber et 

al. to make a TFT, using glow-discharge Si3N4 as a dielectric and glow-discharge silicon as the 

active layer. Their TFT exhibited on-currents of several microamperes and off-currents of about 

1 nA and was recognized to fit the criteria for driving liquid crystal displays that Brody had 

published [40]. While CdSe exhibits much higher mobilities than amorphous silicon, CdSe is a 

polycrystalline compound causing its properties to be influenced by grain size, grain boundary 

interface states, stoichiometry and more, as well as sensitivity to ambient gases such as H2O and 

oxygen[3]. Amorphous silicon on the other hand has no grain boundaries and is self-passivating 

against bulk changes. As a result, amorphous silicon became the ideal material for TFTs used in 

displays for the next 20 years, thanks to the work of LeComber et al[43]. 

Despite the arrival of the a-Si:H TFT, the 1980s saw little work done on a-Si:H TFTs. 

1980 would see the introduction of the polysilicon TFT, reported by Depp et al. of IBM [45]. 
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Using chemical vapor deposition, they fabricated a polysilicon TFT with good mobility and TFT 

characteristics. By 1982, both IBM[46] and Nishimura et al.[47] of Mitsubishi were using laser 

recrystallization of poly-Si to improve electrical characteristics, achieving a value of 400 

cm2/(V·s) for electron mobility. The goal of increasing the mobility was the be able to not only 

provide pixel TFTs but also to integrate drive circuitry. More work was done in this decade on 

CdSe, a-Si, and poly-Si TFTs, especially experimenting with different device structure, gate 

materials, and photolithography [3]. At the end of the 1980s, most had mastered the art of making 

good a-Si TFTs with low off currents (<1 pA), good on/off ratios (>106), reasonable mobilities 

(0.5-1.0 cm2/(V·s) and good stability. Instead focus shifted towards array-performance issues 

instead of materials[3]. 

In the 1990s, high-temperature poly-Si TFTs met all the requirements for driving liquid 

crystals, as well as working with integrated drive circuits. Stupp et al. of Philips [48] reported 

devices with off currents of 0.1 pA, on/off ratio of 1010, and mobility of 35 cm2/(V·s) by 

recrystallizing and hydrogenating poly-Si. However, the high cost of using quartz substrates and 

high-temperature processing made them uneconomical for large direct-view displays. Following 

this, low-temperature poly-Si (LTPS) TFTs emerged with characteristics almost as good as those 

of their high-temperature counterparts. In 1991, Little et al.[49] of Seiko-Epson showed results of 

low-temperature poly-Si TFTs achieved by crystallization at 600 °C of a-Si deposited at 550 °C. 

The TFTs showed off currents of 0.1 pA, on/off ratio of more than 3 × 108 and mobility more 

than 20 cm2/(V·s). With the low-temperature processing, this technology could be used with 

glass substrates for large-area direct view displays and integrated with drive circuitry. However, 

low-temperature poly-Si has struggled against a-Si:H in the LCD display market, due to the 

historical dominance of amorphous silicon. 
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In the past decades, amorphous silicon has been the most prominently used material for 

TFTs but recent work on metal oxides has prompted interest in this new material. 

Although the birth of these transparent electronics is normally associated with metal oxide 

reports on ZnO TFTs presented in 2001-2003, there were some applications of oxide 

semiconductors as channel layers in TFTs back forty years ago, around the time the initial CdS 

TFTs were reported by Weimer. Back in 1964, Klasens and Koelmans[50] proposed an 

evaporated SnO2 TFT and in 1968 Boesen and Jacobs[51] reported a lithium-doped ZnO single 

crystal semiconductor TFT. However this ZnO device had a very small drain current modulation 

and drain current saturation was observed. Later in 1996 Prins et al.[52] demonstrated working 

tin-oxide TFTs while Seager et al.[53] demonstrated the first indium oxide non-volatile memory 

TFT. 

It was not until 40 years since the creation of the first oxide TFTs, through the works of 

Hosono, Wager, Carcia and Fortunato, that worldwide interest in oxide semiconductors surfaced, 

especially for active matrix OLED[15, 53-56] technology. Good performing devices demonstrating 

the viability of oxide semiconductor-based TFTs appeared in 2003, through reports on ZnO 

TFTs by Hoffman et al., Carcia et al. and Masuda et al. [54, 56, 57]. Hoffman and Carcia reported 

fully transparent devices that obtained respectable performance, comparable and even surpassing 

a-Si:H and organic TFTs in some aspects, such as mobility, which could be as high as 2.5 

cm2/(V·s). However, for these devices, the processing or post-processing temperatures of the 

semiconductor were still high, around 450-600 °C. Carcia et al.’s work showed that using radio 

frequency (RF) magnetron sputtering to deposit ZnO could achieve similar electrical properties 

at room-temperature processing[54]. After 2004, several reports continued on oxide 

semiconductor-based TFTs. Some of the most important achievements were ZnO TFTs which 
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exhibited improved device performance while keeping low or even room temperature processing 

[58, 59], non-vacuum processed to produce ZnO [60], and more. 

 Up until 2003, much attention was paid to ZnO TFTs[56, 61] because of its high carrier 

mobility 1-40 cm2/(V·s) which guaranteed metal oxide TFTs employment into display 

backplanes. While most research was devoted to binary oxides such as ZnO, In2O3 or SnO2, 

Nomura et al.’s work would mark a critical development in metal oxide research. In 2003, 

Nomura et al. suggested the use of a complex InGaO3(ZnO)5 single-crystalline semiconductor 

layer TFT[16]. This device obtained an impressive effective mobility of 80 cm2/(V·s), turn-on 

voltage of -0.5 V and on/off ratio of 106. Even using high-temperature processing, this work 

demonstrated that high-performance oxide semiconductor-based TFTs are a reality. The 

following year, Nomura et al. demonstrated a transparent TFT on a flexible substrate using near-

room temperature processing to deposit amorphous IGZO as the semiconductor [15]. The 

performance was far from the single-crystalline TFTs presented before but still achieved a 

saturation mobility of 9 cm2/(V·s), threshold voltage of 1-2 V and on/off ratio of 103 which were 

good electrical characteristics due to the low sensitivity of these multicomponent oxides to 

structural disorder. Nomura’s work opened the door for metal oxides, especially IGZO, to 

become a heavily researched material for TFT and display applications. Other multicomponent 

metal oxide TFTs such as zinc tin oxide (ZTO) and indium zinc oxide (IZO) TFTs would also be 

prepared and obtained excellent electrical performances[62, 63].  
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1.2.2 TFT Operation and Electrical Characteristics 

TFTs rely on modulation of a current that flows between source and drain through the 

gate electrode which affects/modulates current flow through capacitive injection of carriers close 

to the dielectric/semiconductor interface, producing the field effect. For an amorphous oxide 

semiconductor (AOS) TFT, a semiconducting channel layer lies between source and drain 

electrodes while a dielectric is deposited in between the semiconductor and gate layer, either 

from top or bottom depending on the device architecture being top-gated or bottom-gated. In 

addition, the device can be either top or bottom contact depending on electrode placement.[64] 

Below all this is the substrate upon which everything is laid. For an n-type enhancement mode 

TFT, the source terminal is grounded and a positive voltage is applied to the gate. Charge 

carriers will start accumulating at the semiconductor/dielectric interface. A positive drain bias 

Figure 1. (a) Thin-film transistor schematic showing typical device structure and operation under VG. (b) Device architecture for A: 
Bottom-gate staggered TFT, B: Bottom-gate coplanar TFT, C: Top-gate staggered TFT, D: Top-gate coplanar TFT. (c) Output curve of a-
Si:H TFT. (d) Transfer curve of a-Si:H TFT.[65] 
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will cause carrier flow from source to drain. There are four typical configurations for TFTs as 

shown in Figure 1 below with distinct advantages and disadvantages[65]. 

In a-Si:H TFT’s the staggered bottom gate was used to counter light sensitivity that the 

semiconductor layer would experience from a liquid crystal display backlight. Meanwhile, poly-

Si TFTs utilized coplanar top gate structure due to its need for a high processing temperature and 

flat continuous film[66]. Bottom-gate devices do not protect the semiconductor surface from the 

air but allow for easy modification of the semiconductor surface’s properties[67]. Conventionally 

used silicon can either taken on amorphous or polysilicon forms, distinguishable by grain size. 

Amorphous silicon is a network of covalently bonded silicon atoms with each silicon having four 

neighboring atoms with various bond lengths and angles. It is non-periodic and does not exhibit 

long-range order or crystallinity, allowing for good uniformity but low electron mobility. Grain 

sizes are typically on the order of 1 nm [66]. Polysilicon can be obtained from amorphous silicon 

using techniques such as laser crystallization, with grain sizes on the order of 1 micrometer, 

allowing for higher carrier mobility, ranging from 50-100 cm2/(V·s) [66]. Due to the grain 

boundaries inherent in polysilicon, uniformity is much lower than that of amorphous silicon. 

AOSs combine both advantages of amorphous and polycrystalline silicon, achieving high 

mobility and good uniformity. 

Similar to conventional MOSFETs, the I-V characteristics of a thin film transistor can be 

described by the equations: 

𝐼 = (μ 𝐶 ) [2(𝑉 − 𝑉 )𝑉 − 𝑉 ],   

for 0 ≤ 𝑉 ≤ 𝑉 − 𝑉  

and 𝐼 = (μ 𝐶 ) (𝑉 − 𝑉 )  

for 𝑉 > 𝑉 − 𝑉  

Eq. (1) 

 

Eq. (2) 
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where µ is the field effect mobility (cm2/(V·s)), C is the capacitance per unit area of the insulator 

layer (F/cm2), VTH is the threshold voltage, VG is the gate voltage, VD is the drain voltage, and W 

and L are the channel width and length, respectively [66].  

At high VG, the channel becomes conductive and the current in the channel increases with 

increasing VD as seen in Figure 1(c). The current increases linearly with VD until the channel 

cannot support more current as shown in Equation 1. Now the channel is saturated and a 

corresponding saturation region can be observed and described by Equation 2. The saturation 

current can be increased by increasing VG, allowing for more carriers to be accumulated at the 

semiconductor-insulator interface. The drain current remains low until the gate voltage reaches a 

certain value at which the drain current increases rapidly and eventually levels off. In Figure 

1(c), the ID-VD plot is known as an output curve while the Figure 1(d) ID-VG is called the transfer 

curve. 

The major electrical characteristics of interest for TFT devices are field effect mobility 

(µ), threshold voltage (VTH) or turn-on voltage (VON), on/off ratio and subthreshold swing (SS). 

These parameters vary depending on factors such as device structure, fabrication process, 

amorphous oxide semiconductor material, as well as the interface between semiconductor and 

gate dielectric. Ideal electrical characteristics for good TFTs are high mobility, near zero 

threshold voltage and small subthreshold swing. 

Carrier mobility µ is a parameter that describes the efficiency of charge carrier transport 

in a material, affecting the maximum drain current of a device. The intrinsic mobility of a bulk 

material is typically obtained by extracting the Hall-effect mobility. However, TFT mobility is 

different from bulk mobility due to its narrow thin film channel through which charge transfer 

occurs. Also, its narrow channel is affected by scattering from dielectric charges, interface states, 
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and surface roughness[68]. Mobility can be extracted as effective mobility (μeff), field-effect 

mobility (μFE) and saturation mobility (μsat). Field-effect mobility uses transconductance (gm) 

while subject to low drain voltage, effective mobility uses conductance (gd) with low drain 

voltage and saturation mobility uses transconductance with high drain voltage. 

𝜇 =
𝑔

𝐶
𝑊
𝐿

(𝑉 − 𝑉 ) 
 

𝜇 =
𝑔

𝐶
𝑊
𝐿

𝑉  
 

𝜇 =

𝑑 𝐼
𝑑𝑉

1
2

𝐶
𝑊
𝐿

 

Each methodology of extracting mobility has advantages and drawbacks but the most commonly 

used is the field-effect mobility which does not require VTH and is easily calculated by the 

derivative of the transfer characteristics. 

Threshold voltage VTH corresponds to the gate voltage at which a conductive channel is 

formed at the dielectric/semiconductor interface between source and drain electrodes[69]. The 

most common method for determining the threshold voltage is done through linear extrapolation 

of the ID-VG linear regime plot. The threshold voltage plays a significant role in device operation 

as the desired value of the threshold voltage will be close to the voltage at which the device can 

operate. For n-type TFTs, if the threshold voltage is positive, the device is in enhancement mode 

and if it is negative, the device is in depletion mode. The reverse is applied for p-type TFTs. 

Enhancement mode is desirable as there is no voltage required to turn off the transistor, 

simplifying circuit design and minimizing power dissipation. However, there can be ambiguity in 

determining the value of VTH due to different parameters in linear fitting or other small 

Eq. (3) 

 

Eq. (4) 

 

Eq. (5) 



13 
 

differences in methods. As a result, VON is used often in literature, which represents the gate 

voltage at which the drain current starts to increase in a logarithmic ID-VG plot. VON represents 

the gate voltage necessary to fully turn off the transistor. [70]. 

The on/off ratio is calculated by dividing the maximum drain current by the minimum 

drain current [69]. The minimum drain current is generally given by the noise level of the 

measurement equipment or the gate leakage current while the maximum drain current depends 

on the semiconductor material and the effectiveness of the capacitive injection by the field effect 

[18]. On/off ratios represent the current amplification ability in a device turning from off to on. 

For TFTs large values are required for successful usage as electronic switches, generally with 

values higher than 106[71].  

Figure 2. Transfer curve showing how on/off ratio, turn-on voltage and threshold voltage are 
determined.[73]  
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Subthreshold swing measures how efficiently a TFT turns on and off, directly related to 

the interface of the dielectric/semiconductor and its quality[69]. It is defined as the inverse of the 

max slope of the ID-VG plot, indicating the gate voltage needed to increase drain current by one  

decade. Typically, subthreshold swing is much smaller than 1, around 0.10-0.30 V/decade. Low 

subthreshold swings are ideal and result in higher speeds, reduced device power consumption 

and operating voltage[72]. The subthreshold swing can be described by the following equation: 

𝑆𝑆 =
𝑑𝑙𝑜𝑔(𝐼 )

𝑑𝑉
|  

 

 

1.2.3 Metal Oxides for Thin Film Transistors 

Since the invention of the TFT, many materials have been used as active layers. Most 

prominently, a-Si:H has been the most common material employed for TFT active layers. One 

material that has garnered significant interest in recent years is the metal oxide semiconductor for 

TFT applications, particularly in the amorphous state[73]. 

Silicon technology has long been used for TFTs, but compared to modern demands, 

silicon has lacked in different areas. Single-crystalline semiconductor technology was found 

unsuitable for “giant microelectronics” such as solar cell devices and active-matrix flat-panel 

displays. Materials such as LTPS are used in AMOLED but struggle with low scalability and 

high fabrication costs despite their enhanced electrical performance. In addition, polycrystalline 

materials encounter carrier scattering and trapping at grain boundary defects. In contrast, 

amorphous semiconductors such as a-Si:H can form films easily over large areas (greater than 1 

m2) at low temperatures (<400 °C) on both glass and plastic substrates[73]. For this reason, 

Eq. (6) 
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hydrogenated amorphous silicon has traditionally been more widely used than polycrystalline 

silicon for practical large-size applications such as AMLCD. However, a-Si:H has its drawbacks 

as it is limited by low mobility and instability against factors such as electric stress and photo-

illumination, making it unsuitable for AMOLED and even AMLCD as performance 

requirements increase. Because it is difficult to apply crystalline Si-based TFTs to large high-

resolution displays and a-Si:H has poor performance, many researchers have been looking into 

alternatives such as oxide TFTs for displays due to their high mobility, low off-current, high 

transparency, high uniformity, and simple deposition methods[15, 16, 73-77], all while maintaining 

amorphous microstructure.[73]. 

Oxide semiconductor materials have attracted increased attention in recent years mainly 

because of two characteristics: optical transparency and electrical conductivity. Indium tin oxide 

(ITO) has been used widely as a transparent electrode material for solar cells and displays 

because of its good transparency and conductivity. Early on, most attention on oxides was been 

limited to transparency and conductivity, while its potential as a functional material for 

semiconductor devices was still being considered. Nomura and Hosono would change that with 

their work. They first released a high-performance monocrystal transparent oxide transistor using 

IGZO, later followed by a TFT deposited at room temperature with amorphous IGZO[15, 16, 73]. 

The first work demonstrated the high-performances that could be found in metal oxide 

semiconductors while his second work demonstrated their potential with low-temperature 

fabrication. In spite of the room temperature deposition, the amorphous device exhibited high 

mobility, ten times that of amorphous silicon, which has since made oxide semiconductor 

materials a subject of increasing attention as an active layer for display-use TFTs. With 

mobilities comparable to crystalline oxide semiconductors and wide energy band gaps allowing 
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for transparency in the visible spectral range, metal oxide semiconductor TFTs have emerged in 

electronic device markets as new applications such as intelligent wearable systems[78, 79], 

epidermal devices[80, 81], artificial skin[82, 83], medical implants[84, 85], liquid crystal displays[86] , 

transparent transistors[56, 62, 87], transparent oxide memory [88, 89], solar cells [90, 91], electrophoretic 

displays, electrochromic windows, electro-optical devices, paper electronics [92, 93], and gas 

sensors[94-96]. Similar to conventional MOSFET devices, metal oxide semiconductor TFTs can 

also be used in integrated circuit designs, such as line drivers for AMOLED, logical circuits, 

digital-to-analog converters, RFID or near field communication (NFC) applications [97-100]. 

Metal oxide TFTs present outstanding advantages on device properties compared to 

conventional technology such as smaller manufacturing cost, larger scalability, lower process 

complexity and temperature as shown in Table 1[101] . These amorphous oxide semiconductors 

(AOSs) exhibit potential with their combination of high optical transparency, high electron 

mobility and amorphous[102, 103] microstructure. Lacking grain boundaries, AOSs do not face the 

primary limitation of mobility in polycrystalline semiconductors, creating a huge advantage in 

process integration. Other advantages include low temperature deposition routes and ultrasmooth 

Table 1. Comparison between silicon and metal-oxide TFTs in electrical characteristics and processing.[101] 
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surfaces that suppress interface traps and scattering centers. Metal oxide semiconductor TFTs 

can also be fabricated on flexible substrates while maintaining high performances, increasing 

their potential applications. In addition, the materials used in this technology are environmentally 

friendly and less expensive than existing technologies[18]. Hosono summarized the advantages of 

metal oxide thin films as such: low processing temperature, wide processing temperature 

window, large electron mobilities, low operation voltage, large allowance in choice of gate 

insulator, simple electrode structure, low off-current, excellent uniformity and surface 

flatness.[104] 

In order to explain the observed mobility differences that metal oxides possess, Hosono et 

al. compares silicon and IGZO in the amorphous and crystalline phases from an atomic bonding 

perspective in Figure 3[104]. Compared to a-Si:H, AOS TFTs possess better electrical 

performance because of their different chemical bonding[75]. For a-Si:H TFTs, the origin of 

mobility is hopping conduction rather than band conduction so the drift mobilities of a-Si:H 

TFTs are lower than 1 cm2/(V·s)[105]. The conduction band minimum (CBM) and valence band 

maximum (VBM) of a-Si:H are formed by sp3 hybridized orbitals with strong spatial directivity 

forming deep and high density localized states below the CBM and above the VBM due to the 

distortion of sp3 hybridized orbitals caused by the disordered amorphous structure. The electrons 

and holes migrate mostly by hopping and this results in low drift mobilities. While silicon can 

achieve high carrier mobilities in the crystalline phase due to effective overlapping of sp3 

orbitals[15], in the amorphous phase, these sp3 orbitals lack directionality and cannot achieve 

efficient overlap, resulting in poor carrier mobility. In contrast, the AOSs electrical properties do 

not degrade significantly, even in the crystalline phases. AOSs such as IGZO have large and 

isotropic metal s orbitals allowing for good overlap even in the amorphous phase, which is the 
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same reason that metal oxide semiconductors are able to achieve good mobility as amorphous 

materials, capable of exceeding 10 cm2/(V·s). The IGZO CBMs are formed by spherically spread 

large s isotropic orbitals of metal cations and the good overlap of sp3 orbitals enables band 

conduction. 

 

 

 

 

 

 

 

 

 

 

The pseudo-band structures of amorphous IGZO and a-Si:H also support this as 

amorphous IGZO has a bandwidth around 1 eV[75] and its effective masses for electrons do not 

deviate significantly from crystalline IGZO[106]. The a-Si:H bandwidth, on the other hand, is 

smaller than 0.5 eV, suppressing band conduction. In addition to this, the wider band gap of a-

IGZO predicts a lower off-state leakage current than a-Si:H for non-oscillated devices. Hosono et 

Figure 3. Comparison between silicon (left) and IGZO (right) mobilities visualized through atomic 
bonding.[15] 
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al. proposed several cation candidates that could be used in designing oxide semiconductors for 

TFTs in 1996[107] based on electron configuration as shown in Figure 4(a). Most commonly, Zn, 

Ga, In, and Sn are used because of their low cost and non-toxicity[108].   

Metal oxides of binary, ternary, and quaternary compounds of the elements Hosono listed 

have been reported as active layers in TFTs. SnO2, ZnO, In2O3, and Ga2O3 were the first reported 

binary compounds but due to their simplicity, these binary compounds suffered from poor device 

performance such as high electrical resistivity, low stability, and low on/off ratio[73]. They also 

tended to crystallize, resulting in grain boundaries which scatter free carriers and affect device 

reliability. It was found that multicomponent amorphous compounds allow for better 

performance because amorphous structures avoid grain boundaries which are associated with a 

high potential barrier. While ZnO and In2O3 easily form polycrystalline phases, multicomponent 

compounds such as IGZO, indium zinc oxide (IZO) and zinc gallium oxide (ZGO) are likely to 

be amorphous[109]. The different ionic charges and sizes in the phase disrupts crystallization and 

enhances the formation of the amorphous phase[106]. In Figure 5, there are metal composition 

triangles for indium, gallium, and zinc ratios that show (a) crystallinity and (b) mobility findings 

and trends for specific composition ratios. Currently, there are many successful metal oxide 

semiconductors being used in different applications. ZnO[54, 110, 111], IGZO[15, 112], ZIO [113, 114], 

Figure 4. (a) Candidate elements for heavy metal cations with (n-1)d10ns0 electronic configuration.[108] (b) Solid-state 
energy values for 40 elements for use in metal oxide semiconductors.[123] 
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and ZTO[115, 116] are a couple of examples of popular metal oxides due to their wide band gaps, 

high transparency, and good electrical properties. In addition, zinc-oxide-based transparent 

semiconductors have been found to be applicable to sol-gel process, which allows for low-cost 

and printable manufacturing[117-121]. Among these, IGZO is a key semiconductor for transparent 

oxides TFTs because of its high channel mobility, high on-to-off ratio, low toxicity, excellent 

environmental stability and good optical transmittance, which has led to its application in many 

display technologies[122].  

The different ions that compose the metal oxide semiconductors also contribute 

differently to carrier concentration. In Figure 4, solid-state energy (SSE) values are shown that 

denote the electron affinity (EA) for cations or ionization potential for anions of 40 different 

elements. For the elements with a SSE close to -4.5 eV(the ionization energy ε(+/-) of hydrogen 

(donor/acceptor)), the carrier concentration is enhanced such as In, Sn, and Zn[123]. For a TFT 

channel layer, when the electron concentration needs to be reduced to as low as possible,  

 

Figure 5. (a) Crystallinity and (b) Hall-effect mobility of IGZO metal oxide semiconductors with different 
atomic ratios.[104] 
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elements with SSE above ε should be employed for suppressing carriers, such as Ga (SSE value 

of -3.1 eV). As such Ga is commonly used as a suppressing cation. IGZO was a breakthrough in 

metal oxide research, and as a representative AOS, IGZO has a high mobility 10-30 cm2/(V·s), 

high stability, low process complexity, and has already been commercialized in the display 

industry. With regards to the effects of incorporating different ions, much work has been done to 

understand the effects of composition on metal oxide semiconductors. 
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Chapter 2. RESEARCH OBJECTIVES 

 

2.1 Composition Engineering of IGZO 

In this section we will discuss some work relevant to our approach to composition 

engineering IGZO TFTs. We will discuss solution-processing of IGZO and its importance, 

followed by studies on the effects of the metal composition ratio of IGZO. By establishing the 

background information for these topics, we can demonstrate the importance of our contribution 

to the field: applying solution-process to fabricate a gallium-rich 2:2:1 IGZO TFT and evaluating 

its performance and stability. 

 

2.1.1 Solution-Processing Advantages 

Until recently, IGZO thin films were formed using methods such as pulsed laser 

deposition[122, 124-126], RF magnetron sputtering[127, 128], direct current (DC) magnetron sputtering , 

inkjet printing[129], and spin coating[130-132]. However, most work done surrounding IGZO 

deposition for TFTs has been done through vacuum processing. Researchers have reported work 

done on these multicomponent semiconductor TFTs using vacuum-deposition[127, 133, 134] which 

gives good understanding of the electrical properties of the TFTs, but the vacuum process is 

complicated and may have different optimal conditions from solution-processed devices.  

Solution-processed oxide TFTs using spin coating, dipping, and inkjet printing have 

attracted considerable attention because vacuum deposition processes such as RF magnetron 

sputtering and pulsed laser deposition require complicated and high manufacturing cost 

processes. Solution-processed oxide TFTs have many advantages because of their low cost and 

low temperature processing nature and are also suitable for large area high throughput and 
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flexible displays[109]. Additionally, they do not require sophisticated vacuum systems or 

expensive equipment typically found in vacuum deposition methods[129, 135]. Another advantage 

of solution process deposition is avoiding environmentally toxic templates which are often used 

for the synthetics of inorganic materials use in vacuum deposition methods. Although the 

mobilities of the solution-based deposition method devices are lower than their vacuum 

deposition counterparts due to the fine control of vacuum processes, the chemical solution 

deposition method processes are of great importance to the fabrication of amorphous TFTs[136]. 

It is a goal for researchers to realize high-mobility and stable elements even in a low-

temperature process. To maximize price competitiveness and enhance productivity, solution 

processes are necessary for oxide semiconductors[74]. Solution-processed oxide TFTs face poor 

electrical performances compared with vacuum-processed oxide TFTs, requiring higher 

temperature to overcome this problem which can prevent the production of flexible devices that 

process at temperatures below 300 °C. Three ways that have been approached to lower 

processing temperature and improve performance are solution modulation, additional treatment, 

and structure modulation. 

Some groups have tried different precursors and solvents to improve performance[137-141]. 

Others have targeted reducing the processing temperature through doping atoms[142] and 

additives[143, 144] introduced to oxide semiconductors. Additional treatments such as high-pressure 

annealing[145-147], vacuum annealing[137, 148, 149], UV annealing[148, 150], O2/O3 annealing[151], and 

microwave annealing[152, 153] have also been tried. Lastly, by changing or modulating gate 

insulator materials[154-156] and adopting a dual-channel layer[157], processing temperature can be 

reduced. 
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For IGZO, solution-processing is ideal, particularly for display technology, where the 

amorphous thin film can be applied over large areas simply and cheaply. There have been many 

cases of successful solution-processed IGZO TFTs, such as Yoon's IGZO of 5:2:1 ratio[158]. 

While many compositions have been investigated for solution-processing, Kim et al.[76] found 

that certain compositions did not favor amorphous structure, which can lead to poor electrical 

performances. Therefore, it is important to establish the viability of specific compositions for 

solution-processing, as some may encounter performance or fabrication issues, preventing their 

application through solution-processing.  

 

2.1.2 Metal Composition Effects 

Among the metal oxides, amorphous IGZO is one of the most promising materials for 

TFTs due to its high field effect mobility, uniform characteristics and compatibility with low 

temperature processed[15, 159]. Other metal oxides’ performances such as that of ZTO have been 

found to heavily rely on their composition[160]. Similarly, IGZO is a multicomponent material 

whose performance such as mobility and stability are expected to depend on chemical 

composition as well. There have been important reports on the effect of chemical composition on 

device characteristics[133, 161]. However, more studying must be done, as the metal composition of 

IGZO has been found to significantly influence electrical performances. Much work has been 

done on composition variation in vacuum-deposited IGZO TFTs and several of the works of 

interest will be detailed in this section.  For IGZO TFTs, the composition ratios discussed will be 

in the order of In:Ga:Zn.  

Several authors have investigated the effect of composition at the atomic level. Iwasaki et 

al. [132 extracted electrical performance of RF sputtered IGZO TFTs as a function of channel 



25 
 

composition[133]. Barquinha et al. reported on the effects of the processing parameters such as 

target composition using several fixed compositional IGZO targets on the electrical properties of 

IGZO-TFTs[103]. Kim et al. investigated the combinatorial effects on surface morphology and 

electrical performance of a-IGZO TFTs in solution-processed IGZO[76] and Lee et al. 

investigated electrical characteristics of solution-processed IGZO TFTs with various 

composition ratio of precursors (7:1:2, 6:3:1, 5:1:4) and analyzed the effects of composition ratio 

on solution-processed IGZO TFTs[162]. 

In reports of sputter-processed oxide TFTs, indium, known as In 5s orbitals, form the 

conduction band bottom so that indium has a main role in the increase of electron concentration, 

mobility and electron conduction. In these composition studies, authors such as Iwasaki et al.[133] 

found that a greater amount of In2O3 existing in the channel lead to a higher mobility while Lee 

et al. found that the threshold voltage decreased and saturation mobility increased with 

increasing In composition ratio[162]. Similarly, Kim et al.’s Hall measurements with varying In 

and Ga molar ratios (8:1:1, 8:1:8, 8:3:5, 8:8:5, 4:1:5, 5:1:5, 8:1:5) found that increasing In 

increased the average carrier concentration and Hall mobility in the IGZO devices, where the 

increased drain current and carrier concentrations could be explained by enlarged In 5s orbital at 

the bottom of the conduction band from additional In3+ ion incorporation in the structure [76, 117, 

163]. Kim et al. also found that a high atomic concentration of In >80% resulted in polycrystalline 

IGZO films[118, 129, 130, 164] whereas with lower In content, the films stayed in the amorphous 

phase. Also, a high atomic concentration of In or Zn>80% produced films with nonuniform 

surface morphology >2.5 nm and a large grain size >100 nm, which would make inconsistent 

and poor-performing devices. They measured the transfer curves of various devices, finding that 

indium-rich devices have deep-depletion mode characteristics, including larger drain current and 
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far negative turn on voltage VON, making it difficult to turn off due to increased built-in carrier 

concentration in the channel. In Barquinha et al.’s work, they also found that their indium-rich 

composition of 4:1:2 led to a highly conductive film and uncontrollable channel conductivity in 

the devices[103]. 

Zinc composition was found to influence subthreshold characteristics. Barquinha et al.’s 

best device results came from a 2:1:2 device, where the increased zinc content (compared to 

2:1:1) allowed for enhanced switching behavior and lower SS. The increased Zn content reduced 

conductivity and mobility from the 2:1:1 device but allowed for better switching through SS 

decrease[103]. Zn content in the film is believed to cause change in the subthreshold 

characteristics by modulating shallow tail states or by reducing the interfacial states at the 

channel/gate insulator interface[133]. Lee et al. found that with an increase in Zn content to 5:1:4, 

device hysteresis decreased because Zn modulated the shallow tail state below the conduction 

band and reduced the interstitial states between channel and insulator[162]. 

For the composition studies, gallium appears to have the opposite effect of indium, where 

increased gallium content results in reduced carrier concentration and mobility. Kim et al. found 

that the critical decrease of Hall mobility and carrier concentration were observed by increasing 

Ga content, which they attributed to possible Ga substitution of Zn interstitials or suppression of 

oxygen vacancy formation[133].  They found that Ga content is also effective in controlling VON 

and drain current by increasing electronegativity of the films or by reducing carrier 

concentration. When Ga composition increased in Lee et al.’s 6:3:1 IGZO, the off current 

decreased because Ga compensated carriers generated by In conclusion and suppressed 

formation of oxygen vacancies. Gallium-rich devices decreased off current by suppressing 

formation of oxygen vacancies[162]. Lastly, Barquinha et al. found that increased gallium content 
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in their IGZO resulted in good switching devices with low VTH and SS, with significantly lower 

mobility[103]. However, they found that increasing gallium content too much resulted in a highly 

resistive films and poor devices with high SS and VTH. Barquinha et al.’s results indicated that 

the IGZO electrical properties are sensitive to gallium content, where too much would cause a 

significant reduction in the device characteristics. The proper amount of gallium allowed for 

lower VTH and SS which would benefit stability in these TFT devices. 

In addition to compositional studies on IGZO electrical performances, researchers such as 

Huh et al.[165] and Cheong et al.[166] have also studied compositional effects upon IGZO device 

stability. Huh et al. fabricated IGZO TFTs using RF magnetron sputtering for IGZO deposition 

with two different compositional targets, measuring transfer characteristics and performing 

electrical bias stress tests on each device.  The compositions compared were 2:1:2 (device A) and 

2:2:1 (device B) of In:Ga:Zn. Device A exhibited higher driving current and higher field effect 

mobility than device B but it had a more negative turn-on voltage at -4.8V versus -0.8 V. The 

carrier density in IGZO A TFT was also higher at a gate voltage of 0 V than device B. What Huh 

et al. found was that as the Ga content exceeds the Zn content, the turn-on characteristics of TFT 

degraded, but the stability enhanced. The IGZO device B with higher Ga content showed lower 

field effect mobility. The subthreshold slopes of the two devices were nearly the same at 0.35 

V/dec versus 0.39 V/dec and Huh et al. calculated the densities of interface trap states: IGZO A 

had 1.00×1012 cm-2 and IGZO B had 1.14×1012 cm-2[165]. The difference in field effect mobility 

of 14 cm2/(V·s) and 9.3 cm2/(V·s) can be attributed to the bulk characteristics.  

They also investigated the effect of composition on device stability showing the changes 

of transfer characteristics before and after electrical bias stress using a positive gate bias of 20 V 

continuously applied for 10000 seconds at a substrate temperature of 340 K. The heat was 
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applied to accelerate device degradation and IGZO B with higher Ga content showed more stable 

characteristics. Overall, Huh found that the composition of device A 2:1:2 had a superior 

mobility by 5 cm2/(V·s), but had a poor turn-on voltage at -4.8 V, much worse than the device B 

2:2:1, which yielded a turn-on voltage of -0.8 V[165]. While the mobility of device A was found to 

be superior, both devices exhibited acceptable and good mobilities. However, device A’s 

mobility could not compensate for its poor turn-on voltage and poor stability, which rendered it 

unusable as a device. Device B’s superior turn-on voltage and stability was a worthy tradeoff for 

a small drop in mobility making it a more highly valued candidate for TFT applications. 

Cheong reports three sputtered IGZO compositions used: 2:1:2, 1:1:1, and 2:2:1. Cheong 

studied electrical instability of IGZO-TFTs with varying compositions. According to his tests, 

the larger Ga content, the more robust the TFT, consistent with x-ray photoelectron spectroscopy 

(XPS) analysis: the strong binding of O atoms appeared in the IGZO film with larger Ga[166]. The 

2:1:2 device with low gallium had a VON of -1.26 V, mobility of 18.09 cm2/(V·s) and SS of 0.20 

V/dec. The 1:1:1 device had the lowest mobility of 7.9 cm2/(V·s) with VON of 0.21 V and SS of 

0.26. Finally, the 2:2:1 device with high gallium had a VON of 0.42 V, mobility of 9.12 cm2/(V·s) 

and SS of 0.29 V/dec[166]. These results show that mobility does decrease significantly for the 

devices with higher gallium content while subthreshold swing does not change by much. Most 

importantly, the VON for the devices with more gallium were much closer to 0 V, indicating 

strong candidates for better devices. Under positive bias stress (VG = 20 V), over 100000 

seconds, the 2:1:2 VTH shifted by 1.7 V, the 1:1:1 device VTH shifted by 0.5 V, while the 2:2:1 

device VTH shifted by -0.2 V. Similar results were obtained through constant current stress tests, 

where the high gallium 2:2:1 device noticeably outperformed the lower gallium devices in 

stability. From this data and stress tests it can be concluded that the higher gallium content 2:2:1 
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device had a smaller absolute shift in threshold voltage than the lower gallium devices, 

outperforming the low gallium 2:1:2 device significantly. Such a result while maintaining a good 

mobility of 9.12 cm2/(V·s) show that the increased gallium content in this device’s composition 

does not hinder the mobility significantly while improving stability several times over. 

 The work done by researchers on IGZO composition have led to similar conclusions 

about the effect of each metal element. Indium content correlated with increased mobility and 

off-current as the In3+ ion has been reported to form extended conduction band minima by the 

percolation of In 5s orbitals and provide the main electron conduction path [15]. However, the 

downside of too much indium was a device that could not be controlled and turned off. Kim et al. 

also found that too much indium content resulted in polycrystalline films. Zinc content was 

found to causes change in the subthreshold characteristics thought to be done by modulating 

shallow tail states or reducing interfacial states at the channel/gate insulator interface. Finally, 

gallium was found to decrease mobility and carrier concentration, due to the superior oxygen 

binding of Ga3+ ion which allows for suppression of free carriers from oxygen vacancies as Ga 

content increases[10, 15]. Since Ga-O bonding is far stronger than either Zn-O or In-O bonding, 

charge carrier generation via formation of oxygen vacancies is more demanding. While gallium 

decreased the mobility, it was found to favor a VTH or VON much closer to 0 V and devices with 

high stability. 

 With these results in mind, devices can be carefully designed to meet specific 

requirements. For our interest in high stability, gallium content is of prime importance, as work 

done by Huh and Cheong have successfully demonstrated higher stability in devices with 

increased gallium content. In Barquinha et al.’s work, the mobility decrease in a gallium-rich 

device was considered almost negligible, making it a high-performance device[103]. With too 



30 
 

much of gallium however, the device characteristics degrade, demonstrating that there is likely 

an optimal concentration to maximize performance and stability. These papers lay the 

groundwork for our research and give us an idea of the likely results.  

 

2.2 Experimental Goal 

While high performance is often emphasized through mobility in metal oxide TFTs, 

reliability is a major issue when it comes to device performance. A reliable device creates the 

template for future developments to improve performance metrics. A high-mobility, low-

reliability device would never be applicable and thus, reliability is our performance metric of 

interest. In addition, minimizing cost and maximizing the area of metal oxide TFTs is a major 

focus for display technology. For this reason, we also prioritize simple and cheap fabrication 

through solution-processing. 

In this work, we study the highly promising metal oxides for thin film transistor 

applications. Specifically, we aim to composition engineer the multicomponent IGZO, which is a 

popular choice for active layers. One of our approaches is to fabricate a gallium-rich device, as 

many of the high-performance IGZO TFTs that are produced are indium-rich devices with a low 

gallium content. In addition, we work to fabricate our IGZO devices through solution-process 

instead of the more popular vacuum deposition, as solution-processing is not only cheap and 

simple, but has advantages such as large-area throughput which are valuable in display 

technology. While there have been compositional studies on gallium’s role in IGZO as well as 

successful examples of solution-processed IGZO, there has been virtually no work in 

investigating a solution-processed gallium-rich IGZO TFT such as the 2:2:1 IGZO that we will 

discuss. There have been reports on 2:2:1 IGZO fabricated through vacuum deposition such as 
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Je-Hun Lee et al.[27], who produced a 2:2:1 IGZO using sputtering with field effect mobility of 

4.2 ± 0.4 cm2/(V·s), VTH of -1.3 ± 1.4V and subthreshold swing of 0.96 ± 0.10 V/dec and Yih-

Shing Lee[167], who used RF magnetron to sputter 2:2:1 IGZO on glass substrates, studying the 

effects of oxygen flow rate. One paper, by Park et al. fabricates a 2:2:1 IGZO TFT using spin 

coating, with mobility of 1.1 cm2/(V·s), VON of 15.8 V, and on/off ratio greater than 107 but this 

device has a poor turn-on voltage and does not investigate the lifetime or stability of the device. 

More work must be done to verify the viability of fabricating a good performance 2:2:1 IGZO 

TFT through solution-processing. 

An additional focus of our research is in device stability. IGZO TFT research usually 

focuses on device performance through the mobility, threshold voltage and subthreshold swing. 

Reports on 2:2:1 IGZO devices such as Cheong et al.’s measure stability[166], but for devices 

fabricated through vacuum deposition methods. Meanwhile, other reports on solution-processed 

2:2:1 IGZO such as Kim et al.’s[76] do not measure device stability, which is a crucial factor in 

device performance, particularly for a less controlled fabrication method such as spin coating. 

We plan to demonstrate the viability of solution-processing for our 2:2:1 IGZO device and 

evaluate whether our device provides an optimal combination of both device high-performance 

parameters (μ, SS, VTH, VON, on/off) and extremely high stability through stress tests. By 

comparing it with a solution-processed indium-rich 9:1:2 IGZO TFT, we can develop a better 

understanding of the differences in device performances. We believe the incorporation of 

increased gallium content in our solution-processed IGZO will not only improve turn-on 

characteristics but also improve stability significantly, all while maintaining decent mobility. Our 

experimental goals are: (1) the successful fabrication of a gallium-rich 2:2:1 IGZO TFT through 
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solution processes, and (2) the quantification of a solution-processed gallium-rich 2:2:1 IGZO 

TFT’s stability in the context of a more popular indium-rich IGZO TFT. 
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Chapter 3. EXPERIMENTAL METHODOLOGY 

 

Synthesis of Metal Oxide Solutions: 

The 0.1 M IGZO solution was synthesized by dissolving indium nitrate hydrate (In(NO3)3 

·xH2O, Aldrich, 99.999%), gallium nitrate hydrate (Ga(NO3)3·xH2O, Aldrich, 99.999%) and zinc 

acetate dihydrate (Zn(CH3COO)2·2H2O, Aldrich, 98%) powders in 2-methoxyethanol (2ME, 

Aldrich, 99%) in a total metal ion molarity of 0.1 M.  

The molar ratios of the fabricated devices were 9:1:2 and 2:2:1 of In, Ga, and Zn for the two 

IGZO devices. 

Thin Film Transistor Fabrication: 

To fabricate the device, 100 nm SiO2 was thermally grown as a gate dielectric layer on the top of 

a Si wafer. The substrates were sonicated in acetone and isopropyl alcohol sequentially for 25 

minutes each and then treated by ultra-violet (UV) irradiation for 20 minutes to eliminate organic 

substances and improve wettability for solution coating. The IGZO solutions were spin coated 

onto the substrates at 3000 RPM for 30 seconds and were pre-baked at 100 °C for 1 minute. 

Following this, they were annealed at 350 °C for 3 hours in air. 

The aluminum source and drain electrodes (100 nm thickness) were deposited by thermal 

evaporation using a metal shadow mask. The channel region was defined with a width of 1000 

μm and a length of 100 μm. The transistor has a bottom-gate, top contact structure. 

Device Characterization: 

The electrical characteristics of the devices were measured in ambient air using an Agilent 

4155C semiconductor parameter analyzer. The TFT parameters were extracted using 

conventional equations of metal oxide semiconductor devices[73]. Positive bias stress tests were 
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performed at 0, 100, 200, 500, 1000, 2000, 5000, 10000 seconds using a gate-source voltage of 

+20V with a fixed drain-source voltage of 10 V. 
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Chapter 4. RESULTS 

 

We fabricated devices using precursors to produce IGZO devices of 9:1:2 and 2:2:1 metal 

composition ratio. From the transfer curves we were able to get the device electrical 

characteristics listed Table 2 below. 

 

Electrical Parameters 2:2:1 IGZO 9:1:2 IGZO 

Mobility μ 1.1 cm2/(V·s) 15.9 cm2/(V·s) 

Threshold Voltage VTH -0.17 V 14.11 V 

On/Off Ratio 3.52×107 1.20×107 

Subthreshold Swing 0.75 V/decade 1.48 V/decade 

 

 

 

From the stress/stability test, we subjected both devices to 20 V for 0, 100, 200, 500, 1000, 2000, 

5000, and 100000 seconds and compared their change in turn-on voltage and threshold voltage 

over time. Turn-on voltage was determined as the gate voltage at which the current consistently 

increased to reach its maximum slope. The threshold voltage was determined by graphing the 

square root of the drain current against the gate voltage (√ID-VG). From this plot, we performed 

linear regression on the linear regime and determined the x-axis intercept to find the gate voltage 

that represented our threshold voltage. The transfer curves for the stress tests are shown below in 

Figures 6 and 7. 

 

Table 2. Electrical parameters (μ, VTH, on/off, SS) of 2:2:1 
IGZO and 9:1:2 IGZO devices compared side by side 
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Figure 6. Transfer curves of 2:2:1 IGZO measured throughout stress tests. (Inlet) Turn-on voltage can be observed as 
the current in each curve trends upward. 
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The 9:1:2 IGZO device experienced a turn-on voltage change from -1.3 V to 16.9 V over 10000 

seconds of stress for an overall shift of 18.2 V. In contrast, the 2:2:1 IGZO device experienced 

almost no change in turn-on voltage, shifting from 0 V to 0.4 V after the 100 second stress test 

and remaining there throughout the rest of the time. 

For the threshold voltage, similar trends were found. The 9:1:2 IGZO device experienced 

a threshold voltage change from 8.5 V to 23.5 V over the 10000 seconds of stress testing for a 

shift of about 15 V. The 2:2:1 IGZO device experienced a change in threshold voltage from 4.4 

Figure 7. Transfer curves of 9:1:2 IGZO measured throughout stress tests. (Inlet) Turn-on voltage can be observed as 
the current in each curve trends upward. 
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V to 5.1 V over 10000 seconds for an approximate shift of 0.6 V. The total results for turn-on 

and threshold voltage shifts after each stress time are summarized in Table 3. 

 

Time 2:2:1 IGZO ΔVTH 9:1:2 IGZO ΔVTH 2:2:1 IGZO ΔVON 9:1:2 IGZO ΔVON 

0s 0 V 0 V 0 V 0 V 

100s 0.483 V 1.142 V 0.4 V 0.7 V 

200s 0.535 V 1.945 V 0.4 V 1.4 V 

500s 0.572 V 4.024 V 0.4 V 3.5 V 

1000s 0.600 V 6.340 V 0.4 V 6.3 V 

2000s 0.634 V 9.182 V 0.4 V 10.5 V 

5000s 0.635 V 13.630 V 0.4 V 15.4 V 

10000s 0.638 V 15.004 V 0.4 V 18.2 V 

 

Overall the 2:2:1 IGZO experienced a much smaller shift in turn-on and threshold voltage, while 

the 9:1:2 IGZO shifted dramatically. The 2:2:1 voltage shifts were on a much smaller scale, with 

shifts less than 1 V. In contrast, the 9:1:2 device shifts typically got worse as longer stress was 

applied, shifting over 10 V by the end of the stress tests. The 9:1:2 device experienced a shift 

almost 25-40 times the shift of the 2:2:1 device. 

 

 

 

Table 3. Shift in threshold voltage and turn-on voltage at each time point following electrical bias stress for both 
2:2:1 IGZO and 9:1:2 IGZO devices. 
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The shift in VTH and VON are graphically displayed below in Figure 9 and 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 8 (top) and 9 (bottom). Shift in turn-on voltage (top) and threshold voltage (bottom) over time for 
both 2:2:1 IGZO and 9:1:2 IGZO devices. 
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Chapter 5. DISCUSSION 

 

From the transfer curves, there is a clear difference in the electrical characteristics. The 

9:1:2 device shows great mobility of 15.9 cm2/(V·s), while the 2:2:1 device has a mobility of 1.1 

cm2/(V·s). Although the 9:1:2 device holds the advantage in mobility, the other electrical 

characteristics favor the 2:2:1 device: a significantly better VTH (-0.17 V vs 14.11 V), SS (0.75 

V/dec vs. 1.48 V/dec), and slightly better on/off ratio (3.52×107 vs 1.20×107).  Just based on 

these results, solution-processed 2:2:1 IGZO is a viable material for TFT technology. It does not 

possess great mobility but still outperforms a-Si:H. More importantly, it possesses great VTH 

close to 0 V, SS less than 1 V/dec and a strong on/off ratio greater than 107. With these 

characteristics, the gallium-rich 2:2:1 IGZO is not only a functional device but also a strong 

candidate for devices. 

As soon as stress is applied, it becomes obvious that the 2:2:1 device is superior to the 

9:1:2 device in stability. The indium-rich 9:1:2 IGZO composition shifted significantly after each 

stress test, while the 2:2:1 experienced little to no shift. From Table 3 and Figures 8 and 9, it can 

be observed that the ΔVTH/ΔVON for the 2:2:1 IGZO was approximately 0.4-0.6 V throughout the 

entire stress test. In contrast, the 9:1:2 IGZO experienced shifts of 15-18 V in the same stress 

time, a difference in stability of approximately 25-40 times. This huge disparity in stability 

shows that the 9:1:2, despite its high mobility, lacks stability, while the 2:2:1 is impressively 

stable under the same conditions. 

The electrical characteristics can be traced back to composition. The high indium content 

in the 9:1:2 is likely responsible for the impressive mobility. The indium content is not 

excessive, as the IGZO TFT still displays normal transfer curves with currents that can be 
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controlled on and off. In the 2:2:1 IGZO, the gallium content increases from 8% to 40% and Ga-

O bonds are very effective in reducing oxygen vacancies in the TFTs, making the turn-on and 

threshold voltages close to 0 V. Under the stress tests, the 9:1:2 is highly unstable, likely due to 

the number of oxygen vacancies and high carrier concentration which increase its variability. In 

contrast, the 2:2:1 IGZO which has reduced vacancies and carrier concentration does not shift as 

much and is more stable. These results demonstrate that the gallium-rich 2:2:1 IGZO TFT we 

fabricated through solution-processing is a functional device with good electrical characteristics. 

On top of this, through comparison with the indium-rich 9:1:2 IGZO device, the solution-

processed 2:2:1 IGZO demonstrates amazing stability. In this way, we have successfully 

combined solution-processing with a highly stable gallium-rich IGZO TFT. 
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Chapter 6. CONCLUSION 

 

We succeeded in fabricating a gallium-rich IGZO through solution processes and 

compared it to an indium-rich IGZO when subject to positive stress bias. Through our tests and 

results, we were able to determine that the stabilities of the devices and visualize/quantify their 

differences. We found that the gallium-rich IGZO possessed 25-40 times the stability of the 

indium-rich device. The gallium-rich device lacked mobility relative to the indium-rich device 

but surpassed it in all other performance metrics such as VTH, ΔVON, on/off ratio, SS, and 

stability. The good electrical characteristics of our device demonstrate the viability of our 

solution-processing method in fabricating working gallium-rich 2:2:1 IGZO TFTs. With this 

success in solution-processing, this 2:2:1 IGZO can be fabricated on a much larger scale with 

simple and cheap processes, making it a valuable result for display technology. Due to its high 

gallium content, its stability was impressively good, showing less than 1 V of shift through 

10000 seconds of stress, making it a successful high-stability device.  

Our results, while good, can still be improved. Future work should focus on improving 

mobility and SS, two characteristics that were passable but not excellent. Additional surface 

treatments of the devices or patterning can also improve electrical characteristics or reduce noise 

in the device. Improving upon device architecture can improve the stability of the devices and 

avoid unwanted interface/semiconductor effects. Further studies on composition can also help 

pinpoint an optimal gallium content or find a better ratio with indium and zinc for different 

applications, whether there is a demand for higher stability or higher mobility. In addition, it 

needs to be seen whether this 2:2:1 IGZO TFT retains its good performance over large areas to 

verify its potential in display technology. 
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Our 2:2:1 IGZO TFT’s high stability and good performance makes it an applicable 

material to be used in commercialized display devices such as OLED, as they are expected to 

perform consistently over time with good mobility. Not only that, but its simple fabrication 

makes it attractive to industries that might want to reduce costs and simplify fabrication. These 

results establish the template of a high-stability solution-processed IGZO TFT whose 

performance metrics such as mobility and switching characteristics can be further improved with 

more research. The stability of the device should be encouraging and spur more work done on 

the rarely reported solution-processed gallium-rich IGZO. With future work, our gallium-rich 

IGZO could not only improve in stability but also in all other electrical characteristics and 

replace existing technologies as its full potential is explored. 
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