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ABSTRACT 

Development of High-Mobility Low-Temperature Solution-Processed 

Metal-Oxide Thin Film Transistors Grown by Spray Pyrolysis  

Fahad K. AlSalem 

In today’s electronics, transistors are the main building blocks of the vast majority of 

electronic devices and integrated circuits. Types of transistors vary depending on the device 

structure and operation principle. Metal-oxide-based thin film transistors (MO TFTs), in 

particular, are an emerging technology that has a promising future in many applications, 

such as large-area display and wearable electronics.  It exhibits unique features that make 

it superior to the existing Si-based technology, such as optical transparency and mechanical 

flexibility. However, some technical challenges in MO TFTs limit their emplyoment in 

today’s applications, such as low carrier mobility and high processing temperature. 

Solution-processed MO TFT based on spray pyrolysis combined with a carefully 

engineered TFT structure offers a dramatically enhance carrier mobility at low processing 

temperature. In this work, we are utilizing spray pyrolysis to grow In2O3 and ZnO based 

TFTs at low processing temperature. The structural effects of the channel layer on the 

electrical performance is investigated in two parts. The first part highlights the impact of 

thickness of the channel layer on the device performance of both In2O3 and ZnO, while the 

second part explores In2O3/ZnO heterojunction-based active layer. The results showed that 

increasing the channel thickness of both In2O3 and ZnO based TFTs enhanced the carrier 

mobility due to a reduced surface-roughness scattering effect. In addition, evidence showed 

that the electron transport mechanism in In2O3/ZnO heterojunction transitioned from trap-

limited conduction (TLC) to percolation conduction (PC) process. Thanks to the existence 

of a 2D-confined electron sheet at the atomically sharp In2O3/ZnO heterointerface, the 

electron mobility was dramatically enhanced. 
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Chapter I: Introduction 

The first chapter in the report gives a brief overview of transistors. It includes the history 

of the first developed transistor, types of transistors, as well as the operation principle of 

thin film transistors. 

1.1 Background and Theory 

In today’s electronics, transistors are the main building blocks of the vast majority of the 

electronic devices and integrated circuits. Millions of transistors are being used in 

computers, mobile phones, televisions, calculators, screen displays, and in many others. 

The history of transistors started in 1926 when a Physicist, Julius Edgar Lilienfeld, 

proposed and patented the idea of field-effect transistor (FET). However, a working FET 

had not been successfully demonstrated until 1947 when John Bardeen and Walter Brattain 

managed to build a working FET at Bell’s Labs [1] (Fig. 1). After that breakthrough, 

improvements in transistors’ performance and miniaturization had taken place, and many 

different types of transistors were invented for a wide range of applications. 

 

Figure 1. Photos showing (a) John Bardeen, William Shockley, and Walter Brattain, while (b) shows the 

first field-effect transistor [1]. 
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Based on the structure and operation principle, transistors are categorized into two 

types: Field-effect transistors (FETs) and bipolar-junction transistors (BJTs). BJTs are 

current amplifiers that include both types of carriers (holes and electrons) in the device 

configuration. On the other hand, field-effect transistors are voltage amplifiers, and only 

one type of carriers is used in a single device. Although both types of transistors are widely 

used in today’s electronics, FETs received a great attention and became the dominant type 

of transistors in integrated circuit due to its low power consumption and its compatibility 

with silicon processing technology. 

 

Figure 2. Transistors family tree. 

 

Types of FETs include metal-semiconductor (MESFET), junction (JFET), and 

metal-insulator-semiconductor (MISFET) that includes the conventional Si-based metal-

oxide-field-effect transistors (Si MOSFET), and thin film transistors (TFT) (Fig. 2). Each 
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one of these transistors has its own applications and advantages over the others. Depending 

on the semiconducting material, thin film transistors can be subcategorized into organic 

and inorganic TFTs. In organic transistors, the active layer is made of a conductive 

polymer, making them cheaper to manufacture and suitable for flexible electronics. 

However, the carrier mobility in organic transistors is very low compared to inorganics, 

which in turn limits their use in high-frequency applications.  

Inorganic transistors include metal-oxide semiconductors. Unlike organics, 

inorganic transistors require higher process temperature and generally more complicated 

fabrication process in return for high carrier mobility. As a result, inorganic transistors are 

highly suitable for high-frequency applications. To overcome the complexity of their 

fabrication process, extensive research is being done to find simple and low-cost 

fabrication route with low-processing temperature, such as solution-processed thin film 

transistors. The scope of this work involves metal-oxide TFTs, hence, a brief overview and 

their operation principle are provided in the following sections. 

1.1.1 Metal Oxide Semiconductors 

Metal oxides (MO) are basically compounds that are composed of oxygen atoms bound to 

transition metals, hence it is usually referred to as transition-metal oxides. Due to their 

unique semiconducting properties, they have recently become a promising technology for 

a wide range of applications. For years, the main application of MO TFTs has been in the 

large-area display industry. MO TFTs were first appear in 1960s using SnO2 and ZnO-

based TFT. However, these devices could not outperform the amorphous hydrogenated 

silicon at that time, which in turn led to loss of interest in those materials in research. 
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Nonetheless, research on MO TFT was revived in 2004 with the discovery of the high 

performing a-InGaZnO TFT and its dominance over the flat panel display applications 

(Fig. 3). Today, this technology has evolved to compete with the silicon technology in 

many conventional applications, and opening new opportunities for new disruptive 

applications in which the silicon technology falls short, such as flexible and transparent 

electronics, optical memory devices, as well as biosensing applications [2].  

 

Figure 3. Timeline of metal-oxide thin film transistors. 

Unlike silicon, one of the main advantages of MO semiconductors is the ability to 

form amorphous microstructure without significantly jeopardizing the carrier mobility, 

creating a new class of semiconductors referred to as amorphous oxide semiconductors 

(AOS). Although crystalline silicon exhibits a very high carrier mobility, its amorphous 

form (a-Si) has a very low mobility (uFE < 1 cm2/V.s). This is because the path in which 

electrons transport in a-Si consists of highly directive sp3 orbitals that will significantly 

degrade the carrier mobility in the amorphous form due to the random orientation, as shown 

in Fig.4a [10]. On the contrary, MO semiconductors consist of ns orbitals that have large 

overlaps with each other, making the 2p orbitals contribution insignificant as shown in 

Fig.4b [10]. Therefore, this type of semiconductors possesses relatively high electron 
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mobility in both crystalline and amorphous forms. The beauty of amorphous 

semiconductors is that their structures do not have grain boundaries, making their carrier 

mobility immune to structural disorder and grain boundary related effects [2, 3].What is 

more, they can be processed at temperatures as low as room temperature, allowing their 

deposition on polymer-based substrates for wearable electronics.  

 

Figure 4. Illustrations of electron transport path in (a) crystalline and amorphous silicon that is highly 

dependent on the orientation of the sp3 orbitals, and (b) in metal-oxide where there is large ns obital 

overlaps [10]. 

Unlike silicon, MO semiconductors possess wide energy bandgaps, which in turn 

grant them high optical transmission in the visible range. Because of this, they are usually 

referred to as wide-bandgap semiconductors. Figure 5a compares the bandgaps of different 

metal-oxide semiconductors with silicon, while Figure 5b shows the optical transmission 

of these semiconductors [4, 9]. This is one of the key advantages of MO semiconductors over 

the silicon technology, since it enables the development of transparent electronics that is 

widely used in many applications. Other advantages of MO semiconductors include low 
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process temperature, which in turn reduces the manufacturing cost and enables their 

deposition on flexible polymer-based substrates. In addition, interface traps and scattering 

centers are suppressed in MO semiconductors due to their ultra-smooth surfaces [2]. 

 

 

Figure 5. (a) Energy band diagrams of different metal-oxide semiconductors compared to silicon 

(reproduced from [9]), and (b) optical transmission of different semiconductors [4]. 

 

In spite of all the aforementioned advantages, MO semiconductors can never 

entirely replace the silicon technology. For one, silicon is the second most abundant 

element on Earth’s crust, making it cheaper and more reliable material compared to others. 

Second, silicon technology has been progressing for more than 60 years, which in turn led 

to a very well-established industry compared to the new incumbent technologies. Most 

importantly, silicon technology (CMOS) requires both types of semiconductors, p-type and 

n-type, to fabricate high-end integrated circuits, including microprocessors and memory 

chips. However, due to the nature of the chemical bonding in ionic metal oxides, p-type 

semiconductors are very hard to achieve [5]. In the energy band structure of metal oxides, 
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the valence band maximum (VBM) is located very deep due to 2p orbitals of oxygen ions, 

as shown in Fig. 6. Therefore, doping positive charges (holes) is very challenging in MO 

semiconductors [5]. On the other hand, the conduction band minimum (CBM) is located at 

lower level since it is composed of metal cation’s orbitals, which in turn eases the n-type 

doping process.  

 

Figure 6. Energy band diagram of (a) a metal-oxide semiconductor, and (b) silicon [5]. 

 

 

1.1.2 Thin Film Transistor 

Thin film transistors (TFT) are one type of field effect transistors with three terminals that 

are widely used in large-area displays. The first TFT-based liquid crystal display (LCD) 

was demonstrated in 1973, approximately 10 years after the fabrication of the first working 

TFT [6]. Although the single crystalline Si-based metal-oxide field-effect transistors 

(MOSFETS) are far more superior to TFTs in terms of switching speed and carrier 

mobility, their fabrication process is complicated and more expensive compared to that of 
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the thin film transistors. In addition, the substrate in Si-based MOSFET is limited to Si 

only, making TFTs more favorable in flexible and transparent applications. The structures 

of thin film transistors and their operation principles are discussed in the following 

sections. 

 

 Structure 

Unlike Si-based MOSFETs, thin film transistors have simple device structures that are 

fabricated at low process temperatures using simple techniques, such as sputtering and 

spin-coating [7]. In thin film transistors, three main layers are deposited on top of a non-

conducting substrate, and they are: the active layer (semiconductor), the dielectric 

(insulator), and the electrodes of source, drain, and gate terminals. While the source and 

drain electrodes are deposited in contact with the active layer, the gate electrode is 

separated from the active layer by the dielectric (Fig. 7). The non-conducting substrate that 

holds the aforementioned layers adds a major advantage to TFT over the Si-based 

MOSFET since it can be made of glass for transparent electronics, or plastic for flexible 

and wearable electronics.   

There are four different commonly used structures for thin film transistors: the 

coplanar top gate, the coplanar bottom gate, the staggered top gate, and the staggered 

bottom gate, all shown in Figure 7. Each one of these structures has its own unique 

advantages and applications. For example, the top-gate structure passively protects the 

active layer from the ambient effects, such as water molecules and particles in air, making 
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them more stable over time. On the other hand, the bottom-gate structure keeps the active 

layer open to the ambient, making them more suitable for sensing applications.  

 

Figure 7. Common structures of TFT (a) top-gate staggered, (b) top-gate coplanar, (c) bottom-gate 

staggered, and (d) bottom-gate coplanar. 

 Operation Principle 

The operation principle of a TFT is very similar to that of the conventional Si-based 

MOSFET.  Like any other type of transistors, thin film transistors are characterized by 

measuring and calculating certain parameters, such as the carrier mobility (µ), the 

subthreshold swing (SS), threshold voltage (VT), and the On-to-off current ratio (ION/IOFF). 

The carrier mobility determines how fast an electric carrier can move under the application 

of an electric field, and it is measured in (cm2/V.s). In applications where high switching 

speed is required, high carrier mobility is essential. The subthreshold swing describes the 

behavior of the drain current (ID) in response to variations in the gate voltage (VG), and it 
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is normally measured in (mV/decade). The threshold voltage is defined as the minimum 

gate voltage required to make the path between the source and drain (channel) start 

conducting, and it is measured in (V). Transistors with low threshold voltage consume less 

power, making them more power efficient than those with high threshold voltage. The On-

to-off current ratio is the ratio between the drain current in the ON state to the OFF state. 

In field-effect transistors, high ION/IOFF is preferred as it reflects back on the carrier mobility 

and subthreshold swing.  

These parameters are calculated and extracted from the transfer and output 

characteristics of the TFT. In the transfer characteristics, the drain current (ID) is measured 

by sweeping the gate voltage (VG) and keeping the drain-to-source voltage (VD) constant 

at a certain value.  On the other hand, the output characteristics is plotted by measuring ID 

while sweeping VDS at different gate voltages. Figure 8 shows an example of both the 

transfer characteristics and output characteristics of a TFT [7].  

 

Figure 8. (a) Transfer characteristic curve showing the turn ON and threshold voltages, (b) output 

characteristic curve showing the linear and saturation regions [7]. 
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From the transfer and output characteristics, three regions of operations can be 

identified: the cut-off region, the linear region, and the saturation region. Assuming an n-

type semiconductor and all voltages are referenced to the source terminal, when the gate 

voltage (VG) is lower than the threshold voltage (Vth), the free electrons are repelled away 

from the dielectric/semiconductor interface, making the path between the source and drain 

non-conducting (depletion region). In this case, the transistor remains off, and no current 

flows from drain to source (Fig. 9a). Once the gate voltage exceeds the threshold voltage, 

the transistor turns ON and operates in two different regions under different conditions: the 

linear and saturation regions. 

a) Linear region 

When the gate voltage (VG) becomes greater than the threshold voltage (Vth) while keeping 

the drain voltage (VD) much lower than VG (VG>>VD), electrons start accumulating at the 

dielectric/semiconductor interface, creating an n-channel between the source and drain 

(Fig. 9b). The amount of electrons accumulated increases linearly with increasing drain 

voltage. The drain-to-source (ID) current can be approximated by a straight line as shown 

in Fig. 8b. In the linear region, ID can be calculated using the following equation: 

𝐼𝐷 = 𝜇𝐶𝐺
𝑊

𝐿
[(𝑉𝐺 − 𝑉𝑡ℎ)𝑉𝐷 −

𝑉𝐷
2

2
] Eq. 1.1 

Where, 

µ: the carrier mobility of the semiconductor measured in (cm2/V.s). It is an 

intrinsic property of the semiconductor. 
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CG: channel capacitance per unit area, usually measured in (nF/cm2). It 

depends on the dielectric constant and the thickness of the dielectric layer.  

W/L: the ratio between the width of the channel area to its length, as 

illustrated in Fig. 9a.  

However, since VG is much greater than VD in the linear region, the term (VD
2/2) can be 

neglected. The simplified equation for the drain current in the linear region becomes: 

𝐼𝐷 = 𝜇𝐶𝐺
𝑊

𝐿
[(𝑉𝐺 − 𝑉𝑡ℎ)𝑉𝐷] Eq. 1.2 

This region is also known as the ohmic region, since the transistor behaves like a resistor 

in which its value is determined by measuring the reciprocal of the slope of the curve (i.e. 

∂VD/∂ID). In fact, the resistance value can be controlled by the gate voltage. As VG 

decreases, the slope’s reciprocal increases, which in turn increases the resistance seen 

across the drain and source terminals (variable resistor). In this operation condition, the 

carrier mobility can be estimated using Eq. 1.3. For switching applications and power 

electronics, transistors usually operate between the cut-off and the linear regions [8]. 

𝜇𝑙𝑖𝑛 =
𝐿

𝑊.𝐶𝐺.𝑉𝐷

∂I𝐷

∂V𝐺

   Eq. 1.3 

b) Saturation region 

As the drain voltage increases further and becomes greater than the gate voltage (VD>>VG), 

the drain current saturates at a certain value. In this case, the n-channel pinches off and 

creates a narrow depletion region at the drain-semiconductor interface (Fig. 9c). Because 

of that, the drain current becomes independent of the drain voltage. The drain current can 

be approximated using Eq. 1.1 combined with the fact that VD>>VG, and it is shown in Eq. 
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1.4. In addition, under this condition, the saturation carrier mobility is estimated using Eq. 

1.5. In amplifiers, transistors are biased to operate in saturation region [8]. In diode-

connected configuration, where the drain terminal is connected to the gate terminal, the 

transistor is always biased in saturation (Fig. 10). This configuration is widely used in 

microelectronics and integrated circuits to replace high-value resistors in order to minimize 

the area usage, since transistors occupy smaller areas than resistors. A summary of all the 

operating conditions, along with their drain current equations, are shown in Table 1. 

𝐼𝐷 =
1

2
𝜇𝐶𝐺

𝑊

𝐿
(𝑉𝐺 − 𝑉𝑡ℎ)2  Eq. 1.4 

𝜇𝑠𝑎𝑡 =
2𝐿

𝑊.𝐶𝐺
(

∂√I𝐷

∂V𝐺

)
2

   Eq. 1.5 
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Figure 9. A schematic that illustrates the three operating conditions of a thin film transistor, where all 

voltages are referenced to source. (a) Shows the cut-off region along with the channel dimensions (W/L), 

(b) shows the linear condition, in which the current starts flowing from drain to source, and (c) shows the 

saturation region, in which the current is independent of the drain voltage. 

 

 

 

Figure 10. Diode-connected configuration for both (a) N-type and (b) P-type field effect transistors. 
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Table 1. Summary of the operating condition of field effect transistors for N-type and P-type 

semiconductors. 

Semiconductor 
Type 

Cut-off Linear  Saturation 

N-type 
VGS≤Vth 

IDS =  0 

VGS>Vth and VDS≤ VGS-Vth  

𝐼𝐷𝑆 = 𝜇𝑛𝐶𝐺

𝑊

𝐿
[(𝑉𝐺𝑆 − 𝑉𝑡ℎ)𝑉𝐷𝑆 −

𝑉𝐷𝑆
2

2
] 

VGS>Vth and VDS> VGS-Vth  

𝐼𝐷𝑆 =
1

2
𝜇𝑛𝐶𝐺

𝑊

𝐿
(𝑉𝐺𝑆 − 𝑉𝑡ℎ)2 

P-type 
VSG≤|Vth| 

ISD =  0 

VSG>|Vth| and VSD≤ VSG-|Vth| 

𝐼𝑆𝐷 = 𝜇𝑝𝐶𝐺

𝑊

𝐿
[(𝑉𝑆𝐺 − |𝑉𝑡ℎ|)𝑉𝑆𝐷 −

𝑉𝑆𝐷
2

2
] 

VSG>|Vth| and VSD> VSG-|Vth| 

𝐼𝑆𝐷 =
1

2
𝜇𝑝𝐶𝐺

𝑊

𝐿
(𝑉𝑆𝐺 − |𝑉𝑡ℎ|)2 

 

1.2 Thesis Objective 

The scope of this work is to employ a relatively new, cheap, and scalable solution processed 

technique to develop metal oxides thin film transistors with enhanced electrical 

performance. Herein we are utilizing spray pyrolysis to grow In2O3 and ZnO based TFTs 

at low processing temperature. The structural effects of the channel layer on the electrical 

performance is investigated in this work in two parts. The first part highlights the impact 

of thickness of the channel layer on the device performance of both In2O3 and ZnO, while 

the second part explores In2O3/ZnO heterojunction-based active layer. Prior to that, a brief 

literature review on metal oxides thin film transistor is given. 
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Chapter II: Literature Review of Metal Oxide Thin Film Transistor 

2.1 Vacuum-Processed Oxide Semiconductors 

In vacuum-based processing systems, the targeted material is vaporized from solid or liquid 

phases into a vapor composed of the desired atoms and molecules in a vacuum chamber. 

The atoms/molecules are then deposited on the surface of the sample. Although vacuum-

based deposition techniques usually yield high performing devices, the process is 

considered complicated and expensive, which is a major drawback for their use in low-cost 

applications. We can divide the types of semiconductors deposited via vacuum techniques 

into two types: Binary and multi-component metal oxides.    

2.1.1 Binary metal oxide semiconductors 

In binary oxide semiconductors, the compound is composed of a metal and oxygen only. 

The most widely used binary oxides in electronics are ZnO, In2O3, SnO2, and TiOx. These 

oxides have bandgaps greater than 3 eV, which in turn enables the transmission of visible 

light, and hence, they are transparent. Compared to other wide bandgap semiconductors, 

binary oxides have high electrical conductivities, indicating the existence of shallow native 

defects [10, 11]. Therefore, when processed at room temperature, these oxides exhibit high 

carrier concentrations that are greater than 10 8 cm-3, and relatively high electron mobilites 

that are greater than 10 cm2/V.s [12]. Due to their excellent electrical and optical properties, 

binary oxides are widely investigated for transparent electronics.  

ZnO thin film transistors were one of the most researched metal-oxide 

semiconductors since 2003, and that is because of its capability to be used for large-area 

display applications [12]. A group led by Masuda reported the use of ZnO-based bottom 
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gate structure that exhibits a carrier concentration lower than 5x1016 cm-3. The deposition 

was done using pulsed-laser deposition (PLD) onto a silicon substrate at 450 oC in oxygen 

atmosphere [13]. The device exhibited a carrier mobility of about 1 cm2/V.s. In another 

report, Hoffman and coworkers reported ZnO-based TFT that was deposited using ion-

beam sputtering system [14]. With 800 oC post-annealing, the device exhibited a field effect 

mobility of 2.5 cm2/V.s and ION/IOFF of about 107. Certainly, this enhancement was the 

result of the improved crystallinity of ZnO semiconductor. Nevertheless, such a high post-

annealing temperature is not suitable for low cost and flexible electronics, leaving behind 

unsolved challenges for wearable and disposable electronics. Another piece of work done 

by Carcia et al. showed a ZnO  active layer grown at room temperature using radio-

frequency (rf) magnetron sputtering [15]. By controlling the oxygen partial-pressure during 

deposition process,  the ZnO TFT exhibited a field effect mobility of 2 cm2/V.s and ION/IOFF 

of about 106. After that, many researchers have started investigating room-temperature 

processed ZnO TFTs. Fortunato and coworkers reported a room-temperature ZnO TFTs 

with bottom-gated staggered structure as shown in Fig. 11 [12]. They succeeded in achieving 

a field effect mobility of 50 cm2/V.s by optimizing the oxygen partial pressure during the 

film growth. These results suggest that controlling the oxygen partial pressure is a key 

factor to obtain high preforming TFTs at low process temperatures.  
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Figure 11. ZnO-based TFT fabricated on a flexible substrate at low-process temperature [12]. 

Another well-known transparent semiconductor is In2O3. Due to its relatively high 

carrier concentration (~ 1019 cm-3), it was very challenging to reduce its carrier 

concentration to semiconductors levels [1].  As a result, efforts on In2O3-based TFTs have 

only started recently. A bottom-gate structure In2O3-based TFT was reported by Lavareda 

and his group. They deposited the active layer using radio-frequency plasma enhanced 

reactive thermal evaporation system [17]. The TFT exhibited a field effect mobility of 0.02 

cm2/V.s and ION/IOFF of 104. However, another group were successful in enhancing the 

electrical performance of In2O3 TFT by depositing the channel layer using an ion-beam-

assisted evaporation system. The TFT, processed at room temperature, exhibited a field 

effect mobility of 3.3 cm2/V.s, a subthreshold swing (SS) of 500 mV/decade, and ION/IOFF 

of 106 [18]. In their report, they indicated that the electrical performance of In2O3 TFTs is 

highly dependent on the interface defects between the dielectric (SiO2) and semiconductor 

(In2O3). Later, another group led by Dhanajay reported that by increasing the thickness of 

In2O3 TFT, the density of grain boundary reduces, which in turn increases the carrier 

mobility. Fig. 12 shows AFM images of the fabricated In2O3 TFTs in which the grain size 

increases with increasing thickness [19].  Their TFT was processed at 100oC and exhibited 

a high field effect mobility of about 34 cm2/Vs.  
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Figure 12. AFM images of In2O3 layer deposited with different thicknesses. The grain size clearly gets 

larger as the thickness increases [19]. 

There are other thin film transistor’s materials that have been investigated by 

various groups, such as SnO2 and TiO2. A bottom-gate structure with SnO2 as the active 

channel layer and AlTiOx as the dielectric was reported by Presley’s group [20]. The active 

layer was deposited using RF magnetron sputtering system and then annealed in air at 600 

oC. The device exhibited a field effect mobility of 2 cm2/V.s and ION/IOFF of 105. However, 

SnO2 TFTs did not receive much attention compared to other oxides, and that is because 

they require high process temperatures in order to achieve reasonable electrical 

performance. 

Other groups explored TiO2 as the active channel of thin film transistors. It was 

first reported in 2006 that a top-gate TiO2 TFT was fabricated by PLD. With a post 

annealing of 700 oC, the device exhibited a field effect mobility of 0.08 cm2/V.s and 

ION/IOFF of 104 [21]. Later, a lower temperature processed TiO2 TFT deposited using PE-

ALD at 250 oC was reported.  The device exhibited an improved field effect mobility of 
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1.64 cm2/V.s, ION/IOFF of 105, and SS of 1860 mV/decade [21]. A summary of some binary 

oxide TFTs, along with the deposition methods and electrical performance is shown in 

Table 2.   

 

Active 

Materials 

Deposition  

Method 

Process 

Temperature 

( oC) 

Mobility 

(cm2/V.s) 

Subthreshol

d Swing 

(mV/decade

) 

Ion/Ioff 
Referen

ce 

ZnO 

RF Sputter R.T. 2 3000 106 15 

RF Sputter 
R.T. 27 1390 

105 
40 

Ion-beam Sputter 
600 to 

800  

0.3 to 

2.5 - 
107 14 

ALD 200 4 
- 

107 38 

AP ALD 
200 10 - 

108 
39 

PLD 450 0.97 - 105 13 

In2O3 

Reactive Evaporation 
R.T. 0.02 - 

105 
17 

Reactive Evaporation 
100 34 - 

104 
19 

Ion-beam Evaporation 
R.T. 3.3 500 

106 
18 

TiOx 

PLD 
700 0.08 - 

104 
41 

PE-ALD 
250 1.64 1860 

105 
21 

DC Sputter 
400 0.69 2450 

107 
42 

SnO2 RF Sputter 
600 2 - 

105 20 

 

2.1.2 Multi-component oxide semiconductors 

Oxide semiconductors composed of multiple metals and oxygen have also been 

investigated. In fact, one of the most important developments in history of metal-oxide 

TFTs was the demonstration of amorphous indium-gallium-zinc-oxide (a-InGaZnO) 

device on flexible substrate by Nomura et al. [22]. They reported a-InGaZnO based TFT 

Table 2. Summary of developments on vacuum-based binary metal oxides. 
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with channel layer thickness of 30 nm deposited by PLD at room temperature on 

polyethylene terephthalate (PET) substrate. The device exhibited a field effect mobility of 

8.3 cm2/V.s. Such relatively high carrier mobility on flexible substrate was a breakthrough 

for both academia and industry, allowing the realization of wearable electronics and 

flexible large-area displays. After that, researchers started exploring other matrices, such 

as amorphous InZrZnO, InHfZnO, InLaZnO, InMgZnO, and InSiZnO. A summary of these 

multi-component oxides with their electrical parameters is shown in Table 3.  

Table 3. Summary of developments on vacuumed-based multi-component metal oxides. 

Active 

Materials 

Deposition  

Method 

Process 

Temperature 

( oC) 

Mobility 

(cm2/V.s) 

Subthreshold 

Swing 

(mV/decade) 

Ion/Ioff Reference 

a-InZnO 
RF Sputter R.T. 20 1200 108 23 

Sputter 40 4.5 870 105 24 

a-InGaZnO 

PLD R.T. 9 - 103 22 

Sputter R.T. 12 200 108 25 

Sputter 350 35.9 590 106 26 

a-ZnSnO 

Sputter 300 5 to 15 - 107 27 

Sputter 600 20 to 50 - 107 27 

PLD 450 10 1400 106 28 

ZnSnO Sputter 250 14 1600 106 29 

a-ZnON 
Reactive 

Sputter 
350 10 800 109 30 

p-ZnON ALD 150 6.7 670 105 31 

a-HfInZnO Sputter 200 10 230 108 32 

a-ZnInSnO Sputter 300 24.6 120 108 33 

SiInZnO Sputter 150 21.6 1520 107 34 

a-AlSnInZnO Sputter 250 31.4 140 109 35 

MgZnO MOCVD 450 40 250 109 36 

ZrZnSnO Sputter 350 8.9 700 108 37 
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2.2 Solution-Processed Oxide Semiconductors 

In line with Moore’s law, the number of transistors per microchip has doubled every 18 

months. Fortunately, the price of a microchip remained relatively constant for the past 30 

years, indicating the development of low-cost manufacturing methods for transistors [43]. 

Unlike vacuum-based processes, solution-based processes allow for larger substrate sizes, 

lower number of masks needed, improved yield of production, and hence offer a dramatic 

reduction in manufacturing costs [44].  In the following sections, recent developments in 

low temperature-processed for n-type semiconductors, along with novel techniques used 

for large-area manufacturing are summarized. 

2.2.1 Low temperature-processed n-type semiconductors 

To lower the temperature required for a solution-processed TFT, two methods can be 

considered: Novel precursor methods, and post-annealing treatment methods. Novel 

precursor methods include alkoxide precursors, aqueous precursors, and combustion 

chemistry, while post-treatment methods include O2/O3, microwave, and high-pressure 

annealing [45].  

a) Novel precursor methods 

In 2010, Sirringhaus et. al. fabricated InZnO-based TFTs using a novel organic-inoganic 

metal alkoxide-based precursors [46]. With a process temperature of 230 oC, the device 

exhibited a field effect mobility of 7 cm2/V.s and ION/IOFF of about 107. This development 

proved that solution-processed oxides with low process temperature can achieve good 
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electrical performance. However, the instability of the alkoxide precursors and the 

complexity of the process makes it less favorable compared to other methods.  

Another approach was done by Marks and coworkers in 2011, in which self-

generated combustion chemistry process was employed to lower the post-annealing 

temperature [47]. In such process, the self-generated heat turns the precursor into lattices of 

metal oxide without the need of high annealing temperature. They reported In2O3 TFTs 

with two different gate-dielectric materials. At 200 oC, the In2O3 TFT with SiO2 as gate 

dielectric exhibited a field effect mobility of about 1 cm2/V.s, and 6 cm2/V.s with solution-

processed Al2O3 as gate dielectric. In 2015, they reported another milestone in solution-

processed oxide TFTs. Instead of using spin-coating technique, they successfully combined 

combustion method with spray coating technique [48]. By doing so, they managed to 

produce multiple oxide TFTs with field effect mobility up to 20 cm2/V.s at 300 oC.  

The aforementioned methods for low-temperature processes involve either unstable 

precursors or complicated reactions, making them inefficient fabrication technologies [45]. 

As an alternative, in 2008, Meyers et. al. reported a simple aqueous-based ZnO films 

processed at 150 oC [49]. The device exhibited a field effect mobility of 1.8 cm2/V.s. In 

2013, another group led by Anthopoulos reported an aqueous ZnO-based TFT exhibiting a 

relatively high field effect mobility of 10 cm2/V.s at 180 oC [50]. Nonetheless, the non-

uniformity of ZnO films due to grain boundaries remain a challenge [45]. As a result, 

researchers have started investigating other oxide semiconductors using aqueous route. In 

2013, In2O3 and IZO TFTs were fabricated by Bae and coworkers using aqueous route [51]. 

The solution was prepared by dissolving indium nitrate salt in deionized water. Then, the 

TFT was annealed at 250 oC and exhibited a field effect mobility of about 4.03 cm2/V.s.  
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In 2015, further investigation involved the formation of aqueous-based metal oxides 

using different salts was tested by Yang and his group, such as acetate and nitrate [52]. They 

reported that at low-temperature processes, the use of nitrate ligand-based indium (III) 

precursor had the optimum device performance. At 250 oC, they demonstrated an In2O3-

based TFT with Al2O3 as gate-dielectric exhibiting an excellent field effect mobility of 

36.3 cm2/V.s and ION/IOFF of 107.  

In another study done by Sirringhaus and coworkers, they reported an aqueous IZO-

based TFT processed at low temperature [53]. At 200 oC, the device exhibited a mobility of 

7 cm2/V.s. They reported that at temperatures below 200 oC, metal hydroxides do not 

completely convert into metal oxide frameworks, degrading the electrical performance of 

the device. They also reported that to improve the electrical performance of a solution-

processed MO TFT, shallow hydrogen or oxygen vacancy must exist to compensate for the 

acceptor states below the conduction band [45]. In later studies carried out by different 

groups showed that to further enhance the electrical performance and the quality of the film 

of an aqueous-based TFT, the post-annealing conditions must be optimized [54,55,56]. This 

includes a precise control of post-annealing temperature, time interval, as well as the 

atmosphere. In 2017, a high performing aqueous In2O3 based TFT was reported by 

Subramanian and his group [57]. With Al2O3 as gate dielectric, the device exhibited an 

excellent mobility of about 19 cm2/V.s, SS of 150 mV/decade, and ION/IOFF of 107 at 250 

oC.  

However, one of the major limitations of solution-processed MO TFTs remained 

unsolved, which is the defect-related charge transport [45]. Fortunately, a solution to this 

drawback was proposed by Anthopoulos and his group [58].  In their work, instead of a 
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single-active-layer TFT, they fabricated a heterojunction TFT based on aqueous solution. 

The active channel layer comprised two semiconductor layers stacked on top of each other: 

In2/O3 and ZnO. Interestingly, they found out that the bi-layer device exhibited a band-like 

transport with a far more superior electron mobility to those single-layer devices (~ 45 

cm2/V.s). This outstanding improvement in device performance may be attributed to the 

existence of free electrons confined in the plane of the atomically sharp heterointerface.  A 

summary of these developments are shown in Table 4.  
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Table 4. Summary of developments on solution-processed n-type metal-oxide TFT. 

Active 

Materials 
 Method 

Process 

Temperature 

( oC) 

Mobility 

(cm2/V.s) 

Subthreshold 

Swing 

(mV/decade) 

Ion/Ioff Reference 

IZO 

Alkoxide precursor 210 4 < 500 107 46 

Alkoxide precursor 230 7 < 500 107 46 

Alkoxide precursor 250 14 N/A 108 46 

Combustion 

chemistry 
250 0.91 N/A 106 47 

Combustion 

chemistry 
300 3.2 N/A 105 47 

Spray combustion 250 2.06 N/A 107 48 

Spray combustion 300 8.05 N/A 107 48 

InGaZnO 

Combustion 

chemistry 
300 7.5 N/A 107 45 

Spray combustion 225 0.18 N/A 107 48 

Spray combustion 250 1.97 N/A 107 48 

Spray combustion 300 6.34 N/A 107 48 

In2O3 

Combustion 

chemistry 
200 0.81 N/A 106 47 

Combustion 

chemistry 
250 3.37 N/A 107 47 

Spray combustion 200 1.44 N/A 106 48 

Spray combustion 250 6.11 N/A 104 48 

Aqueous 125 2.42 570 107 51 

Aqueous 250 4.03 145 109 51 

Aqueous 250 36.31 760 107 52 

Aqueous 252 40 N/A 107 66 

ZnO 

Aqueous 120 2 100 106 50 

Aqueous 140 4 100 106 50 

Aqueous 180 10 100 107 50 

In2O3/ZnO Aqueous 250 45 N/A 107 58 
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b) Post-treatment methods 

After the fabrication of the TFT, post-fabrication treatment has a great influence on the 

device performance, and it can be done in several ways. For example, in 2011, a group led 

by Chang fabricated an In2O3-based TFT using a solution process [59]. The device was 

annealed at 300 oC in O2/O3 environment. Interestingly, the device exhibited a mobility of 

22.1 cm2/V.s with Ion/Ioff of about 105. They reported that by annealing in O2/O3 

atmosphere, more fully-coordinated indium sites are generated compared to that annealed 

in air.  

In low-temperature processed metal oxides TFTs, the formation of porous regions or 

poor interface quality, as well as the incomplete formation of metal-oxygen bonds are 

common issues that lead to unstable devices. To overcome these issues, a group studied 

the effect of high pressure annealing (HPA) on device performance. In 2012, a solution-

processed IZO TFT was fabricated on a flexible substrate and annealed at high pressure at 

220 oC [60]. As a result, the porosity of the film was lower than those annealed at 

atmospheric pressure. The mechanism of high pressure annealing along with its effect are 

illustrated in Fig. 13. The device exhibited a mobility of 2.43 cm2/V.s, Ion/Ioff of about 107, 

and SS of 560 mV/decade.  
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Figure 13. (a) shows HPA procedure, while (b) illustrates its effect on metal-oxide TFT [60]. 

 

What is more, another group led by Moon investigated the micro-wave annealing 

on solution processed ZnO TFTs [61]. They reported that the micro-wave annealing could 

result in a better crystallization of the ZnO film. Processed at 140 oC, the device exhibited 

a mobility of 1.75 cm2/V.s and Ion/Ioff of about 107.  

Deep-ultraviolet (DUV) photochemical activation is another way to achieve good 

electrical performance while keeping the process temperature low. In 2012, a group led by 

Park fabricated sol-gel based TFTs on glass and polymer substrates at room temperature 

[62]. The devices were then subjected to DUV radiation in Nitrogen atmosphere. The 

devices exhibited excellent field effect mobility of 14 cm2/V.s and 7 cm2/V.s on glass and 

polymer substrates, respectively. Without DUV treatment, these devices would only 

achieve such high field effect mobility at process temperature of 350 oC. Furthermore, in 

2016, another DUV related work was done by Mathews and his co-workers [63]. In their 
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report, solution-processed In2O3 and IZO devices were fabricated and then exposed to UV 

irradiation in air atmosphere with emission spectra ranges from 200 to 300 nm. 

Interestingly, the devices exhibited excellent field effect mobility of about 30 cm2/V.s. A 

summary of post-treatment developments on metal-oxides TFT is shown in Table 5. 

Table 5. Summary of developments on post-treatment methods on metal-oxide TFTs. 

Active 

Materials 
 Method 

Process 

Temp. 

( oC) 

Mobility 

(cm2/V.s) 

Subthreshold 

Swing 

(mV/decade) 

Ion/Ioff Ref. 

IZO 

High pressure annealing 220 2.43 560 107 60 

High pressure annealing 250 3.96 570 106 60 

High pressure annealing 280 4.85 770 106 60 

DUV photochemical activation 150 33.14 N/A 105 63 

InGaZnO 
High pressure annealing 280 1.38 900 105 45 

DUV photochemical activation 150 2.64 95.8 108 62 

In2O3 

O2/O3 annealing 300 22.1 N/A 105 59 

DUV photochemical activation 150 3.6 N/A 108 62 

DUV photochemical activation 150 34.44 N/A 105 63 

ZnO Microwave annealing 220 2.75 N/A 108 61 

 

2.2.2 Large-area manufacturing techniques 

Most of the previously mentioned TFTs were fabricated using spin-coating technique. 

However, this technique might not be suitable for scalable processes, especially for large-

area applications [3]. Therefore, alternative technologies that are both scalable and low-cost 

must be developed. For solution-processed TFTs, some technologies have already been 

developed and investigated, including spray-coating, bar-coating, and inkjet printing.  



42 

 

 
 

Spray-coating technology is compatible for low-cost and high throughput large-

area manufacturing processes. More emphasis on the principles and setup of spray 

pyrolysis is discussed in the following chapter. Although many researches have 

investigated MO-based TFTs using spray coating, the most important work was mainly 

done by Anthopoulos and his group [64, 65,76-79]. They used spray coating technique to 

develop TFTS based on different metal oxides, such as ZnO, In2O3, and Li-doped ZnO. 

They also investigated various spray-coated gate dielectrics, including ZrO2 and HfO2. At 

400 oC, they were able to achieve field effect mobility as high as 85 cm2/V.s by using 

spray-coated Li-doped ZnO as the channel layer and ZrO2 as gate dielectric. Moreover, if 

combined with combustion process as reported by Marks and co-workers, the temperature 

requirement of spray-coating technology can be reduced down to 300 oC [48]. Another major 

milestone for spray-coating technology was also achieved by Anthopoulos and co-workers 

in 2017 [66]. They studied the growth mechanism of aqueous spray-coated In2O3 film on 

Si/SiO2 substrate, and the role of Leidenfrost effect on the film quality. It was concluded 

that Leidenfrost temperature had a strong influence on the film and a dramatically enhanced 

carrier mobility. With a process temperature of 250 oC, the spray-coated In2O3-based TFT 

exhibited an excellent field effect mobility of 40 cm2/V.s.  Summary of recent 

developments in MO TFTs using spray pyrolysis technique is shown in Table 6. 
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Table 6. Summary of recent developments in MO TFTs using spray pyrolysis technique. 

Active 

Materials 

Gate 

Dielectric 

Process 

Temp. 

( oC) 

Mobility 

(cm2/V.s) 

Subthreshold 

Swing 

(mV/decade) 

Ion/Ioff Reference 

ZnO 

Al2O3.TiO2 RT 10 549 106 87 

SiO2 200 0.015 N/A 102 88 

SiO2 200 0.01 N/A 103 88 

Al2O3 400 7 N/A 105 89 

Y2O3 400 34 N/A 105 89 

ZrO2 400 85 N/A 106 90 

SiO2 500 25 N/A 106 91 

In2O3 

SiO2 250 25 N/A 106 98 

SiO2 252 40 N/A 107 99 

SiO2  250 16 N/A 106 100 

Al2O3 (flexible 

substrate) 
300 8 400 106 101 

TiO2 
SiO2 450 0.05 N/A 103 96 

SiO2 70 10.7 N/A 104 97 

SnO2 
SiO2 350 0.37 2000 106 92 

SiO2 450 0.19 N/A 103 93 

Ga2O3 SiO2 450 2.09 2720 105 95 

InGaZnO Al2O3 380 27.5 N/A 105 94 

 

. 

Bar coating is another technology that can be used for a scalable manufacturing 

process. It was in 2015 when a simple solution-based bar-coating technology was proposed 

by Yoon and coworkers (Fig. 14) [67]. They reported bar-coated self-patterned TFTs 

exhibiting a field effect mobility of 5 cm2/V.s and Ion/Ioff of 105.  
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Figure 14. Illustration of bar-coating technique [67]. 

Another scalable technology for solution-processed TFTs is Inkjet printing. It was 

first proposed in 2007 by Chang and his group. They were able to achieve inkjet-printed 

TFTs with field effect mobility up to 16 cm2/V.s at 600 oC [68]. Later, in 2014, another 

group led by Jang and his colleagues developed inkjet-printed amorphous-IZTO TFTs with 

a field effect mobility of about 100 cm2/V.s and Ion/Ioff of 106  [69]. After that, in 2017, a 

group led by Subramanian developed an aqueous-based inkjet-printed TFTs with a field 

effect mobility of about 19 cm2/V.s at 250 oC [57]. Nevertheless, inkjet-printed technology 

had some challenges that could not be resolved, including significant drop in device 

performance and printing resolution [3]. As an alternative, electro-hydrodynamic inkjet 

printing, denoted as e-jet technology, was proposed by Park and his coworkers in 2016 

(Fig. 15a) [70]. E-jet technology offered printing oxide TFTs with high resolution with 

minimum feature size of 2 um. Using e-jet printing technology, they successfully achieved 

a very high mobility of about 230 cm2/V.s. In parallel to that, Alastalo and coworkers 
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developed In2O3-based TFT using flexographic printing method as shown in Fig. 15b [71]. 

They device exhibited a high field effect mobility of about 8 cm2/V.s on a flexible 

substrate, which in turn opens up new opportunities for  flexible and wearable electronics.  

 

 

 

 

 

 

 

 

 

 

 

Figure 15. (a) Schematic of high-resolution e-jet printing system [70], and (b) shows a schematic of a 

flexographic printing system [71]. 
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Chapter III: Experimental Techniques 

3.1 Spray Pyrolysis Technique 

Unlike physical deposition techniques, spray coating is considered a chemical-based 

technique that employs precursor solutions. It offers a very simple and cost-effective 

process to prepare films of any composition on various substrates. What is more, spray 

pyrolysis is highly suitable for large-area applications due to its low cost and processing 

speed. It can be used to prepare porous or dense films, as well as the fabrication of multi-

layer films [72]. The fundamental principle of spray pyrolysis is the decomposition of salts 

that contain the desired material through heat [73]. Such decomposition method is called 

pyrolysis.  

 

Fig.16. A schematic that illustrates the typical setup and parts of a spray pyrolysis system [73]. 
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Generally, a spray pyrolysis system consists of an atomizing nozzle, precursor 

solution, and substrate heater, as shown in Fig. 16. The purpose of the atomizing nozzle is 

to convert a certain volume of liquid into multiple tiny droplets of that liquid, this process 

is called atomization [74]. There are three types of atomizing nozzles that are widely used 

in spray pyrolysis systems: air blast, ultrasonic, and electrostatic atomizing nozzles [72]. In 

air blast atomizing nozzles, a stream of air is directed towards the liquid to break it down 

into small droplets, while ultrasonic-based atomizing nozzles utilize ultrasonic frequencies 

to do the job. In some cases, high electric field is also used to create tiny droplets of the 

liquid, this type of atomizer is called electrostatic atomizing nozzle.  

Typically, the metal salt solution goes through an atomizing nozzle to create tiny 

droplets of that solution. After that, it is sprayed over a substrate that is placed on a hotplate 

tuned at the desired temperature. When the droplets reach the hotplate, the solvent gets 

evaporated while the salt spreads out and undergoes pyrolytic decomposition. Although 

there are many parameters that influence the quality of the deposited film, the most 

important one is the temperature of the substrate surface [72].  

 

Figure 17. An illustration of different spray pyrolysis processes that may occur depending on the substrate 

temperature [75]. 
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Depending on the substrate temperature, there are four possible processes that can 

occur to the droplets during their downfall towards the hotplate [75]. Fig. 17 shows an 

illustration of these processes.   

 Process A: When temperature is relatively low, the droplets simply splash on the 

substrate and then vaporize, leaving behind dry precipitate that will eventually 

decompose. 

 Process B: When the temperature gets a bit higher, the solvent gets entirely 

evaporated before the droplets reach the substrate, which in turn leaves dry 

precipitates to be formed and decomposed on top the substrate.  

 Process C: The temperature is high enough to both evaporate the solvent and melt 

the precipitates as the droplets approach the substrate. After that, the resultant vapor 

diffuses to the substrate surface and undergoes a chemical vapor disposition process 

[75]. Adherent films are usually formed by this process. 

 Process D: When the temperature is too high, the vapor phase goes through a 

chemical reaction before it reaches the substrate, forming small solid particles on 

the substrate. 

 

3.2 Fabrication and Characterization 

In this section, the fabrication process of the samples is shown. Fig. 18 summarizes the 

overall process starting from solution preparation to source-drain contact deposition. More 

emphasis on each step is discussed in the following paragraphs.  
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Figure 18. Fabrication process of In2O3, ZnO, and In2O3/ZnO heterojunction TFTs by spray pyrolysis. 

Solution preparation 

Two precursor solutions were prepared: In2O3 and ZnO. For In2O3 precursor, 30 mg /mL 

of indium nitrate hydrate (In(NO3)3.H2O) in DI water was prepared and stirred for 4 hours 

at 400 rpm at room temperature. For ZnO precursor, 22 mg/mL of zinc acetate dehydrate 

(Zn(CH3CO2)2·2H2O)  in methanol was prepared and stirred for 4 hours at 300 rpm at  room 

temperature. 

Substrate preparation 

One-inch heavily doped silicon wafers (Si++) with 50 nm thermally grown SiO2 layer were 

prepared to fabricate bottom-gate thin film transistors. The Si++ and SiO2  layers were used 

as gate contact and gate dielectric, respectively. Before the deposition of the films, the Si++ 

/SiO2 substrates were cleaned by ultra-sonication in acetone, deionized (DI) water, and 
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IPA, with 15 minutes in each step. Finally, prior to the deposition of the films, the substrates 

were exposed to atmospheric pressure UV/Ozone for 600 seconds.  

Film deposition 

The process temperature of the spray pyrolysis was varied within the range 200 to 300 oC 

(hotplate temperature). Prior to the spray-coating process, the substrates were placed on 

the hotplate for 3 minutes to reach thermal equilibrium with the hotplate. Brass masks were 

placed on top of the substrates to pattern the channel layer in order to reduce gate leakage 

currents. The number of passes, which is the number of full scanned cycles covered by the 

nozzle on top of the target area, was varied from 20 to 40 passes. Finally,   60 nm of 

aluminum was deposited as source-drain top contacts using thermal evaporator and 

patterned with shadow masks.  

Electrical characterization 

The electrical characterization was done in a nitrogen atmosphere inside a glovebox. 

Agilent B2902A parameter analyzer was used to plot both the transfer characteristics and 

output characteristics. From the transfer characteristics curve, the mobility was extracted 

from the saturation region using the following approximation: 

𝜇𝑠𝑎𝑡 =
𝐿

𝑊𝐶𝑖

𝛿2𝐼𝐷(𝑠𝑎𝑡)

𝛿𝑉𝐺
2    Eq. 3.1 
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Surface morphology 

Atomic force microscopy (AFM) was used to investigate the surface roughness of the 

samples. The scanning mode was set on tapping mode, in which the probe tip oscillates at 

the resonant frequency and interacts with the sample surface. The scanned areas were 1x1 

um. The ellipsometry system was used to determine the thickness of the films. 
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Chapter IV: Results and Discussion 

4.1 Pyrolytically Sprayed In2O3 and ZnO TFTs 

The first part focused on the investigation and optimization of single active-layer devices 

based on sprayed In2O3 and ZnO semiconductors. Since both process temperature and 

number of passes have direct influence on the thickness of the sprayed layer, we focused 

on studying the effect of thickness of the active layer on the electrical performance.  

4.1.1 In2O3 thin film transistor 

We first fabricated five In2O3-based thin film transistors with bottom-gate structure, using 

525 um Si as substrate and gate contact, 50 nm of SiO2 as gate dielectric, and 60 nm of Al 

as source-drain contacts. The capacitance of the 50-nm SiO2 was found to be 68 nF/cm2.  

The structure of the device is shown in Fig. 19. The In2O3 layer of the five devices were 

sprayed at different numbers of passes: 20, 25, 30, 35, and 40. The process temperature 

(temperature of the hotplate) of all the devices was set at 250 oC, which is the lowest Leiden 

frost temperature reported for In2O3 in which it exhibits excellent device performance [66]. 

The size of the coffee-ring created when the sprayed droplets reach the substrate depends 

on the process temperature, and at 250 oC (Leiden frost temperature) the diameter of the 

(Davg) and height (Havg) are 1.5 um and 2 nm, respectively [66]. Figure 20 shows In2O3 

droplets size based on various processing temperatures [66]. Based on previous reports, this 

is the lowest temperature in which the sprayed In2O3-based TFT exhibits excellent 

electrical performance. By using Ellipsometry from J.A. Woollam Inc, the corresponding 

thickness of these devices were measured and listed in Table 7.  
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Figure 19. Structure of the fabricated In2O3 TFTs by spray pyrolysis. 

 

Figure 20. Coffee-ring sizes of In2O3 by spray pyrolysis at different processing temperatures [66]. 

 

Table 7. The thickness of the channel layer with various number of passes. 

Number of Passes Thickness (nm) 

20 6.12 

25 8.40 

30 10.17 

35 13.79 

40 14.81 

 

After the fabrication, the electrical measurements were done in a nitrogen 

atmosphere inside a glove box using Agilent B2902A parameter analyzer. Fig. 21a-b 

shows the transfer and output curves of the five devices with channel width-to-length of 

1000 um / 100 um. After that, four different parameters were calculated: saturation mobility 

(usat), Ion/Ioff, threshold voltage (Vth), and subthreshold swing (SS). In general, with 
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increasing channel layer thickness, both usat and SS increase while Ion/Ioff and Vth tend to 

get lower (Fig. 21c-d). Table 8 shows a summary of all electrical parameters. The details 

of each parameter are shown and discussed in the following paragraphs. 

 

Figure 21. (a) Transfer curves and (b) output curves of In2O3 TFTs with various channel thickness. (c) 

Shows the changes in Vth and Ion/Ioff with increasing channel thickness, as well as carrier mobility and SS in 

(d). 
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Table 8.Summary of all electrical parameters of In2O3 TFT at different thicknesses. 

No. Passes 
Thickness 

(nm) 

RMS 

Surface 

Roughness 

(nm) 

Carrier 

Mobility  

(cm2/V.s) 

SS  

(mV/decade) 

Vth 

(v) 
Ion/Ioff 

20 6.12 0.59 11.72 704 6.06 10 7 

25 8.40 - 20.14 633 4.41 10 8 

30 10.17 1.52 23.18 618 3.71 10 8 

35 13.79 - 26.34 650 -1.82 10 7 

40 14.81 1.71 27.54 858 -2.72 10 6 

 

The threshold voltages of the devices tend to shift towards the negative side with 

increasing channel thickness in a linear way. From the thickest film to the thinnest, the 

devices had Vth of 6, 4.4, 3.7, -1.8, and -2.7 V, respectively (Fig. 21c).  In other words, 

these devices changed from enhancement mode to depletion mode by increasing the 

channel thickness. This phenomenon had been observed in many previous reports. In 

thicker films, there are more free carriers in the channel area, which leads to higher free 

carrier density, and hence lowers the threshold voltage [80]. In addition, the observed 

increase in the on-current was a direct consequence of the lower Vth according to Eq. 1.4. 

This particular reason can also explain the increase in the off-current in thicker 

films. With increasing channel thickness, the Ion/Ioff was lowered by two orders of 

magnitudes (Fig. 21c). As the free carrier density in the conduction band increases, more 

electrons are accumulated in the channel area, which leads to a higher flow of electrons 

[80]. From another perspective, this observation can also be explained by the decrease in 

resistance across the channel area between the source and drain contacts [81, 82]. The off-

current is inversely proportional to the resistance across the channel area, which means it 
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is directly proportional to the conductivity and thickness of the channel layer, as shown in 

Eq. 4.1 (Ohm’s law). Thus, increasing the channel thickness (t) and channel conductivity 

(𝝈, which is a function of the number of free electrons) the overall resistance seen between 

source and drain contacts decreases, which leads to a higher off-current. The decrease in 

the resistance effects the on-current as well, leading to a higher on-current in thicker 

channels. It was previously proved by Dhanajay and coworkers that increasing channel 

thickness of In2O3 film will result in a decrease in the electrical resistivity. Fig. 22 shows 

the effect of channel thickness against the electrical resistivity and field-effect mobility [19]. 

In order to reduce the off-current, post-annealing treatment can help reduce the oxygen 

vacancies, which in turn decreases the carrier concentration, and hence, decrease the 

electrical conductivity [82]. 

𝐼𝐷𝑆,𝑜𝑓𝑓 = (
1

𝑅
)𝑉𝐷𝑆 = (

𝜎𝑊𝑡

𝐿
)𝑉𝐷𝑆  Eq. 4.1 

 Where 

  R: Resistance across the channel area 

  𝝈: Electrical conductivity of the channel layer 

  t: Thickness of the channel layer 

  W: Width of the channel area 

  L: Length of the channel area 
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Figure 22. Effect of channel thickness of In2O3 on electrical resistivity and field-effect mobility [19].  

 

In addition, the subthreshold swing of the fabricated devices tend to increase with 

increasing channel thickness. The SS values in mV/decade increased from 618 to 858 as a 

result of an increase in the channel thickness from 10.17 to 14.81 nm (Fig. 21d). 

Undoubtedly, the devices showed degradation in subthreshold values with increasing 

thickness. This phenomenon could be the result of an increase in the effective interface trap 

state density with increasing channel thickness [83]. To minimize this degradation in SS, 

plasma treatment can be used to reduce the effective interface trap state density, such as O2 

and N2O [83]. 

The most important parameter of a semiconductor device is the carrier mobility. In 

our experiments, the saturation mobilities of the five devices of different thicknesses were 

extracted from the transfer curves and calculated according to the equation below (Eq. 4.2). 

The resultant saturation mobility for In2O3 devices sprayed at 20, 25, 30, 35, and 40 passes 

were 11.72, 20.14, 23.18, 26.34, and 27.54 cm2/V.s, respectively. From this experiment, it 
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can be observed that thicker channel layers tend to have higher saturation mobility than 

thinner films. However, the observed increase in saturation mobility with increasing 

thickness is not linear. In fact, the rate of increase in mobility with thickness (slope of the 

curve) decreases until the mobility saturates at a certain value (Fig. 21d). In other words, 

the mobility increases with increasing thickness and then it plateaus at a certain value. This 

phenomenon has been observed in many previous works in metal oxide semiconductors.  

𝜇𝑠𝑎𝑡 =
𝐿

𝑊𝐶𝑖

𝛿2𝐼𝐷(𝑠𝑎𝑡)

𝛿𝑉𝐺
2   Eq. 4.2 

Although there are many proposed hypotheses that can explain this observation, the 

most prominent one is the surface roughness scattering (SRS). In thin films, quantum 

confinement caused by variation in the film thickness leads to fluctuations in the potential 

energy on the film surface. As a result, these variations in energy on the film surface act as 

scattering centers, which in turn has a direct influence on the carrier mobility of the 

semiconducting film [83, 84]. Fig. 23 illustrates the scattering mechanism in both thick and 

thin films. Surface roughness in thin films gives an indication on thickness variations. 

Hence, it is expected that films with low surface roughness will have higher carrier 

mobilities compared to those with high surface roughness with same film thickness.  
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Figure 23. Illustration of surface roughness scattering mechanism. Variations in film thickness creates 

scattering centers. Its effect becomes less significant in thicker films.  

 

To measure the surface roughness of the fabricated In2O3 devices, atomic force microscopy 

(AFM) was used to capture images of the devices’ morphology. Fig. 24 shows the AFM 

images of the devices at an area of 1-by-1 um. The resultant RMS surface roughness values 

in nm were 0.59, 1.52, and 1.71 for film thicknesses of 6.12, 10.17, and 14.81 nm, 

respectively. Fig. 25 shows the curve of RMS surface roughness against the carrier 

mobility. Interestingly, although the RMS surface roughness increased with increasing film 

thickness, the carrier mobility has also increased. This is because the film thickness of these 

films were not the same. In fact, the film thickness plays a more significant role than surface 

roughness in influencing the carrier mobility. In previous reports, the best proposed 

theoretical model of surface-roughness scattering is shown in Eq. 4.3 [83]. In this model, 

both film thickness (W measured in nm) and surface roughness (Δ measured in nm) have 

direct influence on carrier mobility [83]. According to this model, film thickness is raised to 

the power of 6, which means that in thick films, slight variations in surface roughness do 

not significantly affect the mobility. As a result, thick In2O3 devices have higher carrier 

mobility compared to thinner devices. 
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𝜇~
𝑊6

𝚫𝟐   Eq. 4.3 

Others have also argued that the increase in mobility in thicker In2O3 films is due to a 

decrease in the grain boundary density. It was reported by Dhananjay and coworkers that 

increasing film thickness of In2O3 increases the grain sizes, which leads to a lower                

grain boundary density (Fig. 12) [19]. As a result, the interface trap density reduces with 

increasing thickness, which in turn leads to a higher carrier mobility.  

 

Figure 24. AFM images of three In2O3 TFTs at different thicknesses or number of passes. 

  

Figure 25. RMS surface roughness of In2O3 devices at different thicknesses. 
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4.1.2 ZnO thin film transistor 

Next, we investigated the effect of channel layer thickness of ZnO TFTs by spray pyrolysis 

with similar conditions to the previously discussed In2O3 devices. We fabricated four ZnO-

based thin film transistors with bottom-gate structure, using 525 um Si as substrate and 

gate contact, 50 nm of SiO2 as gate dielectric, and 60 nm of Al as source-drain contacts. 

The capacitance of the 50-nm SiO2 was found to be 68 nF/cm2.  The structure of the device 

is shown in Fig. 26. The ZnO layer of the five devices were sprayed at different numbers 

of passes: 20, 25, 30, and 40. The process temperature (hotplate temperature) of all the 

devices was set at 250 oC.  

 

Figure 26. Structure of the fabricated ZnO TFTs by spray pyrolysis. 

 

After the fabrication, the electrical measurements were done in a nitrogen 

atmosphere inside a glove box using Agilent B2902A parameter analyzer. Fig. 27a-b 

shows the transfer and output curves of the five devices with channel width-to-length of 

1000 um / 100 um. After that, four different parameters were calculated: saturation mobility 

(usat), Ion/Ioff, threshold voltage (Vth), and subthreshold swing (SS). Similar results to the 

In2O3 devices were observed, with increasing channel layer thickness, both usat and SS 

increase while Ion/Ioff and Vth tend to get lower (Fig. 27c-d).  
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Figure 27. (a) Transfer curves and (b) output curves of ZnO TFTs with various channel thickness. (c) 

Shows the changes in Vth and Ion/Ioff with increasing channel thickness, as well as carrier mobility and SS in 

(d). 

 

The changes in the electrical parameters of ZnO devices with increasing thickness 

follow the same trend as the In2O3 devices. Since both ZnO and In2O3 are binary oxide 

semiconductors, it is highly expected for both to behave similarly when channel layer gets 

thicker.  Table 9 shows a summary of all electrical parameters. The details of the variations 

in electrical parameters and their explanations are already discussed in the previous section. 
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Table 9. Summary of all electrical parameters of ZnO TFT at different thicknesses. 

No. Passes 

RMS 

Surface Roughness 

(nm) 

Carrier Mobility  

(cm2/V.s) 

SS  

(mV/decade) 

Vth 

(v) 
Ion/Ioff 

20 8.37 0.32 2215.8 8.05 10 5 

25 - 0.58 3023.2 7.02 10 4 

30 9.95 0.88 2915.5 6.17 10 4 

40 12.03 0.98 3560.7 -1.08 10 3 

 

With increasing channel thickness, more free electrons are present in the 

conduction band, which in turn makes the threshold voltage (Vth) more negative and 

increases the off current [80]. Moreover, the channel resistance from source to drain contacts 

decreases with increasing channel thickness according to Eq. 4.1. As a result, higher off 

current can be observed [81, 82]. In addition, more interface trap density can be the result of 

increasing channel thickness, which in turn worsens the device performance by increasing 

the subthreshold swing (SS). Furthermore, increase in carrier mobility can also be observed 

with increasing channel thickness. As previously explained in the previous section, this 

phenomenon could be explained by the surface roughness scattering behavior in which 

surface roughness creates electron scattering centers that will negatively impact the their 

mobility [83, 84]. However, according to Eq. 4.3, film thickness has a lot more influence on 

carrier mobility than the surface roughness. Therefore, although thicker films have higher 

RMS surface roughness (Fig. 28) they have higher carrier mobility than thinner films.  
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Figure 28. RMS surface roughness of ZnO devices with different thicknesses. 

 

4.2 Pyrolytically Sprayed In2O3/ZnO Heterojunction TFT 

In the second part, we investigated thin film transistors with two active layers stacked on 

top of each other. In previous reports, it is believed that the electrical performance of a 

solution-processed metal oxide TFT can be further enhanced by growing a hetero-

structured active layer. In our experiment, the hetero-junction composed of In2O3 and ZnO 

semiconductors grown by spray pyrolysis. To make a fair comparison between the single-

active layer devices and bilayer devices, all samples were fabricated on the same run. This 

is because solution-processed TFTs are highly sensitive and a bit random. In other words, 

the electrical parameters of a solution-processed TFT may differ from on run to another 

with the same process conditions. All MO TFTs in this section were fabricated using 

bottom-gate structure, 525 um Si as substrate and gate contact, 50 nm of SiO2 as gate 
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dielectric, and 60 nm of Al as source-drain contacts. The capacitance of the 50-nm SiO2 

was found to be 68 nF/cm2.  The structure of the device is shown in Fig. 29. 

 

Figure 29. Structure of the hetero-junction bi-layer thin film transistor. 

 

After the fabrication, the electrical measurements were done in a nitrogen 

atmosphere inside a glove box using Agilent B2902A parameter analyzer. Fig. 30 shows 

the transfer and output curves of the three devices with channel width-to-length of 1000 

um / 100 um. After that, four different parameters were calculated: saturation mobility 

(usat), Ion/Ioff, threshold voltage (Vth), and subthreshold swing (SS). Table 10 summarizes 

the electrical parameters for the three fabricated devices.   

 

Figure 30. Transfer and output curves of single-layer and bi-layer TFTs. 
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Table 10. A summary of the electrical parameters of the single-layer and bilayer devices. 

Structure 

RMS 

Surface 

Roughness 

(nm) 

Carrier 

Mobility  

(cm2/V.s) 

SS  

(mV/decade) 

Vth 

(v) 
Ion/Ioff 

In2O3 

40 passes 
1.06 19.25 1077.6 -2.56 10 6 

ZnO 
30 passes 

9.95 0.88 4219.4 7.59 10 3 

In2O3/ZnO 

40 passes / 30 

passes 

13.97 28.30 1574.8 -3.46 10 5 

 

Various interesting changes can be observed. For example, the off-current of the 

bi-layer device is one order of magnitude higher than the individual single-active layer 

devices. Interestingly, adding more channel layers have the same influence on the off-

current as increasing the individual channel thickness, as discussed in part 1. This 

observation verifies the fact that thicker films have lower source-to-drain channel 

resistance, which in turn increases the off current. However, for the on-current, the 

explanation is a bit different since the current does not follow Ohm’s law anymore due to 

the field effect. Instead, the on-current follows the equation shown in Eq. 4.4. Since CG, 

W, L, and VG are all constants for the three fabricated devices, only μ and Vth can be 

responsible for changes in the on-current. As for the threshold voltage, a more positive Vth 

will reduce the on-current. Among all the devices, ZnO has the most positive Vth, which in 

turn dramatically lowers its on-current compared to In2O3 and In2O3/ZnO devices.  The 

carrier mobility, which is an intrinsic property of the semiconductor also plays a major role 

in the on-current. From Table 10, there is a huge gap in carrier mobility of ZnO device 

compared to In2O3 and In2O3/ZnO devices. This significant difference in carrier mobility 
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is reflected on variations in the on-current. But the question to be addressed is why there is 

an increase in carrier mobility of bi-layer device compared to the single active-layer 

devices.  

𝐼𝐷 =
1

2
𝜇𝐶𝐺

𝑊

𝐿
(𝑉𝐺 − 𝑉𝑡ℎ)2  Eq. 4.4 

 In the first part in which we investigated the single-layer In2O3 and ZnO devices, 

we have seen how surface roughness scattering influence in the carrier mobility. This may 

also be applicable here. The In2O3 /ZnO heterjunction TFT experienced a 46.6% increase 

in carrier mobility compared to the single In2O3 device, and by a factor of 31 compared to 

the single ZnO device. Although the RMS surface roughness of In2O3/ZnO device is higher 

than the others (Fig. 31), SRS effect is less pronounced in In2O3/ZnO device due to its 

relatively thick active-layer. Eq. 4.3 shows a model that illustrates the relation between 

carrier mobility, RMS surface roughness, and thickness of the channel layer [83]. 

Nevertheless, based on previous reports, the electron transport mechanism in In2O3/ZnO 

heterojunction TFT seems to be fundamentally different from the single active-layer TFTs. 

The difference in electron transport mechanism is most probably the major cause of the 

enhancement in the carrier mobility. The details are discussed in the following paragraphs.  
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Figure 31. AFM images of the (a) single In2O3 TFT and the (b) In2O3/ZnO heterojunction TFT. 

 The key electron transport mechanisms in metal oxide TFTs are trap-limited 

conduction (TLC) and percolation conduction (PC). Fig. 32 shows an illustration of both 

TLC and PC for an oxide semiconductor TFT and a possible distribution of localized tail 

states and potential barriers [86, 87]. If the fermi level (EF) lies within the localized band tails, 

i.e. when it is below the conduction band edge Em (EF << Em), the electron transport is 

dominated by TLC, in which the electrons trap/release events occur frequently. The field-

effect mobility is then influenced by the trapped electron density (ntrap) according to Eq. 

4.5. The relation indicates that higher electron trap density decreases the field-effect 

mobility.  

𝜇𝐹𝐸 ∝
𝑛𝑓𝑟𝑒𝑒

𝒏𝑓𝑟𝑒𝑒+𝒏𝑡𝑟𝑎𝑝
         Eq. 4.5 

On the other hand, at higher gate voltages, the fermi level EF will rise above the conduction 

band edge Em (Em < EF < EM), in which the percolation conduction occurs. In percolation 

conduction (PC), all the tail states are filled, and electrons in non-localized states flow 

through the potential barriers along the path with the lowest resistance [86].  Therefore, the 

electron density in PC becomes independent of temperature. There are a few ways to 

determine whether the electron transport is TLC-dominated or PC-dominated. Some of 

which are the dependency of field-effect mobility on the gate voltage (power law equation), 

and on the temperature (Arrhenius plot).  
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Figure 32.  Illustration of both trap-limited conduction and percolation conduction for a metal-oxide 

semiconductor TFT [86, 87]. 

 According to the power law equation (Eq. 4.6), the dependence of field-effect 

mobility (𝝁𝑭𝑬) on the gate-voltage (VG) can be used to determine whether the conduction 

mechanism is PC-dominated or TLC-dominated [58].   

𝜇𝐹𝐸 = 𝐾(𝑉𝐺 − 𝑉𝑇)𝛾         Eq. 4.6 

Where K includes the percolation term for both TLC and PC, and the contribution of the 

spatial characteristics of the potential barriers for PC [58]. In the contrary, 𝜸 is controlled by 

either the temperature T in TLC case, and by the potential barriers in case of PC. Therefore, 

the numerical value of 𝜸 is an indicator on the nature of the electron transport mechanism 

occurring at the semiconductor/dielectric interface. Based on previous reports, when 𝜸 is 
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close to 0.7, it indicates that the charge transport is dominated by TLC, while  𝜸 of about 

0.1 indicates a PC-dominated mechanism [86]. Fig. 33a shows the field-effect mobility 

against the gate voltage for both single In2O3 TFT and In2O3/ZnO heterojunction TFT taken 

from a previous work done by Anthopoulos and coworkers [58]. For the single In2O3 TFT, 

the power law parameter (𝜸) that best fit the curve over a wide range of VG was found to 

be 0.66, indicating that the electron transport is dominated by trap-limited conduction TLC. 

On the contrary, for In2O3/ZnO heterojunction TFT, a single model of the power law could 

not be used to fit the whole curve. Instead, at low gate voltages, a 𝜸 of 0.7 was used, 

indicating a TLC-dominated process. At higher gate voltages, a 𝜸 of 0.11 was used to fit 

in the curve, indicating a PC-dominated process. As a result, it can be concluded that the 

transition from TLC to PC processes in heterojunction TFT verifies that there is a drastic 

difference in electron transport mechanism from those single active layer devices. 

 

Figure 33. Dependency of field-effect mobility on (a) the gate voltage for both single In2O3 TFT and 

In2O3/ZnO heterojunction TFT, and the (b) dependency of field-effect mobility on temperature range from 

78 to 300 K [58] . 
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 Another method to confirm the difference in electron transport mechanism between 

heterojunction and single active-layer TFTs is by studying the dependency of field-effect 

mobility (𝝁𝑭𝑬)  on temperature (T). Fig. 33b shows examples of the Arrhenius plot of both 

single In2O3 TFT and In2O3/ZnO heterojunction TFT, in which the carrier mobility in the 

linear regime (𝝁𝒍𝒊𝒏) was measured over wide range of temperature: from 78 to 300 K [58]. 

Clearly, in case of the In2O3 TFT, 𝝁𝒍𝒊𝒏  remains constant at the lower temperature range (78 

to 160 K), and then starts increasing exponentially at 160 K. This temperature-activation 

characteristic belongs to trap-limited conduction (TLC) process. The activation energy 

(EA) can then be found from the curve above 160 K. On the other hand, the 𝝁𝒍𝒊𝒏 of 

In2O3/ZnO heterojunction TFT remains constant across the whole temperature range, 

indicating the independency of 𝝁𝒍𝒊𝒏 on temperature variations. This behavior is a 

characteristic of percolation conduction (PC) process, since PC depends solely on the 

spatial distribution of potential barriers [58]. Thus, the results of the temperature-dependence 

analysis is perfectly in line with the square law relation explained previously.  

The energy band diagram at the heterointerface can give an explanation of the 

origin of the difference in electron transport mechanism. The proposed energy band 

diagram is shown in Fig. 34. When the junction was formed, electrons flowed from the 

conduction band (CD) of ZnO to the CD of In2O3 until thermal equilibrium was reached. 

As a result, a spatially confined sheet of electrons was formed near the heterointerface at 

the In2O3 side. The 2D-confined sheet of electrons at the In2O3/ZnO heterointerface is thus 

believed to be the responsible for both the change in charge transport mechanism from 

TLC to PC process, and for the enhanced electron mobility associated with the 

heterojunction TFT. 
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Figure 34. Energy band diagram of In2O3/ZnO heterointerface grown by spray pyrolysis. 
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Chapter V: Conclusion 

In conclusion, we have investigated low-temperature solution processed thin film 

transistors based on In2O3 and ZnO semiconductors grown by spray pyrolysis. All of the 

thin film transistors in this work were fabricated at process temperature 240-250 oC with 

bottom-gate structure. The active layers (In2O3 and ZnO) were grown by spray pyrolysis 

on Si/SiO2 wafers. 

In the first part of the study, we studied the effect of channel thickness on the 

electrical performance of both In2O3 and ZnO TFTs. The results show that thicker channel 

layers received an increase in the carrier mobility (u) and subthreshold swing (SS), while 

the threshold voltage (Vth) and the on-to-off current ratio (Ion/Ioff) were decreased. While 

the shift in Vth towards the negative values was a direct consequence of the increased 

electron concentration, the off-current increased due to lower source-to-drain channel 

resistance in thicker films. More importantly, for the carrier mobility, the surface roughness 

scattering (SRS) was proposed to be the responsible for the enhanced carrier mobility.  

In this second part, we investigated the In2O3/ZnO heterojunction thin film 

transistor. The carrier mobility in In2O3/ZnO heterojunction TFT received a remarkable 

increase in reference to the individual In2O3 and ZnO TFTs. Although SRS may play a 

minor role in this mobility enhancement, it is believed that the charge transport mechanism 

of In2O3/ZnO heterojunction TFT is fundamentally different from the individual In2O3 and 

ZnO TFTs. Two methods were used to verify this hypothesis: the dependency of 𝝁𝑭𝑬 on 

VG (power law equation), and on the temperature (Arrhenius plot). The 𝝁𝑭𝑬-VG relation 

reveals that electron transport mechanism in the In2O3/ZnO TFT transitioned from trap-
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limited conduction (TLC) to percolation conduction (PC), while the individual In2O3 and 

ZnO TFTs were dominated by TLC process. Further evidence was observed in the 𝝁𝑭𝑬-T 

relation. The In2O3/ZnO heterojunction TFT exhibited a temperature-independent 

behavior, in which 𝝁𝑭𝑬 remained constant throughout the whole temperature range from 

78 to 300 K. This is behavior is a typical characteristic of a percolation conduction (PC) 

process. On the contrary, the individual In2O3 and ZnO TFTs exhibited a temperature-

dependent behavior, in which 𝝁𝑭𝑬 increased exponentially at 160 K, indicating a TLC-

dominated process. The origin of the difference in charge transport mechanism is the 

existence of a 2D-confined sheet of electrons at the heterointerface, which leads to a 

significantly enhanced carrier mobility in In2O3/ZnO heterojunction TFT. To further 

enhance the electrical parameters of a MO TFT, multi-active-layer structure can be used, 

along with high-k dielectric materials such as HfO2 and ZrO2. 

 

 

 

 

 

 

 

 

 



75 

 

 
 

REFERENCES 

[1] Brinkman, W., Haggan, D. and Troutman, W., 1997. A history of the invention of 

the transistor and where it will lead us. IEEE Journal of Solid-State Circuits, 32(12), 

pp.1858-1865. 

 

[2] Fortunato, E., Barquinha, P. and Martins, R., 2012. Oxide Semiconductor Thin-

Film Transistors: A Review of Recent Advances. Advanced Materials, 24(22), 

pp.2945-2986. 

 

 

[3] 2012. Amorphous Metal-Oxide Based Thin Film Transistors On Metal Foils: 

Materials, Devices And Circuits Integration. Ph.D. Lehigh University. 

 

[4] Hosono, H. and Ueda, K., 2017. Transparent Conductive Oxides. Springer 

Handbook of Electronic and Photonic Materials, pp.1-1. 

 

 

[5] Lakshminarayanan, V., 2012. Light Detection and Sensitivity. Handbook of Visual 

Display Technology, pp.85-91. 

 

[6] Tixier-Mita, A., Ihida, S., Ségard, B., Cathcart, G., Takahashi, T., Fujita, H. and 

Toshiyoshi, H., 2016. Review on thin-film transistor technology, its applications, 

and possible new applications to biological cells. Japanese Journal of Applied 

Physics, 55(4S), pp.04EA08. 

 

 

[7] Thomas, S., Pattanasattayavong, P. and Anthopoulos, T., 2013. Solution-

processable metal oxide semiconductors for thin-film transistor 

applications. Chemical Society Reviews, 42(16), p.6910. 

 



76 

 

 
 

[8] Busarello, T., Simões, M. and Pomilio, J., 2018. Semiconductor Diodes and 

Transistors. Power Electronics Handbook, pp.15-48. 

 

[9] Walsh, A. and Butler, K., 2013. Prediction of Electron Energies in Metal 

Oxides. Accounts of Chemical Research, 47(2), pp.364-372. 

 

[10] Nomura, K., Ohta, H., Takagi, A., Kamiya, T., Hirano, M. and Hosono, H., 2004. 

Room-temperature fabrication of transparent flexible thin-film transistors using 

amorphous oxide semiconductors. Nature, 432(7016), pp.488-492. 

 

 

[11] Isakov, I., Faber, H., Grell, M., Wyatt-Moon, G., Pliatsikas, N., Kehagias, T., 

Dimitrakopulos, G., Patsalas, P., Li, R. and Anthopoulos, T., 2017. Exploring the 

Leidenfrost Effect for the Deposition of High-Quality In2O3 Layers via Spray 

Pyrolysis at Low Temperatures and Their Application in High Electron Mobility 

Transistors. Advanced Functional Materials, 27(22), p.1606407. 

 

[12] Park, J., Kim, H. and Kim, I., 2013. Overview of electroceramic materials for oxide 

semiconductor thin film transistors. Journal of Electroceramics, 32(2-3), pp.117-

140. 

 

 

[13] Masuda, S., Kitamura, K., Okumura, Y., Miyatake, S., Tabata, H. and Kawai, T., 

2003. Transparent thin film transistors using ZnO as an active channel layer and 

their electrical properties. Journal of Applied Physics, 93(3), pp.1624-1630. 

 

[14] Hoffman, R., Norris, B. and Wager, J., 2003. ZnO-based transparent thin-film 

transistors. Applied Physics Letters, 82(5), pp.733-735. 

 

 



77 

 

 
 

[15] Carcia, P., McLean, R., Reilly, M. and Nunes, G., 2003. Transparent ZnO thin-film 

transistor fabricated by rf magnetron sputtering. Applied Physics Letters, 82(7), 

pp.1117-1119. 

 

[16] Thomas, S., Pattanasattayavong, P. and Anthopoulos, T., 2013. Solution-

processable metal oxide semiconductors for thin-film transistor 

applications. Chemical Society Reviews, 42(16), p.6910 

 

[17] Lavareda, G., Nunes de Carvalho, C., Fortunato, E., Ramos, A., Alves, E., Conde, 

O. and Amaral, A., 2006. Transparent thin film transistors based on indium oxide 

semiconductor. Journal of Non-Crystalline Solids, 352(23-25), pp.2311-2314. 

 

 

[18] Vygranenko, Y., Wang, K. and Nathan, A., 2007. Stable indium oxide thin-film 

transistors with fast threshold voltage recovery. Applied Physics Letters, 91(26), 

p.263508. 

 

[19] Dhananjay, Cheng, S., Yang, C., Ou, C., Chuang, Y., Chyi Wu, M. and Chu, C., 

2008. Dependence of channel thickness on the performance of In2O3thin film 

transistors. Journal of Physics D: Applied Physics, 41(9), p.092006. 

 

 

[20] Presley, R., Munsee, C., Park, C., Hong, D., Wager, J. and Keszler, D., 2004. Tin 

oxide transparent thin-film transistors. Journal of Physics D: Applied Physics, 

37(20), pp.2810-2813. 

 

[21] Jae-Woo Park, Dongyun Lee, Hakyoung Kwon, Seunghyup Yoo and Jongmoo 

Huh, 2009. Performance Improvement of N-Type $\hbox{TiO}_{x}$ Active-

Channel TFTs Grown by Low-Temperature Plasma-Enhanced ALD. IEEE 

Electron Device Letters, 30(7), pp.739-741. 

 



78 

 

 
 

[22] Nomura, K., Ohta, H., Takagi, A., Kamiya, T., Hirano, M. and Hosono, H., 2004. 

Room-temperature fabrication of transparent flexible thin-film transistors using 

amorphous oxide semiconductors. Nature, 432(7016), pp.488-492. 

 

[23] Yaglioglu, B., Yeom, H., Beresford, R. and Paine, D., 2006. High-mobility 

amorphous In2O3–10wt%ZnO thin film transistors. Applied Physics Letters, 89(6), 

p.062103. 

 

[24] Wang, Y., Ren, F., Lim, W., Norton, D., Pearton, S., Kravchenko, I. and Zavada, 

J., 2007. Room temperature deposited indium zinc oxide thin film 

transistors. Applied Physics Letters, 90(23), p.232103. 

 

[25] Yabuta, H., Sano, M., Abe, K., Aiba, T., Den, T., Kumomi, H., Nomura, K., 

Kamiya, T. and Hosono, H., 2006. High-mobility thin-film transistor with 

amorphous InGaZnO4 channel fabricated by room temperature rf-magnetron 

sputtering. Applied Physics Letters, 89(11), p.112123. 

 

[26] Kim, M., Jeong, J., Lee, H., Ahn, T., Shin, H., Park, J., Jeong, J., Mo, Y. and Kim, 

H., 2007. High mobility bottom gate InGaZnO thin film transistors with SiOx etch 

stopper. Applied Physics Letters, 90(21), p.212114. 

 

[27] Chiang, H., Wager, J., Hoffman, R., Jeong, J. and Keszler, D., 2005. High mobility 

transparent thin-film transistors with amorphous zinc tin oxide channel 

layer. Applied Physics Letters, 86(1), p.013503. 

 

[28] Jackson, W., Hoffman, R. and Herman, G., 2005. High-performance flexible zinc 

tin oxide field-effect transistors. Applied Physics Letters, 87(19), p.193503. 

 

[29] Görrn, P., Hölzer, P., Riedl, T., Kowalsky, W., Wang, J., Weimann, T., Hinze, P. 

and Kipp, S., 2007. Stability of transparent zinc tin oxide transistors under bias 

stress. Applied Physics Letters, 90(6), p.063502. 



79 

 

 
 

 

[30] Ye, Y., Lim, R. and White, J., 2009. High mobility amorphous zinc oxynitride 

semiconductor material for thin film transistors. Journal of Applied Physics, 

106(7), p.074512. 

 

[31] Lim, S., Kwon, S., Kim, H. and Park, J., 2007. High performance thin film 

transistor with low temperature atomic layer deposition nitrogen-doped 

ZnO. Applied Physics Letters, 91(18), p.183517. 

 

[32] Kim, C., Kim, S., Lee, J., Park, J., Kim, S., Park, J., Lee, E., Lee, J., Park, Y., Kim, 

J., Shin, S. and Chung, U., 2009. Amorphous hafnium-indium-zinc oxide 

semiconductor thin film transistors. Applied Physics Letters, 95(25), p.252103. 

 

[33] Ryu, M., Yang, S., Park, S., Hwang, C. and Jeong, J., 2009. Impact of Sn/Zn ratio 

on the gate bias and temperature-induced instability of Zn-In-Sn-O thin film 

transistors. Applied Physics Letters, 95(17), p.173508. 

 

[34] Chong, E., Chun, Y. and Lee, S., 2010. Amorphous silicon–indium–zinc oxide 

semiconductor thin film transistors processed below 150 °C. Applied Physics 

Letters, 97(10), p.102102. 

 

[35] Yang, S., Cho, D., Ryu, M., Park, S., Hwang, C., Jang, J. and Jeong, J., 2010. 

Improvement in the photon-induced bias stability of Al–Sn–Zn–In–O thin film 

transistors by adopting AlOx passivation layer. Applied Physics Letters, 96(21), 

p.213511. 

 

[36] Ku, C., Duan, Z., Reyes, P., Lu, Y., Xu, Y., Hsueh, C. and Garfunkel, E., 2011. 

Effects of Mg on the electrical characteristics and thermal stability of MgxZn1−xO 

thin film transistors. Applied Physics Letters, 98(12), p.123511. 

 



80 

 

 
 

[37] Yang, B., Huh, M., Oh, S., Lee, U., Kim, Y., Oh, M., Jeong, J., Hwang, C. and 

Kim, H., 2011. Role of ZrO2 incorporation in the suppression of negative bias 

illumination-induced instability in Zn–Sn–O thin film transistors. Applied Physics 

Letters, 98(12), p.122110. 

 

[38] Park, S., Hwang, C., Ryu, M., Yang, S., Byun, C., Shin, J., Lee, J., Lee, K., Oh, M. 

and Im, S., 2009. Transparent and Photo-stable ZnO Thin-film Transistors to Drive 

an Active Matrix Organic-Light- Emitting-Diode Display Panel. Advanced 

Materials, 21(6), pp.678-682. 

 

[39] Levy, D., Freeman, D., Nelson, S., Cowdery-Corvan, P. and Irving, L., 2008. Stable 

ZnO thin film transistors by fast open air atomic layer deposition. Applied Physics 

Letters, 92(19), p.192101. 

 

[40] Fortunato, E., Barquinha, P., Pimentel, A., Gonçalves, A., Marques, A., Martins, 

R. and Pereira, L., 2004. Wide-bandgap high-mobility ZnO thin-film transistors 

produced at room temperature. Applied Physics Letters, 85(13), pp.2541-2543. 

 

[41] Katayama, M., Ikesaka, S., Kuwano, J., Yamamoto, Y., Koinuma, H. and 

Matsumoto, Y., 2006. Field-effect transistor based on atomically flat rutile 

TiO2. Applied Physics Letters, 89(24), p.242103. 

 

[42] Choi, K. and Kim, H., 2011. Fabrication of Transparent TiO2−x Channel-Based 

Thin Film Transistors using an Oxygen-Deficient TiO2−x Target. Electrochemical 

and Solid-State Letters, 14(8), p.H314. 

 

[43] Fortunato, E., Barquinha, P. and Martins, R., 2012. Oxide Semiconductor Thin-

Film Transistors: A Review of Recent Advances. Advanced Materials, 24(22), 

pp.2945-2986. 

 



81 

 

 
 

[44] Han, S. and Chang, C., 2011. Effects of Ozone Annealing on Solution-Processed 

Indium Zinc Oxide (IZO) Thin Film Transistors. Electrochemical and Solid-State 

Letters, 14(11), p.H442. 

 

[45] Xu, W., Li, H., Xu, J. and Wang, L., 2018. Recent Advances of Solution-Processed 

Metal Oxide Thin-Film Transistors. ACS Applied Materials & Interfaces, 10(31), 

pp.25878-25901. 

 

[46] Banger, K., Yamashita, Y., Mori, K., Peterson, R., Leedham, T., Rickard, J. and 

Sirringhaus, H., 2010. Low-temperature, high-performance solution-processed 

metal oxide thin-film transistors formed by a ‘sol–gel on chip’ process. Nature 

Materials, 10(1), pp.45-50. 

 

[47] Kim, M., Kanatzidis, M., Facchetti, A. and Marks, T., 2011. Low-temperature 

fabrication of high-performance metal oxide thin-film electronics via combustion 

processing. Nature Materials, 10(5), pp.382-388. 

 

[48] Yu, X., Smith, J., Zhou, N., Zeng, L., Guo, P., Xia, Y., Alvarez, A., Aghion, S., 

Lin, H., Yu, J., Chang, R., Bedzyk, M., Ferragut, R., Marks, T. and Facchetti, A., 

2015. Spray-combustion synthesis: Efficient solution route to high-performance 

oxide transistors. Proceedings of the National Academy of Sciences, 112(11), 

pp.3217-3222. 

 

[49] Meyers, S., Anderson, J., Hung, C., Thompson, J., Wager, J. and Keszler, D., 2008. 

Aqueous Inorganic Inks for Low-Temperature Fabrication of ZnO TFTs. Journal 

of the American Chemical Society, 130(51), pp.17603-17609. 

 

[50] Lin, Y., Faber, H., Zhao, K., Wang, Q., Amassian, A., McLachlan, M. and 

Anthopoulos, T., 2013. High-Performance ZnO Transistors Processed Via an 

Aqueous Carbon-Free Metal Oxide Precursor Route at Temperatures Between 80-

180 °C. Advanced Materials, 25(31), pp.4340-4346. 



82 

 

 
 

 

[51] Hwan Hwang, Y., Seo, J., Moon Yun, J., Park, H., Yang, S., Ko Park, S. and Bae, 

B., 2013. An ‘aqueous route’ for the fabrication of low-temperature-processable 

oxide flexible transparent thin-film transistors on plastic substrates. NPG Asia 

Materials, 5(4), pp.e45-e45. 

 

[52] Rim, Y., Chen, H., Song, T., Bae, S. and Yang, Y., 2015. Hexaaqua Metal 

Complexes for Low-Temperature Formation of Fully Metal Oxide Thin-Film 

Transistors. Chemistry of Materials, 27(16), pp.5808-5812. 

 

[53] Socratous, J., Banger, K., Vaynzof, Y., Sadhanala, A., Brown, A., Sepe, A., Steiner, 

U. and Sirringhaus, H., 2015. Electronic Structure of Low-Temperature Solution-

Processed Amorphous Metal Oxide Semiconductors for Thin-Film Transistor 

Applications. Advanced Functional Materials, 25(12), pp.1873-1885. 

 

[54] Liu, G., Liu, A., Zhu, H., Shin, B., Fortunato, E., Martins, R., Wang, Y. and Shan, 

F., 2015. Low-Temperature, Nontoxic Water-Induced Metal-Oxide Thin Films and 

Their Application in Thin-Film Transistors. Advanced Functional Materials, 

25(17), pp.2564-2572. 

 

[55] Xu, W., Long, M., Zhang, T., Liang, L., Cao, H., Zhu, D. and Xu, J., 2017. Fully 

solution-processed metal oxide thin-film transistors via a low-temperature aqueous 

route. Ceramics International, 43(8), pp.6130-6137. 

 

[56] Lim, K., Huh, J., Lee, J., Cho, N., Park, J., Nam, B., Lee, E. and Kim, Y., 2016. 

Strong Influence of Humidity on Low-Temperature Thin-Film Fabrication via 

Metal Aqua Complex for High Performance Oxide Semiconductor Thin-Film 

Transistors. ACS Applied Materials & Interfaces, 9(1), pp.548-557. 

 



83 

 

 
 

[57] Scheideler, W., Kumar, R., Zeumault, A. and Subramanian, V., 2017. Low-

Temperature-Processed Printed Metal Oxide Transistors Based on Pure Aqueous 

Inks. Advanced Functional Materials, 27(14), p.1606062. 

 

[58] Faber, H., Das, S., Lin, Y., Pliatsikas, N., Zhao, K., Kehagias, T., Dimitrakopulos, 

G., Amassian, A., Patsalas, P. and Anthopoulos, T., 2017. Heterojunction oxide 

thin-film transistors with unprecedented electron mobility grown from 

solution. Science Advances, 3(3), p.e1602640. 

 

[59] Han, S., Herman, G. and Chang, C., 2011. Low-Temperature, High-Performance, 

Solution-Processed Indium Oxide Thin-Film Transistors. Journal of the American 

Chemical Society, 133(14), pp.5166-5169. 

 

[60] Rim, Y., Jeong, W., Kim, D., Lim, H., Kim, K. and Kim, H., 2012. Simultaneous 

modification of pyrolysis and densification for low-temperature solution-processed 

flexible oxide thin-film transistors. Journal of Materials Chemistry, 22(25), 

p.12491. 

 

[61] Jun, T., Song, K., Jeong, Y., Woo, K., Kim, D., Bae, C. and Moon, J., 2011. High-

performance low-temperature solution-processable ZnO thin film transistors by 

microwave-assisted annealing. J. Mater. Chem., 21(4), pp.1102-1108. 

 

[62] Kim, Y., Heo, J., Kim, T., Park, S., Yoon, M., Kim, J., Oh, M., Yi, G., Noh, Y. and 

Park, S., 2012. Flexible metal-oxide devices made by room-temperature 

photochemical activation of sol–gel films. Nature, 489(7414), pp.128-132. 

 

[63] John, R., Chien, N., Shukla, S., Tiwari, N., Shi, C., Ing, N. and Mathews, N., 2016. 

Low-Temperature Chemical Transformations for High-Performance Solution-

Processed Oxide Transistors. Chemistry of Materials, 28(22), pp.8305-8313. 

 



84 

 

 
 

[64] Bashir, A., Wöbkenberg, P., Smith, J., Ball, J., Adamopoulos, G., Bradley, D. and 

Anthopoulos, T., 2009. High-Performance Zinc Oxide Transistors and Circuits 

Fabricated by Spray Pyrolysis in Ambient Atmosphere. Advanced Materials, 

21(21), pp.2226-2231. 

 

[65] Esro, M., Vourlias, G., Somerton, C., Milne, W. and Adamopoulos, G., 2014. High-

Mobility ZnO Thin Film Transistors Based on Solution-processed Hafnium Oxide 

Gate Dielectrics. Advanced Functional Materials, 25(1), pp.134-141. 

 

[66] Isakov, I., Faber, H., Grell, M., Wyatt-Moon, G., Pliatsikas, N., Kehagias, T., 

Dimitrakopulos, G., Patsalas, P., Li, R. and Anthopoulos, T., 2017. Exploring the 

Leidenfrost Effect for the Deposition of High-Quality In2O3 Layers via Spray 

Pyrolysis at Low Temperatures and Their Application in High Electron Mobility 

Transistors. Advanced Functional Materials, 27(22), p.1606407. 

 

[67] Lee, W., Park, W., Park, S., Sung, S., Noh, Y. and Yoon, M., 2015. Large-Scale 

Precise Printing of Ultrathin Sol-Gel Oxide Dielectrics for Directly Patterned 

Solution-Processed Metal Oxide Transistor Arrays. Advanced Materials, 27(34), 

pp.5043-5048. 

 

[68] Choi, H., Cho, K., Frisbie, C., Sirringhaus, H. and Podzorov, V., 2017. Critical 

assessment of charge mobility extraction in FETs. Nature Materials, 17(1), pp.2-7. 

 

[69] Avis, C., Hwang, H. and Jang, J., 2014. Effect Of Channel Layer Thickness On The 

Performance Of Indium–Zinc–Tin Oxide Thin Film Transistors Manufactured By 

Inkjet Printing. ACS Applied Materials & Interfaces, 6(14), pp.10941-10945. 

 

[70] Kim, S., Kim, K., Hwang, Y., Park, J., Jang, J., Nam, Y., Kang, Y., Kim, M., Park, 

H., Lee, Z., Choi, J., Kim, Y., Jeong, S., Bae, B. and Park, J., 2016. High-resolution 

electrohydrodynamic inkjet printing of stretchable metal oxide semiconductor 

transistors with high performance. Nanoscale, 8(39), pp.17113-17121. 



85 

 

 
 

 

[71] Leppäniemi, J., Huttunen, O., Majumdar, H. and Alastalo, A., 2015. Flexography-

Printed In2O3Semiconductor Layers for High-Mobility Thin-Film Transistors on 

Flexible Plastic Substrate. Advanced Materials, 27(44), pp.7168-7175. 

 

[72] Perednis, D. and Gauckler, L., 2005. Thin Film Deposition Using Spray 

Pyrolysis. Journal of Electroceramics, 14(2), pp.103-111. 

 

[73] Park, S., Quan, Y., Kim, S., Kim, H., Kim, S., Chun, D., Lee, C., Taya, M., Chu, 

W. and Ahn, S., 2016. A review on fabrication processes for electrochromic 

devices. International Journal of Precision Engineering and Manufacturing-Green 

Technology, 3(4), pp.397-421. 

 

 

[74] Lefebvre, A., 1980. Airblast atomization. Progress in Energy and Combustion 

Science, 6(3), pp.233-261. 

 

[75] VIGUIE, J. and SPITZ, J., 1975. ChemInform Abstract: CHEMICAL VAPOR 

DEPOSITION AT LOW TEMPERATURES. Chemischer Informationsdienst, 

6(27), p.no-no. 

 

[76] Adamopoulos, G., Thomas, S., Wöbkenberg, P., Bradley, D., McLachlan, M. and 

Anthopoulos, T., 2011. High-Mobility Low-Voltage ZnO and Li-Doped ZnO 

Transistors Based on ZrO2 High-k Dielectric Grown by Spray Pyrolysis in 

Ambient Air. Advanced Materials, 23(16), pp.1894-1898. 

 

[77] Adamopoulos, G., Thomas, S., Bradley, D., McLachlan, M. and Anthopoulos, T., 

2011. Low-voltage ZnO thin-film transistors based on Y2O3 and Al2O3 high-k 

dielectrics deposited by spray pyrolysis in air. Applied Physics Letters, 98(12), 

p.123503. 

 



86 

 

 
 

[78] Faber, H., Lin, Y., Thomas, S., Zhao, K., Pliatsikas, N., McLachlan, M., Amassian, 

A., Patsalas, P. and Anthopoulos, T., 2014. Indium Oxide Thin-Film Transistors 

Processed at Low Temperature via Ultrasonic Spray Pyrolysis. ACS Applied 

Materials & Interfaces, 7(1), pp.782-790. 

 

[79] Adamopoulos, G., Bashir, A., Thomas, S., Gillin, W., Georgakopoulos, S., 

Shkunov, M., Baklar, M., Stingelin, N., Maher, R., Cohen, L., Bradley, D. and 

Anthopoulos, T., 2010. Spray-Deposited Li-Doped ZnO Transistors with Electron 

Mobility Exceeding 50 cm2/Vs. Advanced Materials, 22(42), pp.4764-4769. 

 

[80] Wang, H., Li, B., Zhang, W., Wu, H., Zhou, D., Yao, Z., Yi, L., Zhang, X. and 

Wang, Y., 2016. Device characteristics of amorphous ZnSnLiO thin film transistors 

with various channel layer thicknesses. Applied Physics A, 122(8). 

 

[81] Ngwashi, D., Mih, T. and Cross, R., 2020. The influence of ZnO layer thickness on 

the performance and electrical bias stress instability in ZnO thin film 

transistors. Materials Research Express,. 

 

[82] Medina-Montes, M., Lee, S., Pérez, M., Baldenegro-Pérez, L., Quevedo-López, M., 

Gnade, B. and Ramírez-Bon, R., 2011. Effect of Sputtered ZnO Layers on Behavior 

of Thin-Film Transistors Deposited at Room Temperature in a Nonreactive 

Atmosphere. Journal of Electronic Materials, 40(6), pp.1461-1469. 

 

[83] Sakaki, H., Noda, T., Hirakawa, K., Tanaka, M. and Matsusue, T., 1987. Interface 

roughness scattering in GaAs/AlAs quantum wells. Applied Physics Letters, 

51(23), pp.1934-1936. 

 

[84] Gámiz, F. and Roldán, J., 2003. Scattering of electrons in silicon inversion layers 

by remote surface roughness. Journal of Applied Physics, 94(1), pp.392-399. 

 



87 

 

 
 

[85] Lin, Y., Faber, H., Labram, J., Stratakis, E., Sygellou, L., Kymakis, E., Hastas, N., 

Li, R., Zhao, K., Amassian, A., Treat, N., McLachlan, M. and Anthopoulos, T., 

2015. High Electron Mobility Thin-Film Transistors Based on Solution-Processed 

Semiconducting Metal Oxide Heterojunctions and Quasi-Superlattices. Advanced 

Science, 2(7), p.1500058 

 

[86] Lee, S., Ghaffarzadeh, K., Nathan, A., Robertson, J., Jeon, S., Kim, C., Song, I. and 

Chung, U., 2011. Trap-limited and percolation conduction mechanisms in 

amorphous oxide semiconductor thin film transistors. Applied Physics Letters, 

98(20), p.203508. 

 

[87] Lee, S., Ghaffarzadeh, K., Nathan, A., Robertson, J., Jeon, S., Kim, C., Song, I. and 

Chung, U., 2011. Trap-limited and percolation conduction mechanisms in 

amorphous oxide semiconductor thin film transistors. Applied Physics Letters, 

98(20), p.203508. 

 

[88] Dominguez, M., Flores, F., Luna, A., Martinez, J., Luna-Lopez, J., & Alcantara, S. 

et al. (2015). Impact of active layer thickness in thin-film transistors based on Zinc 

Oxide by ultrasonic spray pyrolysis. Solid-State Electronics, 109, 33-36. doi: 

10.1016/j.sse.2015.03.012 

 

[89] Xu, X., Cui, Q., Jin, Y., & Guo, X. (2012). Low-voltage zinc oxide thin-film 

transistors with solution-processed channel and dielectric layers below 150 °C. 

Applied Physics Letters, 101(22), 222114. doi: 10.1063/1.4769091 

 

[90] Adamopoulos, G., Thomas, S., Wöbkenberg, P., Bradley, D., McLachlan, M., & 

Anthopoulos, T. (2011). High-Mobility Low-Voltage ZnO and Li-Doped ZnO 

Transistors Based on ZrO2 High-k Dielectric Grown by Spray Pyrolysis in 

Ambient Air. Advanced Materials, 23(16), 1894-1898. doi: 

10.1002/adma.201003935 

 



88 

 

 
 

[91] Adamopoulos, G., Bashir, A., Gillin, W., Georgakopoulos, S., Shkunov, M., & 

Baklar, M. et al. (2010). Structural and Electrical Characterization of ZnO Films 

Grown by Spray Pyrolysis and Their Application in Thin-Film Transistors. 

Advanced Functional Materials, 21(3), 525-531. doi: 10.1002/adfm.201001089 

 

[92] Zhai, J., Zhang, X., Hai, F., Yu, X., Zhu, R., & Zhang, W. (2014). Fabrication and 

characterization of thin-film transistors with SnO2channel by spray pyrolysis. 

Japanese Journal Of Applied Physics, 53(6), 066506. doi: 10.7567/jjap.53.066506 

 

[93] Zhang, X., Zhai, J., Yu, X., Zhu, R., & Zhang, W. (2015). Effect of Annealing 

Temperature on the Performance of SnO<SUB>2</SUB> Thin Film Transistors 

Prepared by Spray Pyrolysis. Journal Of Nanoscience And Nanotechnology, 15(8), 

6183-6187. doi: 10.1166/jnn.2015.10198 

 

[94] Deposition of Oxide Thin Films by Ultrasonic Spray Pyrolysis Deposition for 

InGaZnO Thin-Film Transistor Applications. (2018). IEEE Electron Device 

Letters, 1-1. doi: 10.1109/led.2018.2866288 

 

[95] Thomas, S., Adamopoulos, G., Lin, Y., Faber, H., Sygellou, L., & Stratakis, E. et 

al. (2014). High electron mobility thin-film transistors based on Ga2O3 grown by 

atmospheric ultrasonic spray pyrolysis at low temperatures. Applied Physics 

Letters, 105(9), 092105. doi: 10.1063/1.4894643 

 

[96] Wöbkenberg, P., Ishwara, T., Nelson, J., Bradley, D., Haque, S., & Anthopoulos, 

T. (2010). TiO2 thin-film transistors fabricated by spray pyrolysis. Applied Physics 

Letters, 96(8), 082116. doi: 10.1063/1.3330944 

 

[97] Shih, W., Young, S., Ji, L., Water, W., & Shiu, H. (2011). TiO2-Based Thin Film 

Transistors with Amorphous and Anatase Channel Layer. Journal Of The 

Electrochemical Society, 158(6), H609. doi: 10.1149/1.3561271 

 

[98] Faber, H., Lin, Y., Thomas, S., Zhao, K., Pliatsikas, N., & McLachlan, M. et al. 

(2014). Indium Oxide Thin-Film Transistors Processed at Low Temperature via 



89 

 

 
 

Ultrasonic Spray Pyrolysis. ACS Applied Materials & Interfaces, 7(1), 782-790. 

doi: 10.1021/am5072139 

 

[99] Isakov, I., Faber, H., Grell, M., Wyatt-Moon, G., Pliatsikas, N., & Kehagias, T. et 

al. (2017). Exploring the Leidenfrost Effect for the Deposition of High-Quality 

In2O3 Layers via Spray Pyrolysis at Low Temperatures and Their Application in 

High Electron Mobility Transistors. Advanced Functional Materials, 27(22), 

1606407. doi: 10.1002/adfm.201606407 

 

[100] Petti, L., Faber, H., Münzenrieder, N., Cantarella, G., Patsalas, P., Tröster, G., & 

Anthopoulos, T. (2015). Low-temperature spray-deposited indium oxide for 

flexible thin-film transistors and integrated circuits. Applied Physics Letters, 

106(9), 092105. doi: 10.1063/1.4914085 

 


