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Abstract : In recent years, the transparent amorphous oxide thin film transistor represented by indium-gallium-zinc-oxide (IGZO) 

has become the first choice of the next generation of integrated circuit control components. This article contributes an overview 

of IGZO thin-film transistors (TFTs), including their fundamental principles and recent advancements. The paper outlines 

various TFT structures and places emphasis on the fabrication process of the active layer. The result showed that the size of the 

active layer including the length-to-width ratio and the width could have a significant effect on the mobility. And the process of 

TFT could influence the crystal structure of IGZO thin film. Furthermore, the article presents an overview of recent applications 

of IGZO TFTs, such as their use in display drivers and TFT memories. At last, the future development of IGZO TFT is forecasted 

in this paper. 
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NOMENCLATURE 

TFT Thin-film transistor 

FET Field-effect transistor 

LCD Liquid crystal display 

OLED Organic light-emitting diode 

NVM Non-volatile memory 

IGZO Indium-gallium-zinc-oxide 

MOS Metal oxide semiconductor 

TAOS Transparent amorphous oxide semiconductor 

BTS Bias temperature stress 

 

 

NBTI Negative bias temperature instability 

BCE Back-channel etched 

ESL Etch-stop layer 

ISL Insulated-stop layer 

Vth Threshold voltage 

µFE Field-effect mobility 

SS Subthreshold swing 

PEALD Plasma-enhanced atomic layer deposition 

PECVD Plasma-enhanced chemical vapor deposition 

VO oxygen-vacancy 

UV Ultraviolet 
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1. INTRODUCTION 

TFTs are a form of field-effect transistor (FET) that is 

extensively employed in electronic displays. TFTs first 

appeared in the 1960s. A Japanese business pioneered the 

technique for making liquid crystal displays (LCDs) at the 

time [1]. In the 1970s [2,3], IBM and Bell Laboratories started 

to develop thin-film transistor technology and established the 

current Metal-Oxide-Semiconductor (MOS) structure, which 

improved the reliability and stability of thin-film transistors. 

The need for high-resolution and high-brightness displays 

expanded dramatically as computer science advanced, 

resulting in the fast development of TFT-LCD display 

technology in the 1980s [2,3]. To date, an increasing number 

of TFT devices have been developed, and the technology has 

grown more frequently employed.  

J. F. Wager et al. (2003) [2,4] initially suggested the concept 

of transparent electronics and published the transparent 

amorphous oxide semiconductor (TAOS) TFT-related 

research report represented by ZnO-TFT. Because this 

material has great electron mobility and electrical stability and 

can be manufactured at low temperatures, it offers a broad 

range of applications, such as LCD, active-matrix organic 

LCDs (AM-LCD), transparent electronic devices, and active-

matrix liquid crystal display (AM-OLED). Nomura et al. [4] 

originally published their findings on the amorphous-IGZO (a-

IGZO) TFT in 2001. The ZnO-based material is inexpensive 

and has excellent optical and electrical characteristics. Many 

researchers have published their findings regarding the a-

IGZO TFT in recent years. Stefan (2018) [5] discovered a 

method to produce IGZO TFT at low temperatures, allowing 

this material to be applied to a flexible material. Chen et al. [6] 

investigated the characteristics of materials generated with 

various In2O3 cycle ratios in plasma-enhanced atomic layer 

deposition (PEALD) in 2023 and discovered that the optimal 

In2O3 cycle ratio is 35%. In the same year, Wu et al. [7] 

employed neutral oxygen beam irradiation (NOBI) to treat the 

IGZO layer. According to their findings, this method might be 

beneficial in reducing the intrinsic faulty condition. 

With the advancement of technology, including TAOS, 

there are an increasing number of materials that might be 

utilized on the active layers of TFTs, such as organic materials 

[8], silicon layers [9-14], and so on [2]. However, TAOS TFT 

remains the most promising material for next-generation TFT 

devices. a-IGZO TFT provides the benefits of a thin film 

structure and low power consumption over standard 

transistors, allowing for high resolution, high brightness, rapid 

response, and low power usage. It is used in displays, for 

example, to regulate the flow of electric current, enabling each 

pixel to be switched on and off separately. Low power 

consumption was possible because of its unique construction. 

Similarly, there are certain limitations to the application of 

a-IGZO material in TFT devices. In recent years, many 

scientists have conducted research on the reliability and 

stability of a-IGZO TFT, as shown in Table 1. Common 

reliability issues include bias temperature stress (BTS), 

electromigration, negative bias temperature instability 

(NBTI), stress migration, and more. Meanwhile, the a-IGZO 

film can also be influenced and restored by subsequent 

processes in the TFT fabrication process. The main reasons for 

these limitations are the defects at the interface between a-

IGZO and other materials and the presence of oxygen 

vacancies within it, which will be discussed in detail in Section 

3.2. 

Table 1. Research of a-IGZO TFT limitation. 

Year Research topic Key points 

2023 [41] Bias temperature instability 
a-IGZO TFTs exhibit bias temperature instability under  

repeated stress and recovery conditions. 

2023 [42] External stress instability 
Oxygen vacancies and the positively charged defects caused an  

abnormal negative shift in VTH under PBTS. 

2023 [43] Positive bias stress instability 
The interface defect and the subsequent atomic layer deposition (ALD) 

process play a role in the resistant of a-IGZO. 

2023 [44] Oxygen-related reaction 
The ALD process results in the generation of a large number of oxygen 

vacancies at the interface between a-IGZO and the gate insulator layer. 
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This review paper contributes to a comprehensive 

understanding of fundamental a-IGZO device characteristics. 

Additionally, its manufacturing process, methodologies, and 

applications are discussed. Recent accomplishments of a-

IGZO TFT devices are compiled in a table. It is anticipated 

that the assessment will reveal a general aspect of a-IGZO TFT 

technology that will be addressed in the subsequent version of 

the device. The structure of this review consists of the 

following sections: 

a) The first section provides an introduction to materials and 

technologies. 

b) Section 2 summarizes the material’s fundamental theoretical 

characteristics. 

c) Section 3 summarizes recent developments in a-IGZO 

TFT devices. 

d) The fourth section discusses possible applications for a-

IGZO TFT devices.
 

 

 

2. THE FUNDAMENTAL THEORETICAL ASPECT 

OF THE MATERIAL
 

2.1 Structure 

TFTs are classified into four categories based on their gate 

structure: top-gate structure [15], bottom-gate structure [16-

18], vertical-gate structure [3,19], and dual-gate structure [20]. 

A top-gate construction has the benefits of a simple 

manufacturing process, high reliability, superior current 

control ability, and low leakage current. The top-gate structure 

of IGZO TFTs, on the other hand, has a disadvantage in that 

the active layer is immediately exposed to the LCD screen’s 

backlight, resulting in a decrease in the TFT devices’ current 

characteristics. As a result, the bottom-gate structure is 

commonly employed in TFT LCDs. The opaque gate may 

prevent photo-generated carrier production in the active layer 

by blocking light from the backlight. 

Bottom-gate structures are also classified as back-channel 

etched (BCE) [11,16-18] and etch-stop layer (ESL) or 

insulated-stop layer (ISL) [21]. Figure 1 depicts a BCE 

construction TFT [17]. Figure 1 depicts the BCE structure, 

with the bottom gate situated above the glass substrate and the 

active layer and passivation layer located above the bottom 

gate. 

 
Fig. 1. The BCE structure TFT [17]. 

 

 

TFT, on the other hand, may be classified according to 

manufacturing techniques as conventional structure, semi-

self-aligned structure [22], and self-aligned structure  [23]. 

The semi-self-aligned structure [22] provides a guiding 

framework to accomplish layer alignment. The guiding 

framework may guarantee that various layers are aligned 

accurately. The self-aligned structure [23] is made possible by 

double-layer photolithography technology, which reduces 

alignment variance between layers and improves production 

accuracy as well as effectiveness. 

 

2.2 Physical principles 

The TFT, like other FETs, employs the gate to regulate the 

carrier in the channel to carry out the transistor's switching 

function. When a positive (+) voltage is subjected to the TFT’s 

gate, as the n-type TFT which was illustrated in Fig. 2. [24], 

Fig. 2. Operating mechanism of n-type TFT [24]. 
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electrons move close to the gate and accumulate due to the 

effect of electric field forces. The circuit is then turned on once 

a conductive channel is established between the source and 

drain electrodes. When a negative (-) voltage is applied to the 

gate, the electrons in the channel of the IGZO TFTs are 

depleted, resulting in the circuit being switched off. 

TFTs have four essential electrical properties including 

threshold voltage (Vth) field-effect mobility (µFE), 

subthreshold swing (SS), and current switching ratio [25-27]. 

µFE is described as the average drift velocity of carriers under 

unit electric field intensity, or how quickly or slowly carriers 

move under electric field action. This option might represent 

the carrier's capacity to migrate. Zhang et al. (2016) [27] 

discovered that 1) the trapped charge between the active layer 

and the gate dielectric layer affects field effect mobility, 2) the 

difference in work function between the drain/source and the 

active layer is a critical factor in the operation of IGZO TFTs, 

3) the defect charge in the active layer, 4) the material of the 

active layers, and so on. Hsieh et al. [25] presented a model 

for modeling the characteristics of an a-IGZO TFT in 2008. 

The deep-level defect in the band gap and the tail state defect 

in the band edge have a large influence on the µFE in their 

model. 

 

2.3 The advanced IGZO active layer properties 

TFT necessitates the deposit of a distinct active layer as a 

channel. A voltage is provided to the gate of IGZO TFTs to 

regulate channel conduction and blocking, which provides an 

electric field that regulates the accumulation and depletion of 

the majority of carriers in the channel. As a result, carrier 

mobility is one of the factors used to determine if a material is 

suitable for usage as a TFT channel material. Because of their 

comparable physical principles [28], a-Si: H and LTPS (Low-

Temperature Poly-Silicon) were formerly prominent channel 

materials. 

However, because of the physical features of silicon, these 

materials are readily impacted by covalent bonding [28]. The 

changes in the bond angle reflect a change in the electron 

energy level, resulting in certain high-density deep-tailed 

states. Amorphous-oxide-semiconductors (AOSs) that having 

post transition metal cations, in contrast to covalent 

semiconductors, are not susceptible to covalent bonding. 

Meanwhile, AOSs allow for processing at room temperature.  

 
Fig. 3. The atomic structure model of covalent semiconductors (left) 

and AOSs (right) [28]. 

 

 

Indium Gallium Zinc Oxide (IGZO) is a well-known kind 

of AOS. The amorphous IGZO (a-IGZO) is an n-type 

semiconductor with strong field effect mobility among them. 

Another distinguishing feature of a-IGZO carrier transport is 

that when the Fermi level exceeds the mobility barrier, the 

Hall mobility of a-IGZO increases with increasing carrier 

concentration [28]. It denotes the presence of challenges in the 

conduction band when the carrier concentration is extremely 

low and electron mobility is constrained. However, when the 

carrier concentration exceeds the critical threshold, the barrier 

is broken and the Hall mobility increases considerably [27,28]. 

 

 

3. RECENT ADVANCES IN A-IGZO TFT DEVICES  

The µFE of IGZO TFTs in the linear region differs from the 

µFE in the saturation region. We can use the following 

equations to simulate them: 

Linear Region:  

 

 (1) 
 

Saturation Region:  

 

 (2) 
 

3.1 Structure 

Miniaturization of components is presently being 

researched to combine more components into the circuit 

board. However, as devices get smaller, the quantum impact 

and tunneling effect of semiconductors will become more 
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important. As a result, mobility is closely related to the active 

layer's shape and size. Sharma et al. (2022) [29] established a 

straightforward mathematical model for an a-IGZO thin film 

transistor. Because they included an extra factor (VC) in their 

model, this model might explain why to contact potential 

drops in short-channel devices. Figure 4 depicts the link 

between field effect mobility and VGS. According to their 

model, the normalized current (IDS) flowing from the drain to 

the source rises as the channel length of IGZO TFTs grows. It 

is owing to the increased mobility of the field effect. 

Ahn et al. (2022) [19] investigated a trench-shaped vertical 

channel transistor. With a one-step patterning procedure, 

trench structures were employed to establish the area of the 

vertical channel and source/drain contact in this structure [Fig. 

5(a)]. The active IGZO layer was a 20 nm-thick film formed 

using the ALD technique at 200℃ . Figure 5 on the right 

depicted the relationship between μFE and channel width. In 

this figure, as the width increased from 1 to 10 μm, the μFE 

decreased from 24.1 to 11.2 cm2V-1S-1. Back-channel scattering 

effects might explain these results. These impacts would 

severely impede carrier movement. 

More than one material can be used to form the channel 

layer. Guo et al. [30] researched the mobility of bilayer 

In2O3/IGZO transistors prepared by room-temperature pulsed 

layer deposition (PLD) in 2023. Figure 6 depicted the 

saturation mobility for various In2O3 thicknesses [Fig. 6(a)] 

and the linear mobility for various channel lengths [Fig. 6(b)]. 

The saturation mobility of TFT devices improved with the 

growth of In2O3 thickness, and the maximum saturation 

mobility is 47 cm2V-1s-1. They demonstrated the relationship 

between mobility and channel length in Fig. 6(b) using the 

transfer-length method (TLM), also known as the transmission 

line technique. The mobility varies from 41 to 47 cm2V-1s-1 at 

VG = 30 V and VD = 0.1 V. It can be inferred that: 1) the 

addition of the In2O3 layer might greatly boost TFT device 

mobility, and 2) TFT device mobility is favorably associated 

with channel length. The most essential aspect of all of this is 

that the high mobility is generated by an excellent percolation 

conduction channel and the oxygen vacancies, which are 

suppressed and may operate as defect states in the bilayer 

films. 

 

 

Fig. 4. The relationship between field effect mobility (linear region)

and VGS of IGZO TFT devices of different lengths and widths of 20

μm at 0.1 (V) of VDS [29]. 

 

 
(a)

 
(b)

Fig. 5. (a)The trench-shaped vertical channel transistor and (b) the 

variation between μFE and the width of the channel [19]. 
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(a)  

 

 

(b)  

Fig. 6. (a) The saturation mobility of TFT transistors with different 

In2O3 film thicknesses and (b) the linear mobility of TFT transistors 

with different channel lengths [30]. 

 

3.2 Production technology 

For large-scale integrated circuits and displays, the channel 

layers of TFT devices need to have the following advantages: 

1) high mobility and good uniformity, and 2) high 

transmittance. High mobility devices could provide sufficient 

drive currents for large-scale liquid crystal displays. The 

devices that do not have good uniformity would easily be 

influenced by the defect states between crystalline grains and 

the interface states of the contact surface, and the quality of 

the film is poor. Concerning transmittance, this property is 

heavily influenced by the width of the band gap. The materials 

used for TFT devices are often wide-band gap materials. 

The most common research method for mobility is to study 

the fabrication process of the channel layer. Different 

processes would have different effects on mobility. The Table 

2 listed the materials and processes of TFT research in recent 

years. 

In 2023, Wu et al. [7] reported their research about the 

IGZO transistor fabricated by AP-PECVD system with in-situ 

hydrogen plasma treatment. When the layers were treated by 

the H2 plasma [31], the oxygen-vacancy (VO) would be acted 

by hydrogen and formed VO-H. In this structure, hydrogen 

serves as a shallow donor, which leads to an increase in 

mobility. Although plasma treatment can increase the mobility 

of IGZO TFTs, it can also introduce surface defects in the thin 

film. Therefore, oxidation using a neutral oxygen beam has 

become an increasingly important method for improving the 

performance of these TFTs. With the irradiation of the neutral 

oxygen beam, the oxygen particles would react with the 

surface/interface of the samples and form the oxygen-rich 

layers. In a-IGZO channel, the oxygen-deficient buried layer  

Table 2. The materials and processes of TFT active layer in recent years. 

Year 
Materials of  

active layer 
Processes 

Mobility 

（cm2V-1s-1） 

2019 [45] ZnO H2O2 Oxidation Treatment 0.85 

2023 [46] a-InSnO Low-temperature (150℃) annealing 70.53 

2022 [47] poly-In2O3:H Low-temperature (300℃) solid-phase crystallization 139.2 

2023 [6] IGZO PEALD 8.8 

2023 [7] a-IGZO 
Treatment with neutral oxygen beam irradiation and in 

situ H2 plasma  
35 

2023 [32] IGZO Sub-V operating Sn-doped for spin-coating 11.5 
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(a)  

(b)
 

 

Fig. 7. (a) The saturation mobility of TFT transistors with different 

In2O3 film thicknesses and (b) the linear mobility of TFT transistors 

with different channel lengths [7,31]. 

 

 

would be left. Therefore, the quality of the transistor could be 

improved. 

Park et al. (2023) [32] used a spin-coating technique to 

manufacture an active layer with a width/length (W/L) ratio of 

1,000 μm/100 μm by adding stannum (Sn) to the IGZO 

precursor solution. Their research showed that the oxygen 

vacancies in IGZO are higher than in IGZTO (Sn-doped 

indium-gallium-zinc oxide). This TFT device showed great 

electrical performance such as the high µeff of 11.5 cm2V-1s-1, 

which is nearly twice the mobility of the IGZO TFT. This 

showed that Sn doping could decrease the oxygen vacancy in 

IGZO thin film. 

 

 

4. APPLICATIONS OF TFT 

As a switching element in integrated circuits, IGZO TFT 

devices have been widely used over the years, such as display 

drivers [33,34], sensor applications [3], memory applications 

[34-38], and even neuromorphic systems [3]. In the field of 

display, TFT devices can control every pixel on the display 

screen, which has the characteristics of high performance and 

low power consumption. In other applications, TFT can be 

used to control the reading and writing of NVMS. This section 

will introduce some common applications of IGZO TFT. 

 

4.1 Display drivers 

a-IGZO TFT devices are suited for use in display drivers 

because of their high electron mobility, low-temperature 

manufacturing technique, and great uniformity across vast 

regions. The flexibility to utilize multiple substrates allows it 

to be used with OLED [33], LCD [34], wearable devices [3], 

and other items. Figure 8 shows the TFT-LCD process. 

Usually, there are four steps in the process including array, 

color film (CF), cell, and module. The TFT devices were 

deposited on the glass substrate in an array. And then, the color 

film was fabricated on another substrate. After that, the CF 

substrate and the array substrate would be combined in the cell 

process. These two substrates would be filled with liquid 

crystals, and each pixel would be aligned with a single 

transistor. Finally, add polarizing films on both sides of the 

substrate and install the circuit and backlight. A TFT-LCD 

screen is complete. 

Wang et al. (2021) [34] researched the mechanism analysis 

of TFT-LCD pink mura. Pink mura is a kind of undesirable 

phenomenon in the process of production which refers to the 

pink phenomenon around the product after the TFT-LCD 

module continues to click the screen for a period of time in a 

high temperature and humidity environment. Their research 

showed that the pink mura occurs when a-IGZO TFT-LCD 

products are run for more than 500 hours in a humid 

environment. Although a-IGZO thin film possesses high 

electrical properties, water vapor also permeates through it at 

a high rate. It still needs to be studied how to correct this 

disadvantage. 

Lai et al. [33] investigated a novel top-anode OLED/a-

IGZO TFT pixel circuit based on top-emission 8K4K AM-

OLEDs in 2019. The pixel circuit used in IGZO TFT-based 

displays allows for longer compensation times, which reduces 

the influence of mobility and makes it acceptable for both 

normally ON and normally OFF TFTs. In comparison to the 

typical 2T1C (two-transistor-one-capacitor) and 5T2C pixel 

circuits, the 4T2C circuit under consideration might lower 
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current error rates to less than 5.79%. 

 

4.2 Memory 

With the development of TFT and System-on-Panel (SoP) 

technology, the pixel storage and storage blocks will be 

integrated directly onto a single display board to realize both 

data storage and power consumption reduction. More and 

more researchers focus on the TFT-based nonvolatile memory 

(TFT memory). Figure 9 showed the bottom gate structure 

TFT memory. Similar to traditional flash memories, TFT 

memory store data by controlling the amount of charge in the 

gate oxide layer. However, TFT memories which could not 

erase data by electrical method use light to erase data.  

The TFT field effect influences the distribution of carriers 

in the Germanium-Antimony-Tellurium (GST) coating, and 

TFT resistance may replace the phase-change memory 

(PcRAM) reset resistance. Choi et al. [35] demonstrated in 

2023 that parallel TFT-PcRAM could not only select or bypass 

PcRAM, but also control the memory’s switching and 

resistance behavior. As a newer iteration of memory, TFT 

memory outperforms NAND Flash memory, as demonstrated 

by these findings. 

 
Fig. 9. Back gate structure TFT memory. 

 

 

4.3 Flexible phototransistor 

As a cutting-edge technology in modern science, flexible 

sensors possess the characteristics of being bendable and 

stretchable. Their flexibility and malleability allow for 

seamless integration with wearable device technologies, 

enabling applications such as medical health monitoring and 

sports tracking. Knobelspies et al. (2016) developed a flexible 

IGZO phototransistor that can be used for detecting ultraviolet 

(UV) light dosage [39]. The transistor utilizes a bottom-gate 

structure. The material has a bandgap of 3.05 eV and can  

 

 

Fig. 8. TFT-LCD process. 
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absorb wavelengths < 406 nm, covering the entire UV 

spectrum. By encapsulating the sensor in PDMS 

(approximately 100 µm thick), direct contact between the 

sensor and human skin is achieved without altering the 

optoelectronic properties of the transistor. The electrical wires 

can be directly connected to the readout device.  

 

4.4 Binary neural network 

XNOR operations in traditional binary neural networks 

require substantial circuitry for implementation. Lee et al. 

(2023) [40] proposed an alternative approach to replace 

XNOR operations with AND operations in certain parts of the 

network, aiming to reduce circuit complexity and power 

consumption. In addition, they incorporated TFT-type 

synaptic devices to implement this alternative approach in an 

effort to reduce the area and power consumption of the neural 

network's synaptic array. Compared to traditional methods, the 

proposed approach utilizing TFT-type synaptic devices can 

lower power consumption by approximately 25%. Their 

research indicates that this alternative approach somewhat 

reduces the accuracy of the network. However, it also brings 

significant advantages in terms of resource utilization and 

power consumption.  

 

 

5. CONCLUSION 

This article reviewed the basics of a-IGZO TFT devices and 

summarized the processes and technologies of IGZO TFT. 

The first section showed general aspects of the introduction to 

materials and technologies. The second part summarizes the 

basic theory and electrical characteristics of IGZO.  

Section 3 discusses several methods to enhance the mobility 

of carriers in the active layer of TFTs. The research reveals 

that the structure, dimensions, and materials used in the active 

layer of TFTs have an impact on carrier mobility. The study 

also finds that by modifying the manufacturing process of the 

active layer, it is possible to influence the concentration of 

oxygen vacancies in IGZO material, thereby affecting its 

electrical performance. 

Section 4 summarized some applications of IGZO TFTs. 

Researchers designed pixel circuits to increase circuit 

sensitivity and fault tolerance. And in the memory world, with 

the development of System-on-Panel technology, TFT-based 

nonvolatile memory will be a bright spot. Section 4 also 

provides a brief overview of the applications of TFTs in the 

field of neuroscience research and binary neural networks. 

IGZO TFTs are well-suited for amplifying and capturing weak 

signals due to their high carrier mobility, high visible light 

transmittance, high gain, and low noise characteristics. They 

enable the high-sensitivity acquisition of brain electrical 

signals. Furthermore, the utilization of TFTs in binary neural 

networks can significantly reduce the power consumption of 

the devices. 
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