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THESIS SAMMARY 

Recent rapid growth of digital technology requires various human interactive 

electronics such as information displays and sensors in area of information society. One 

of the primary components is thin-film transistors (TFTs). Simple and facile solution-

processed metal oxide TFTs are promising device and have various advantages such as 

low cost, large-area fabrication, and process simplicity. However, the current substandard 

performance limits its wide range of practical applications. In this thesis, the general 

methods to improve the low-temperature solution-processed metal oxide TFTs in terms 

of electrical performance and process simplification were presented to enhance the 

overall performance for the large demands of flexible electronics. 

The processing approach by hydrogen injection and oxidation (HIO) methods are 

demonstrated for low-temperature solution-processed metal oxide semiconductors using 

zinc tin oxide (ZTO) by organic precursor and indium gallium zinc oxide (IGZO) by 

aqueous precursor. The HIO method enables an efficient elimination of a large amount of 

residual species as well as film densification upon sequential oxidation. By detailed 

chemical analyses including X-ray photoelectron spectroscopy (XPS), Fourier transform 

infrared spectroscopy (FT-IR), secondary ion mass spectrometry (SIMS), and thermal 

desorption spectroscopy (TDS), the mechanisms of HIO methods were carefully 

investigated. Furthermore, the improvement in the TFT characteristics was confirmed in 

terms of mobility and electrical stability. The aqueous IGZO TFT with HIO method 

exhibit very stable characteristics even at 250˚C processing temperature. Furthermore, 

the compatibility of HIO method for flexible electronics is also demonstrated by the TFT 

arrays, which exhibit almost same performance as the TFT on silicon substrate. Therefore, 

the effectiveness of HIO method were clearly confirmed by enhanced TFT characteristics. 

The importance of the reduction of residuals insides the films is also clarified. 

The material approach by aqueous fluorine-doped IGZO (IGZO:F) precursors 

demonstrated a high-performance metal-oxide TFTs at a low-temperature processing of 

300˚C. The fluorine doping for aqueous precursor was effective to suppress the total 

impurities from metal ligands. It also enhances the TFT characteristics fabricated with 

IGZO:F precursor, enhancing the overall TFT performance such as the mobility, better 

switching characteristics, and reliability. Combining with HIO method, the mobility over 

7 cm2/Vs was achieved for the IGZO:F. 

The simple TFTs fabrication techniques using direct patterning were investigated. 

Simple and reliable direct patterning process for totally carbon-free aqueous precursor 



 

 

 

was demonstrated with good electrical performance and uniformity by utilizing a photo-

oxidation of water molecules and nitrate ligands. The mechanisms of direct patterning 

were carefully examined by chemical analyses. The TFT exhibited uniformed mobilities 

with an average value of 4.3 cm2/V·s and small deviations and good reliability. 

Through this thesis, the investigations for low-temperature solution processed metal 

oxide using the processing and materials approaches demonstrate the routes to improve 

the TFT performance for flexible electronics. The developed low-temperature technology 

such as HIO method, fluorine doped aqueous precursor, and direct patterning could show 

the great potentials to lead the practical applications in the field of various flexible 

electronics. Current performances by those low-temperature technologies are still needed 

to be improved its performance compared to the metal oxides by vacuum processing. 

However, the use of multiple technologies such as HIO with innovative precursors could 

be essential methods to boost the current performance of solution-processed metal oxide 

TFTs. Further investigations open the door for obtaining good and reliable performance 

for low-temperature solution-processed metal oxide TFTs, which leads solution-based 

electronics. 
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Chapter 1: Introduction 

 

1.1 Motivation 

Recent rapid growth of digital technology requires various human interactive 

electronics such as information displays and sensors in area of information society. In 

particular, display devices are indispensable as the interface to obtain all information. 

Since the development of cathode ray tube, various display technologies have been 

developed continuously as the technological progress for clearer image quality, more 

realistic, more space-saving, larger screen size, and lower power consumption. The 

demands for information displays are still increasing to enhance our experiences with the 

latest development of emerging flexible electronics. As technology evolved, our lifestyle 

has drastically changed because those are our daily use of electronics. 

The invention of flat panel display (FPD) such as active-matrix liquid crystal 

displays (AM-LCDs) and active matrix organic light emitting diode displays (AM-

OLEDs) makes display thinner and lighter. With information technology, rapid growth of 

smartphones and tablets was progressed. Nowadays various types of display devices such 

as TVs, smartphone, Tablets, and Notebook PC are ubiquitous in our digital lives. 

Furthermore, the style is changing towards lighter and more flexible owing to the rise of 

the flexible display, which employs a plastic film as a display substrate. The emerging 

flexible display has great potential to revolutionize current flat display design drastically 

due to unique features such as lightness, flexibility, bendability, and portability, which 
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could not have been considered previously. It enables a new class of display with its 

flexibility. Thus, the technological progress of display devices is still changing our 

lifestyle. 

 

Figure1.1. Various future applications requiring the flexible display 

 

As the evolution of the display devices, thin-film transistor (TFT) technology has 

been developed as the one of most important components. The evolution of the displays 

has been continuously achieved with the development of TFT technologies because TFTs 

are developed as switching devices for controlling each pixel to drive the displays. Thus, 

one of the required technologies for display innovation is developing the high-

performance TFTs. Hydrogenated amorphous silicon TFTs (a-Si:H TFTs) and low-

temperature polycrystalline silicon TFT (LTPS TFTs) are some of the examples of 

invented TFTs [1].  

The a-Si:H TFTs grew rapidly in the 1990s through the adoption of the laptop PCs. 

It has been used for a display backplane mostly in LCDs because of the high productivity. 

Transparent display
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LCDs adopting the a-Si:H TFTs are still current main technology for driving LCDs 

including small to large-area LCDs. However, the display trends towards higher 

resolution, brighter, and less power consumption, require beyond the performance of a-

Si TFTs. Because Low TFT performance with mobility of less than 1 cm2/Vs and its 

instability under bias stress is not enough to drive the advanced display devices such as 

large-size and high-resolution displays and AM-OLEDs. 

LTPS TFTs have been proposed and developed to meet the increasing requirement 

of the display trends. The performance of LTPS TFTs can be leach to the mobility over 

100 cm2/Vs with good reliability under bias stress. LTPS TFTs are currently regarded as 

the main TFT technology to drive the small to middle-sized high-resolution displays for 

high-performance smartphone, tablet, and AMOLEDs. However, low productivity of 

LTPS TFTs limit their applications. LTPS TFTs are relying on the Si crystallization 

process, which requires many costly apparatuses such as an Excimer Laser, ion doping, 

and high-temperature annealing units. Therefore, the complicated manufacturing process 

of LTPS brought difficulties to apply for various displays including large area and low-

cost.  

Another current main TFT technology is oxide TFTs based on amorphous metal 

oxide semiconductors using amorphous indium-gallium-zinc oxide (a-IGZO). Now oxide 

TFTs are considered as a promising technology to overcome traditional disadvantages 

due to their high mobility of over 10 cm2/Vs, high on/off ratio, and large area 

scalability[2-4]. After Hosono group publication of a-IGZO in 2004, many researcher 

groups and companies started its researches as an innovative channel material. Besides, 

the advantages of low temperature processability meet the requirements of an emerging 



 

4 

 

flexible display. Thus, a wide variety of applications with integrated IGZO TFTs have 

been proposed, including rigid and flexible active-matrix organic light-emitting diode 

(AMOLED) displays[5, 6]. 

Furthermore, current momentum towards connect everything by various IoT 

(Internet of Things) lead to develop various TFT-based applications with flexible 

electronics including wearable electronics[7, 8], non-volatile memories[9], RF-ID 

tags[10], near-field communication (NFC) tags[11-13], biosensors[14, 15], and sensors 

[16, 17] are presented. Those are expected to grow rapidly as emerging flexible 

electronics in area of human interactive, health care, E-textiles, energy and storage, 

robotics, and security sensors [18, 19]. The outstanding electrical characteristics of oxide 

TFTs compared to other TFTs have great potential to cover the demands of various 

electronics.  

TFTs are traditionally fabricated using vacuum processes such as plasma chemical 

vapor deposition (CVD) for a-Si and LFPS TFTs and magnetron sputtering deposition for 

metal oxides TFTs. Although these well-established processes produce high-quality TFTs, 

the complicated and time-consuming vacuum processing limit their extensive usage for 

its applications including large-area, low-cost wearable, and sensor-embedded displays. 

Contrarily, facile solution processing is a promising approach for fabricating 

scalable and low-cost TFTs, owing to the simple printing method4-6. The innovation of 

fabrication process has a possibility of drastic reducing the cost of devices and widen 

future ubiquitous electronics. Therefore, oxide TFTs fabrications bad on a solution 

processing method is a promising alternative to conventional vacuum processing13-20. 

Besides, it also helps to accelerate the momentum of digital technology with advantages 
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of facile processing. 

However, the implementation of solution processing remains challenging due to low 

quality films associated with, for example, low density and impurities. One major 

drawback is substandard TFT performance, such as low mobility, a large subthreshold 

swing (S.S.), and instability. TFTs processed below 400°C are typically inactive due to a 

lack of metal-oxide bond formation and the impurities of residual species that generate a 

large amount of defects, which leads to poor TFT performance[20].  

In this thesis, the general methods to improve the solution-processed metal oxide 

TFTs in terms of electrical performance and process simplification were discussed to 

obtain overall performance for next-generation flexible electronics.  

 

1.2 Innovation of information display  

First CRT device was invented by Karl Ferdinand Braun in 1897. It was a fluorescent 

screen, known as Braun’s electrometer, and also a cathode-ray oscillograph. The CRT is 

consisted of an electron gun and a phosphorescent screen. The CRT has been used as 

information display such as television sets, PC monitor for decades. However, the CRT 

display was gradually replaced by flat panel LCDs due to the advantages such as thin, 

light, and low power consumption, in late 1990s. The first concept of active-matrix LCD 

incorporating a thin-film transistor (TFT) and a storage capacitor in each pixel for LC 

display driving was proposed by Bernard J. Lechner at RCA Laboratories in 1968, then 

the first working sample was made by T. Peter Brody et. al. at Westinghouse in 1973[21].  

The introduction of active matrix driving enables a high-speed refresh rate even for 
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a significantly large number of pixels without the need to wait, compared to the traditional 

passive-matrix driving. With active matrix driving, we can apply an arbitrary voltage to 

each pixel by selecting the pixel by applying the select voltage to the select line which is 

connecting to the gate of TFT. Therefore, ideally, other pixels can be completely isolated. 

Early LCD were suffered from low picture quality due to the narrow viewing angle, low 

motion picture quality, low contrast ratio, and poor color performance. However, after the 

intensive efforts to over these disadvantages from late 1990s to early 2000s, the LCDs 

became the todays main technology for information display. Nowadays OLED displays 

are now growing as the next generation of displays. While LCD require back light units, 

OLED is an electroluminescent device that is self-emissive. Therefore, OLED has many 

advantages over LCD such as high-contrast ratio, thinner, lighter, and faster response time. 

Besides, the simple structure of OLED is suitable for emerging flexible OLED. This 

flexibility of information display is now regarded as the next evolution of information 

display, which enables the brand-new concept with the function of bendable, foldable, 

and rollable features. Now OLED has been adapted in many mobile displays and large-

size TV and is growing explosively.  
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1.3 Requirement of information display applications  

As the technology progress, the display resolutions in large-size TV and mobile 

device has been continuously increasing to purse the better picture quality. Evolution of 

the resolution is from video graphics array (VGA, 640), full high definition (HD, 2K), 

ultra-high definition (UHD, 4K), and recent Ultra-high definition (8K UHD) [22] [23]. 

Accordingly, the requirement of TFTs is increasing as a driving capability because TFTs 

need to charge up the storage capacitor within the addressing time. The addressing time 

for each pixel is shortened with increasing the number of pixels. Figure 1.2. shows the 

required calculated mobility for each resolution and frame rate for OLED display. When 

the resolution or frame rates is increasing, the TFTs need to write the required bias in a 

short period. Accordingly to this, the mobility higher than 4 cm2/Vs is required for the 4K 

AM-OLED display with 120 Hz frame rates[24, 25]. The required mobility of 8K OLED 

with 120 Hz frame rates is more than 8 cm2/Vs. Therefore, high-performance TFTs is 

being developed to meet the requirement of OLEDs. Besides to this, the uniformity of the 

TFT performance over large area is also important factor to obtain uniform picture quality. 

Although the compensation circuit technology has been developed to get uniform display 

image, the mobility and threshold voltage are carefully needed to be controlled to obtain 

good uniformity of the displays[26]. According to the previous display reports, the  of 

the Vth variation under ± 0.15 V is preferred for the level of mass production[27] [28]. 

Another important factor is the reliability of the each TFTs. It was typically evaluated by 

positive bias and negative bias stress tests, which evaluate Vth sift under the certain bias 

continuous stress. Therefore, those TFT characteristics are the target value to pursue a 

practical application by solution-processing. 
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Figure1.2. Required mobility for each resolution and frame rate.  

(Adapted from[26]) 

 

 

 

1.4 TFTs structure and electrical properties 

TFT is fundamentally composed of three main parts: semiconductor layer, a 

dielectric layer, and terminals (gate, source, drain electrode). The source and drain 

electrode directly contact with semiconductor layer. The gate electrode is separated from 

the semiconductor by the insulating dielectric layer. Then, the current flow (Ids) in the 

semiconductor between source and drain electrode can be controlled by turning on 

applied voltage to the gate electrode (Vgs) and drain electrode (Vds). The operation 

principle is defined as enhancement mode (normally off) and depletion mode (normally 

on) when the threshold voltage (Vth) is positive or negative[29].  

Figure 1.3. shows the typical conventional TFT structure. A TFT with gate opposite 

the substrate is referred to as top-gate structure, otherwise, it is bottom-gate structure. 

Additionally, a TFT is referred to as coplanar type when the source and drain electrodes 

is in the same plane of the semiconductor-dielectric interface[29]. The other side is called 
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staggered.  

The bottom-gated top-contact structure is generally adopted in the fabrication of 

conventional a-Si TFTs and oxide TFTs for LCDs and AMOLED displays. This structure 

is classified into an etch stopper type and back channel etch type. Since the back channel 

of the TFT is exposed to the atmosphere for back channel etch type, the suitable 

passivation layer is employed to obtain stable operations.  

 

Figure1.3. Typical TFT configurations; (a) Top-gate top-contact, (b) Bottom-gate top-

contact, (c) Top-gate, bottom-contact, (d) Bottom-gate bottom-contact 

 

 

Figure1.4. Illustration of the operation of TFTs with n-type oxide for (a) On state and (b) 
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Figure1.5. Typical TFT characteristics for (a) Output plot and (b) Transfer plot with 

solution-processed oxide TFT 

 

When the positive bias (Vgs) is applied to the gate electrode, a TFT with n-type 

semiconductor is “On” state. The electric field in dielectric layer generate the negative 

charge carrier (electrons) to accumulate in the semiconductor at the interface between 

semiconductor and dielectric layer. This accumulated layer forms a conducting channel 
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in the semiconductor, then allowing a current flow (Ids) to be driven from the source to 

the drain by applied voltage to the gate electrode (Vgs). Contrary to this, there is no 

conducting channel in the semiconductor layer when the TFT is “OFF” state. This indicate 

that, there is no current flow (Ids) between the source and drain electrode, even with an 

applied drain-source bias voltage (Vds).  

The performance of TFTs can be evaluated by measuring output plot (Vds - Ids) and 

transfer plot (Vgs - Ids). The critical parameters such as the mobility (𝜇), current on/off 

ratio (Ion/Ioff), threshold voltage (Von), and subthreshold swing (S.S.) can be calculated.  

At low drain voltages of Vds, the Ids follows Ohm’s law. Therefore, Ids is proportional 

to the Vds and Vgs. This region is in the linear operation. The liner current of Ids can be 

described by the following equation: 

Ids,linear =  μlinear C𝑖

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡ℎ −

𝑉𝑑𝑠

2
) 𝑉𝑑𝑠 

As the Vds increases to the Vgs , Vdg is zero bias and pintch-off of the channel occurs. 

At this point, the Ids became saturated region, which is independent of the Vds. This 

saturation current of Ids is called as saturation operation. The saturation current can be 

described by the following equation: 

Ids,saturaion = μsaturation

𝑊

2𝐿
C𝑖(𝑉𝑔𝑠 − 𝑉𝑡ℎ)

2
 

μ is the mobility, Ci is the capacitance per unit area of the dielectric layer, L is the 

channel length, W is the channel width, Vth is the threshold voltage, Vgs is the gate voltage, 

and Vds is the drain-source bias voltage. 
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1.5 Oxide semiconductors 

Various kinds of oxide semiconductors have been researched widely and explored 

since the tin oxide TFT in 1964 [30]. Most early research is in field of single component 

oxide such as SnO2, ZnO, and In2O3. Binary components tend to crystallize and have 

uncontrollable high carrier concentration, which cause unstable device characteristics [31, 

32]. After Hosono’s group reports of amorphous oxide semiconductor of In2O3-Ga2O3-

ZnO system (a-IGZO) for the channel material with high mobility over 10 cm2/Vs by in 

2004 [2], oxide semiconductor is regarded as an excellent TFT materials and has been 

intensively researched and developed for the display application. Compatibility of simple 

deposition of IGZO by conventional DC-sputtering apparatus is also accelerate the 

intensive development to realize next generation displays. Multicomponent system is 

effective in amorphization due to the incorporation of aliovalent and different size cations. 

Thus, the stable amorphous phases are formed in IGZO. In addition to IGZO, other 

multicomponent amorphous oxide semiconductors have been developed, including 

In−Zn−O (IZO), Zn−Sn−O (ZTO), In−Sn−Zn−O (ITZO) etc [31].  

Compared with other binary and ternary oxide semiconductors such as zinc oxide 

(ZnO), indium oxide (InOx), zinc-tin oxide (ZTO), and indium-zinc oxide (IZO), IGZO 

is an electrically stable channel material due to the introduction of gallium as a carrier 

suppressor, which allows oxygen to be tightly bound, and prevent the generation of 

oxygen vacancies[31, 33, 34]. Considering the results of commercial AMOLED TV[6] 

products integrated with IGZO TFTs, IGZO is considered to be a novel composition for 

practical device applications. 
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Figure1.6. The electron Hall mobilities and concentrations (left) and the amorphous 

formation region (right) in IGZO [35] 

 

Figure 1.7. show the schematic orbital drawings for the carrier transport paths in 

crystalline and amorphous oxide semiconductors[2]. In silicon semiconductor, the 

bandgap for carrier conduction between the conduction band minimum (CBM) and the 

valence band maximum (VBM) is governed by covalent bonding, which is formed by the 

overlapping sp3 orbitals. The magnitude of bond overlap is drastically affected by any 

fluctuations in the bond angle due to the strong directivity. This strong directivity of Si 

leads the large deterioration in amorphous Si, which is limited by hopping conduction. In 

oxide semiconductor, the bonding is ionic, which is formed by CBM of s orbital in metal 

and VBM of 2p orbital in oxygen atom. The spherical s orbital of heavy metal is spread 

widely and isotopically, which is less dependent on the directivity. Therefore, the overlap 

of the bonding is possible even in the amorphous oxide, which realize high mobility even 

in amorphous structure.  
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Figure 1.7. Schematic orbital drawing for the carrier transport in (a) silicon, (b) oxide 

semiconductor[2, 35] 

 

Table 1.1. Comparisons of channel materials for TFTs 

 



 

15 

 

1.6 Solution processing for metal oxide 

Solution processing is considered as a promising and desirable technology due to its 

advantages such as cost-effectiveness, simplicity, high throughput, its scalability to large 

area compared to the conventional vacuum-based deposition. Considering form the 

current momentum towards ubiquitous display and IoT society, the facile processing is 

required technology. 

By for now, various kinds of technology have been explored to realize the high-

quality metal oxide films by facile solution processing. The typical principal of solution-

process of metal oxide is based on sol-gel process which is typically started from metal 

salts and alcohol solvents. The conventional chemical formulation of metal salt precursor 

is from metal salts in organic solvent such as 2-methoxyethanol with a small amount of 

ethanolamine for stability. The general reaction in chemical conversion process to form 

the Metal-Oxide-Metal (M-O-M) is by hydrolysis and condensation. 

Hydrolysis 

M(OR)x +H2O → M(OR)x-1 (OH) +ROH  

Condensation  

M(OR)x-1 (OH) + M(OR)x-1 (OH) → (RO)x-1M-O-M(OR)x-1 + H2O 

M(OR)x-1 (OH) + M(OR)x → (RO)x-1M-O-M(OR)x-1 + ROH 

The process of forming metal oxide is typically by two step processes; 1. Soft 

annealing process at 100-150ºC and 2. Thermal annealing at high-temperature over 300º

C. 1st step of soft annealing process is mostly for the evaporation of the excess solvents. 

The film is oxidized via a 2nd step thermal annealing to form metal–oxide–metal (M-O-
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M) bonds via condensation reaction[36]. Ideally, the ligands in metal salts and solvents 

are needed to be decomposed at that time to produce a high-quality oxide film. Any 

impurities that remain, such as organic contents, will suppress metal oxide condensation 

and degrade electrical performance[36, 37]. Therefore, 2nd step of thermal annealing is 

crucial process for the solution-processed metal oxide.  

However, the implementation of solution processing remains challenging due to low 

quality films associated with, for example, low density and impurities. Usually, solution-

processing methods require processing above 400C to facilitate conversion of the 

precursor to stable metal–oxide–metal bonds and decompose impurities from 

precursor[38, 39]. Figure 1.8. shows the model for the ideal metal oxide and low-

temperature processed metal oxides. When the processing temperature is low, the films 

tend to contain unwanted residual species which is originated from the precursor 

compounds such as metal salt ligands and solvent.  
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Figure 1.8. Schematic model for ideal oxide films and low-temperature processed oxide 

film 

 

 

Processing at temperatures as low as 350C is desirable and even necessary for 

application in emerging flexible electronics on plastic substrates and lowering fabrication 

costs. To ensure innovation for future ubiquitous display and various flexible electronics 

applications, low-cost, yet high-performance TFT fabrication technology is necessary for 

producing ideal TFTs with high mobility and good stability to meet the requirement of 

practical applications. 
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1.7 Requirement of low-temperature process for flexible electronics 

Considering the large demands of low-temperature processing, the processing 

temperature should be compatible with plastic substrates. Conventional polyimide (PI) 

films are resistant to high temperatures; the maximum processing temperature for this 

material is ca. 400°C. However, its deep-yellow color and poor optical transmittance are 

severe problems for optoelectronic applications. Therefore, the display integration in 

flexible substrate, colorless and transparent films is important to achieve high color 

accuracy and a wide color range, where the maximum processing temperature is less than 

300°C generally [40, 41]. 

 

Figure 1.9. Available plastic flexible substrates and their glass transition temperatures. 
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Figure 1.10. Typical trend of the mobility for the solution-processed multicomponent 

oxide TFTs from journals [42] [40] [31, 43, 44] 

 

 

1.8 Low temperature technology for solution-processed oxide TFTs 

Low temperature technology for solution-processed oxide TFTs has been intensively 

studied as figure 1.10. shows. To produce a high-performance solution-processed oxide 

semiconductor at low temperature, forming dense metal–oxygen–metal bonds within the 

metal oxide is crucial along with eliminating residual species from the precursor solution 

like metal ligands and the solvent. Many studies focused on developing the technology 

for obtaining better solution-processed metal oxides at low-temperature. The technology 

can be categorized into mainly two groups; material engineering and process engineering. 

Associated with the material engineering, selections of metal salts and solvents are 

great impacts on the quality of metal oxides at low-temperature processing. Figure 1.11. 
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shows the weight loss of the various precursor for nitrate, acetate, and chloride, and 

fluorine ligands. As figure shows, the thermal decomposition of precursor is critically 

depending on its reagents. It is obvious that the reagents with easier decomposition is 

crucial to obtain better metal-oxide at low-temperature. By for now, various precursor 

systems were studied including metal salts dependence[37, 45], composition effects of 

precursors[38], alkoxide precursors[20], chemical energetic combustion precursors[46], 

and aqueous routes[36, 37, 47] for improving the performance of TFTs even at low 

temperature. Considering from the current results, promising strategies for low-

temperature processing is based on the combustion precursor and aqueous route. 

Combustion precursor incorporating an oxidizer and fuel (acetylacetone etc.) can 

facilitate chemical conversion by a self-energy generation based on combustion 

chemistry[46, 48-51]. This combustion precursors were applied to the various metal oxide 

including semiconductor such as IGZO[49-51], ZTO[52], conductor, and dielectrics[48]. 

Another strategy is by the aqueous route with nitrate precursor[36, 37, 45, 47]. It enables 

elimination of unwanted carbon-impurities owing to its carbon-free systems. In general, 

a high temperature annealing over 500ºC is needed to remove the carbon-related residual 

from organic solvent completely[40]. Therefore, aqueous system has advantageous to 

obtain a high-performance oxide TFT without concern of carbon impurities. Besides, 

water as solvent is very simple and cost-effective material. Furthermore, aqueous route is 

known to form aqua complexes, which enable low-temperature decomposition by the 

solvation of water molecules[37]. Thus, few residual impurities are possible even at low 

temperature. Recently, the applicability of printing process using aqueous precursor is 

also demonstrated to show the potential of aqueous precursor[53]. 
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Figure 1.11. Comparison of weight loss with increasing temperature with respect to nitrate, 

acetate, and chloride precursors. [54]  

 

 

Associated with the process engineering, various innovative methods including 

microwave annealing[55], high-pressure annealing[56], redox processes[57], O2/O3 

annealing[58], laser irradiation processes[59, 60], and plasma treatment [61-63] are 

suggested to improve the film. Short-wavelength deep UV (DUV) irradiation of the 

precursor, assisted by oxidizing radicals from photochemical activation, is developed for 

an effective process in oxidation of the film and decomposition of the ligands in metal 

salts[64]. Besides, the combination techniques including UV irradiation and photo-

annealing process[64-68] has also been reported. 

By for now, various innovative low-temperature technologies were reported, 

however, the necessity of new technology including material and process is still needed 

for high-performance, yet simple solution-processing techniques for fabricating solution-

processed oxide TFTs at low temperatures to meet the requirement of practical 
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applications such as high mobility, good uniformity with high reliability. In consideration 

of practical device applications, electrical stability is important issue. 

 

1.9 Patterning process for solution processing 

Fabricating TFT devices, multiple patterning process for the metal oxide films is 

inevitable for device integrations. Mostly solution processing techniques require 

conventional photolithography process used to pattern the semiconductor layer. However, 

it involves multiple steps of the process from coating to photoresist removal. Therefore, 

development of simple patterning technique is one of the crucial research interests to 

achieve high performance TFTs with facile solution processing. Direct patterning 

procedures is one of the great solutions to maximize the advantages of solution processing. 

As figure 1.12. shows, it has great advantage to reduce the process a lot. Photolithography 

requires multiple steps, involves a time-consuming baking and drying process, and 

produces a lot of waste, including toxic volatile organic compounds (VOCs) and other 

waste gases that are emitted into the environment[69]. In contrast, direct patterning is not 

only much simpler but cuts down on processing time, equipment cost, and chemical usage. 
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Figure 1.12. Comparison of process flow for metal oxide film fabrication using a 

conventional photolithography process vs. direct patterning process. 

 

 

Although innovative researches by printing process for metal oxide has been 

researched including inkjet[70-72], flexography [73], and screen printing [74] has certain 

advantages in terms of material saving, const-effectiveness, and mask-less process. 

However, strict control of its conditions[44, 72] are very sensitive but necessary to obtain 

a good quality printed film of the right shape, size, uniformity, and thickness[75]. Besides, 

the controllability of those printing techniques has a difficulty especially for high 

resolution patterning.  

Direct patterning has advantages to achieve uniform and fine patterning because the 

process is by optical means based on the photo-selective reaction. The coated films are 

selectively reacted and oxidized under UV irradiation via UV masks. The reacted films 

alter the film solubility in the subsequent etching process to achieve the patterning process. 

Therefore, optical based direct patterning has potential to apply for high resolution 

patterning. 
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Previous studies on direct patterning techniques used carbon-based photosensitive 

additives, such as β-diketonato ligand chelate complex (i.e., benzoylacetone and 

acetylacetone) for unique photosensitivity for UV reaction [75-78]. Besides, direct 

patterning of the precursor without the use of photosensitive additives by applying DUV 

irradiation was also reported[75, 79]. However, the direct-patterned oxide TFTs fabricated 

using these carbon-based additives exhibit substandard device performance due to the 

insufficient of oxidation of precursor. Those precursors were still prepared with carbon-

based materials, such as organic solvents, additives, and ligands in metal salts. 

In generally, after direct patterning process, patterned thin films were oxidized via a 

thermal annealing process to form metal–oxide–metal (M-O-M) bond via condensation 

reaction[36]. At the same time, ligands of metal salts and solvents must be completely 

decomposed to produce high-quality oxide films. Remaining impurities, such as organic 

contents, suppress the metal oxide condensation and degrade the electrical performance. 

Reducing the organic content in the precursor is critical to decrease carbon impurities in 

the fabricated oxide films and thus improve the electrical performance[36, 37]. Therefore, 

direct patterning method for carbon-free metal oxide precursors that do not contain any 

carbon-based species are highly required for reliable and better performance solution-

processed metal oxide device applications. 
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1.10 Thesis organization 

This thesis develops the processes and the materials for low-temperature solution-

processed oxide TFTs. The objective of this work is to investigate the solution-processed 

oxide technology for achieving TFTs with high mobility and reliability by facile and 

simple processing, comparable to those fabricated by vacuum processing for flexible 

electronics. The patterning process for device integration is also investigated to enable 

efficient fabrication process.  

Chapter 1 provided a motivation and background of metal oxide TFTs as, well as 

the advantages for solution-processing. Chapter 2 provided experimental methods 

including the processes for the solution-processed oxide TFTs, evaluation of TFTs, and 

chemical analysis of oxide films. 

Chapter 3 and 4 presents the process engineering for low-temperature solution-

processed oxide TFTs, which is by the application of hydrogen injection and oxidation. 

Chapter 3 focused on ZTO by organic precursor, while chapter 4 focused on IGZO 

precursor by aqueous precursor. The TFT characteristics for ZTO and IGZO with HIO 

method were given with detailed chemical analysis. 

Chapter 5 focused on the impact of material doping to the aqueous IGZO precursor. 

The characteristics of fluorine doped IGZO TFTs were addressed and discussed. 

Chapter 6 addresses the direct patterning method for efficient device integration. 

Without conventional photolithography process, the uniform patterning for oxide films 

was achieved. The detailed mechanisms and TFT characteristics were discussed. 

Chapter 7 summarizes the results obtained in this dissertation. The future outlook 
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of this study based on technology for the solution-processing oxide TFTs is addressed as 

well. 
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Chapter 2: Experimental methods 

 

This chapter present the general method to fabricate solution-processed oxide TFTs. 

Characterization techniques including evaluation and chemical analysis are also 

addressed to understand the quality of the fabricated films.  

 

2.1 Precursor synthesis 

Precursor synthesis was prepared by the following manner.  

ZTO precursor with organic solvent 

A precursor solution was prepared by dissolving zinc acetate dihydrate 

(Zn(CH3COO)2ˑ2H2O) and tin chloride (SnCl2) in 2-methoxyethanol at a specified Zn:Sn 

molar ratio. The precursor was stirred vigorously to completely dissolve the precursors in 

solution with a clear solution.  

 

ZTO precursor with aqueous solvent 

A precursor solution was prepared by dissolving zinc acetate dihydrate and tin 

chloride in deionized water at a specified Zn:Sn molar ratio. To increase the solubility in 

water, dilute hydrogen chroride solution (0.1%) was used. The precursor was stirred 

vigorously to completely dissolve the precursors in solution for more than 6 hours with a 
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clear solution. 

 

IGZO precursor with aqueous solvent 

A IGZO precursor solution was prepared by dissolving indium nitrate hydrate 

(In(NO3)3·xH2O), gallium nitrate hydrate (Ga(NO3)3·xH2O), and zinc nitrate hydrate 

(Zn(NO3)2·xH2O) in deionized water at a specified molar ratio of In:Ga:Zn. The precursor 

was stirred vigorously to completely dissolve the precursors in solution.  

 

Fluorine doped IGZO precursor with aqueous solvent 

IGZO precursor solution was prepared by dissolving indium nitrate hydrate, gallium 

nitrate hydrate, and zinc nitrate hydrate in deionized water at a specified molar ratio of 

In:Ga:Zn. As a fluorine doping, dilute hydrogen fluoride solution was used to the 

precursor to produce F doped IGZO precursor. The precursor was stirred vigorously for 

complete dissolution.  

 

 

Figure 2.1. Image for the IGZO precursor 
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2.2 Oxide Film fabrication 

Spin-coating process 

Solution-processed oxide thin films were deposited by spin-coating method on 

substrates. Spin coating is traditional and simple film fabrication method by using 

centrifugal force. After dispensing the precursor solution on to a substrate, then the 

substrate is spun at high speed between 1000 – 6000rpm. Rapid rotation results in the 

fabrication of uniform thin films. Soft annealing process at 100-150ºC is preformed after 

spin-coating process to evaporate the excess solvents, followed by thermal annealing at 

high temperature over 300ºC for forming M-O-M bonding. 

 

Figure 2.2. schematic of the standard spin-coating process. 

 

Magnetron sputtering 

Metal electrode using molybdenum (Mo) were deposited by magnetron sputtering 

method. Magnetron sputtering is a traditional vacuum deposition method for various 

types of materials including oxides, metal, alloys. The oxides materials such as IGZO and 

other metal are typically deposited by this method. Basic mechanisms of sputtering 

coating process are illustrated in figure 2.3. Firstly, a target material, which is deposited, 

is bombarded with energetic ions such as argon gases. The collision between the ions and 



 

38 

 

the surface ejects target materials as sputtered particles, followed by deposition on the 

substrate forming a thin film[1, 2]. The cathode is typically with the target materials, 

while the substrates are placed on the anode. In magnetron sputtering, magnets are 

employed to increase the sputtering efficiency due to improvement of plasma density 

compared to the sputtering method without magnet. The advantages of sputtering method 

are controllability and reproducibility of film by adjusting sputtering parameter such as 

pressure, the flow rate of gases, discharging power, and sputtering time. 

 

 

Figure 2.3. Schematic illustration of sputtering deposition for metal electrodes. 
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2.3 TFTs fabrication and evaluation  

TFT fabrication 

Figure 2.4. show the fabricated bottom-gated top-contact TFT structure. Considering 

the typical device structure of display backplane, the TFT characteristics were evaluated 

using this typical device structure. Firstly, synthesized precursors were spin-coated on n+-

Si substrates. The precursor solutions were passed through a polytetrafluoroethylene 

(PTFE) filter. Spin coating of the precursor solution was performed, followed by soft 

annealing at 150 °C for 10 min and subsequent annealing at a specific temperature (200 

- 300°C) for 1 h in air to yield the solution-processed oxide thin film deposited on the 

substrate. 

After fabrication of the solution processed IGZO thin film, the active area of the film was 

patterned as an island shape using a conventional photolithography method followed by 

wet chemical etching. Then, the molybdenum for source and drain electrodes were 

formed on the oxide films via a shadow mask by magnetron sputtering. Finally, thermal 

annealing was performed at 150°C for 1 h. The fabricated device was a bottom-gate, top-

contact TFT with 1000 μm channel widths (W) and 100 μm channel lengths (L). The n+-

Si substrates were used as the gate electrode. To evaluate bias stability, the TFTs were 

encapsulated with a coating-type passivation layer (ZEOCOAT, cycloolefin resin, Zeon 

Corporation) to prevent interaction with the atmosphere at the back channel of the 

semiconductor layer.  
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Figure 2.4. Fabricated flow for bottom-gate top-contact TFT with solution-processed 

oxide 

 

 

 

 

Figure 2.5. Schematic illustration of fabricated bottom-gate top-contact TFT structure 

with solution-processed oxide 
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TFT fabrication on flexible substrate 

The IGZO TFTs on a flexible polyimide substrate were fabricated using polyimide 

varnish. A polyimide film was spin-coated on a glass substrate, followed by forming a 

barrier layer of SiO2 by DC sputtering method. After formation of the gate electrode of 

molybdenum by DC sputtering, a SiO2 gate insulator film was deposited by sputtering 

deposition. Then, the substrate was treated with oxygen plasma for 30 s to enhance 

hydrophilicity. Spin-coating of the oxide precursor was performed. then, the fabrication 

processes were followed with the same method as mentioned earlier. After fabrication of 

the TFTs on film with glass substrate, the polyimide film was mechanically peeled from 

the glass substrate. 

 

 

Figure 2.6. Images for the fabrication process for the oxide TFTs with flexible substrate 
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TFT evaluation 

Evaluation of the TFTs was performed using an electrical measurement system with 

a probe station and a semiconductor analyzer (Keithley HP4156C) at 25C.  

The saturation mobility () was calculated by the following equation: 

𝜇 =
2𝐿

𝑊𝐶𝑖
(

𝜕√𝐼𝑑

𝜕𝑉𝑔
)

2

, 

where W is the channel width, L is the channel length, Vg is the source-gate voltage, 

Id is the saturation current, and Ci is the capacitance of the gate dielectric per unit area.  

The S.S. is the inverse of the maximum slope of the transfer characteristics, which 

indicate the applied gate voltage Vg to obtain 10 times larger Ids. This value means the 

The S.S was calculated by the following equation: 

S. S = (
𝜕(log10 𝐼𝑑𝑠)

𝜕𝑉𝑔𝑠
)

−1

 

On/off current ratio (Ion/Ioff) of TFTs indicate the ratio of the saturation current of Ids to 

the noise signal of Ids with off state. 
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2.4 Thin film characterization 

Thermal Desorption Spectrometry (TDS) 

TDS analyze the amount of desorption of the emitted gas by heating the temperature. 

The gases from the oxide film were continuously analyzed by a mass spectrometer as a 

function of the temperature. The desorbed impurities such as organic and inorganic 

residuals from the films were assessed by tracking the mass fragments.  

 

Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR is the analytical method to identify the chemical structure by measuring the 

absorption of infrared light, which is based on the functional groups in the materials. 

Solution-processed oxides were also analyzed by FT-IR to analyze the chemical structure 

of the film. The thin film samples were prepared onto silicon-wafer as a substrate.  

 

Secondary ion mass spectrometry (SIMS) 

SIMS is the surface analysis to determine the elemental depth profile. The solution-

processed oxide films were analyzed to evaluate the concentration of element inside films 

with depth analysis. When a primary ion such as oxygen or cesium are irradiated on the 

surface, the ions of atoms are ejected into the vacuum as sputtering. The ejected secondary 

ions were analyzed by mass-spectrometry. 
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X-ray Photoelectron Spectroscopy (XPS) 

XPS is the surface analytical method to determine the atomic composition and 

chemical state of thin films. Irradiating a sample with X-ray results in emissions of 

photoelectrons, which represent the chemical state of elements. XPS analysis was 

performed for the oxide films to evaluate the chemical bonding within the films. M-O-M 

bonding of oxide films were analyzed by the curve fitting of the O1s peak. The O1s peak 

was deconvoluted into 3 components peaks including oxygen lattice, OM (lattice oxygen), 

OV (oxygen vacancy) and OOH (hydroxyl) peaks at 530.4, 531.4, and 532.2 eV, 

respectively[3]. 

 

 

 

Figure 2.7. Schematic for film characterization 
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Chapter 3: Application of hydrogen injection and oxidation to 

organic based solution-processed zinc tin oxide 

semiconductors 

 

3.1 Introduction  

To ensure the effective decomposition of residual species for low-temperature 

solution-processed metal oxide, new methodology initiates a reduction reaction by 

introducing a hydrogen injection process. One of the greatest impediments to achieve 

high device performance following low temperature processing is the efficient 

decomposition of residual species. This chapter focus on Zinc Tin Oxide (ZTO) by 

organic precursor as conventional precursor system[1-8]. 

According to previous research regarding hydrogen plasma and oxide materials, 

hydrogen plasma is effective at reducing the resistivity of oxide films by acting as a 

reducing agent. The hydrogen generates oxygen vacancies due to the generation of O-H 

and H2O condensation [9]. In previous annealing processes related to hydrogen, hydrogen 

increases the carrier concentration via the formation of donor states and oxygen vacancies 

by a reduction reaction with weak chemical bonds [10]. We considered that the reduction 

reaction of hydrogen is effective at decomposing residual species even in low-temperature 

solution-processed oxide films.  
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In this chapter, hydrogen injection and oxidation process (HIO) by the combination 

process of hydrogen plasma and subsequent oxidation. The hydrogen plasma treatment 

was applied directly as an effective reducing agent for residual species. In addition, 

subsequent oxidation was applied to achieve film densification after removal of the 

impurities. The maximum temperature that is applied over the entire fabrication process 

can be as low as 300 °C.  

 

3.2 Experimental 

Precursor synthesis 

A 0.3 M precursor solution was prepared by dissolving zinc acetate dihydrate 

(Zn(CH3COO)2ˑ2H2O, Aldrich) and tin chloride (SnCl2, Aldrich) in 2-methoxyethanol at 

a Zn:Sn molar ratio of 2:1. The precursor was stirred vigorously to completely dissolve 

the precursors in solution. All reagents were obtained from Aldrich and were used as 

received without further purification.  

Film fabrication 

Solution-processed ZTO films were fabricated by spin-coating onto 200-nm-thick, 

thermally oxidized SiO2/n
+-Si substrates. The SiO2 substrates were treated by O2 plasma 

for 30 s to obtain a hydrophilic surface and a good interface with the semiconductor layer. 

These n+-Si substrates also served as the gate electrode, with a resistivity of 1 mΩcm. 

Spin coating of the precursor solution was performed at 3000 rpm for 30 sec at room 

temperature, followed by and subsequent annealing at a specific temperature (200 - 

300°C) for 1 h in air. In this manner, about 10-nm-thick ZTO films were deposited on the 
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substrates. The precursor solution was passed through a 0.22 μm polytetrafluoroethylene 

(PTFE) filter. 

Hydrogen injection and oxidation process 

The Hydrogen injection and oxidation process (HIO) process was applied to some 

of the solution-processed thin films. Figure 3.1. shows a schematic illustration of the HIO 

process used for the solution-processed thin film. Hydrogen injection was conducted by 

hydrogen plasma treatment using plasma etching apparatus, after which an additional 

annealing process was immediately performed, which represents the oxidation process. 

The plasma treatment condition for the hydrogen injection process was pure H2 at a flow 

rate of 50 sccm with a source power of 200 W. Following the plasma treatment, the 

oxidation process by thermal annealing was immediately applied at the same temperature 

as that for the first anneal for 1 h in air. The thin films not subjected to the HIO process 

were also prepared using only the latter oxidation process to achieve the same annealing 

time. 
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Figure 3.1. Schematic illustration of experimental process for a solution processed ZTO 

film with HIO method. Solution processed films were prepared using spin-coating and 

thermal annealing. HIO method is consisted from 2 separate process by hydrogen 

injection process and oxidation process.  

 

3.3 TFT fabrication and characterization 

After fabrication of the solution processed thin film, the active area of the film was 

patterned as an island shape using a conventional photolithography method followed by 

wet chemical etching using ITO-07N (Kanto Chemical Co. Inc.). Patterned source/drain 

(S/D) electrodes (Mo) were formed on the thin films via a shadow mask by DC sputtering. 

The thickness of the electrodes was ca. 50 nm. The fabricated device was a bottom-gate, 

top-contact TFT with 1000 μm channel widths (W) and 100 μm channel lengths (L). The 

n+-Si substrates were used as the gate electrode. Evaluation of the TFTs was performed 

using an electrical measurement system with a probe station and a semiconductor 

analyzer (Keithley HP4156C). The fabricated films were characterized using secondary 

ion mass spectrometry (SIMS; PHI Corporation ADEP11010), thermal desorption 

spectroscopy (TDS; ESCO EMD-WA1000S), and X-ray photoelectron spectroscopy 

(XPS; ULVAC-PHI PHI Quantera II). 
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3.4 Chemical and structural analysis for ZTO film 

To verify the effects of the HIO process, the concentrations of residual species were 

determined by secondary ion mass spectrometry (SIMS) and thermal desorption 

spectroscopy (TDS) analyses of ZTO films made with and without HIO processing. 

Figure 3.2. shows the C, Cl and H atom depth profiles of each sample, as obtained by 

SIMS measurements, while Figure 3.3. presents the TDS data. The desorption of chloride 

and carbon atoms was assessed by tracking the mass fragments at m/z values of 35 and 

44, corresponding to Cl+ and CO2
+. The amounts of carbon and chloride atoms were 

analyzed because the ZTO TFT precursor solution contained chloride and acetate salts. 

In addition, the concentration of hydrogen was assessed so as to verify the effectiveness 

of the hydrogen injection process. Interestingly, as shown in Figures 3.2. and 3.3., the 

HIO processed ZTO film contained lower concentrations of carbon and chloride atoms.  

 

 

Figure 3.2. SIMS spectra showing (a) carbon, (b) chloride and (c) hydrogen 

concentrations in ZTO films fabricated at a low temperature with and without the HIO 

process 
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Figure 3.3. TDS spectra for (a) carbon (m/z of 35) and (b) chloride (m/z of 35) obtained 

from ZTO films fabricated at a low temperature with and without the HIO process. 

 

 

It is therefore evident that the HIO process is effective at eliminating these residual 

species. The chloride concentration was especially decreased following the HIO process. 

A reduction in the hydrogen concentration was also observed, despite the hydrogen 

injection step. The SIMS depth profiles indicate that there is some variation in these 

decreases with film depth, although decreases are observed even in the middle of the films. 

The TDS results demonstrate that the conventional process generated rapid increases in 

the concentrations of Cl and C fragments above 350 °C, and so it is apparent that the ZTO 

film requires much high annealing temperatures. In contrast, the extent of desorption from 

the ZTO film treated with the HIO process was significantly decreased. To further analyze 

the ZTO film made with the HIO process, the densities of these films were determined by 

X-ray reflectivity (XRR). Table 3.1. presents the densities of ZTO films fabricated with 

and without the HIO process, from which it can be seen that the HIO processed ZTO film 

was denser. 
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Table 3.1. Densities of ZTO films made without and with the HIO process. 

 Without HIO process With HIO process 

Film density 4.81 g/cm3 4.96 g/cm3 

 

The chemical states of ZTO films prepared with and without the HIO process were 

examined by X-ray photoelectron spectroscopy (XPS), and Figure 3.4. summarizes the O 

1s results. The O 1s peaks were analyzed by curve-fitting the O1 (lattice oxygen), O2 

(oxygen deficient) and O3 (hydroxyl) peaks. For this purpose, three peaks were assessed, 

at 530.4, 531.4 and 532.2 eV [11]. The 530.4 eV was assigned to oxygen bonded to 

metallic atoms, the 531.4 eV peak to oxygen vacancies and the peak at 532.2 eV to 

impurity-related oxygen species, such as hydroxyl groups. Table 3.2. presents the 

resulting data. Figure 3.4. confirms increased metal oxide-to-metal bond formation 

(associated with O1 oxygen bonds) following the application of the HIO method. In 

addition, a reduction of the O2 peak is observed in the case of the ZTO fabricated with 

the HIO method. 
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Figure 3.4. O 1s XPS spectra obtained from ZTO films fabricated (a) with and (b) without 

the HIO process. 

 

 

Table 3.2. XPS O 1s peak data for ZTO films made without and with the HIO process. 

 

O 1s peak area 

O1 

(lattice oxygen) 

O2 

(oxygen deficient) 

O3 

(hydroxyl) 

Without HIO process 65.8 18.4 15.8 

With HIO process 67.0 17.5 15.5 

 

The data obtained for the low temperature processed ZTO show that it contains 

numerous residual species, such as chloride and carbon atoms. Because the annealing 

temperature was not sufficiently high, unreacted precursors remained. According to 

previous studies regarding the hydrogen plasma treatment of aluminum doped ZTO 

films[9], hydrogen can act as an effective reducing agent, increasing the quantity of free 

electrons and improving the film conductivity due to the generation of oxygen vacancies. 
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In a study of IGZO TFTs, hydrogen added at an adequate concentration was found to 

function as an electron donor in interstitial locations or at oxygen sites as the result of 

passivation of oxygen vacancies and total traps[12, 13]. The decrease in the trap 

concentration can be explained by asserting the role of OH groups. Thus, the 

improvements observed in device performance following HIO processing are not only 

due to greater conductivity. It indicates that this HIO process is different from other 

plasma treatment processes based on the ion bombardment effect[14-17]. 

The HIO process is based on a combination of a hydrogen injection process and an 

oxidation process, and Figure 3.5. provides an illustration describing the HIO mechanism. 

We assumed that the following three steps are included in the current HIO process: 

hydrogen injection, a reduction reaction, and oxidation. 

 

Figure 3.5. Schematic summarizing the HIO process as applied to a low temperature 

solution-processed oxide semiconductor film. The dark blue and light blue circles 

represent metal and oxygen atoms, respectively. Residual organic and ionic impurities are 

indicated by red circles. The HIO process is shown to consist of a reduction reaction 

induced by hydrogen injection, leading to desorption of the residual species. 
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the hydrogen is evidently critical to eliminating these residual compounds. The decreased 

hydrogen concentration following the HIO process may imply that the injected hydrogen 

acted as an effective reducing agent and thus promoted reduction reactions. During the 

hydrogen injection process, the efficient reduction of organic and ionic impurities takes 

place, as the H+ in the hydrogen plasma readily reacts with oxygen and chloride atoms in 

the ZTO films. The following are the general chemical reactions involved. 

M-OR + H+ → M+ + R-OH 

M+- Cl- + H+ → M+ + H-Cl 

Here -OR represents the carbon impurities originating from the acetate base in the 

ZTO precursor, while Cl- is the chloride impurity. The resulting decrease in the hydrogen 

concentration is consistent with the release of the reaction products into the gas phase 

during this process. Thus, we believe that the efficient reduction of organic and ionic 

impurities takes place based on the above chemical reduction reactions, as shown in 

Figure 3.5. During the reduction reactions initiated by the hydrogen injection process, 

oxygen bonds to the metal are also degraded. However, sequential oxidation during the 

subsequent annealing reforms oxygen bonds among the pore sites at which the impurities 

were located. Based on the evident film densification generated by the HIO process, this 

is attributed to efficient oxidation. 
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3.5 TFT characteristics for ZTO thin film by applying HIO 

Finally, to analyze the feasibility of the proposed HIO process, ZTO TFTs were 

fabricated using the HIO process at a relatively low temperature of 300°C. After 

deposition of the oxide films, the active areas were defined by a conventional 

photolithography method to eliminate any parasitic currents. Following this, the HIO 

process was applied to the defined oxide films, using the same conditions in each trial. 

Finally, patterned source/drain (S/D) electrodes (Mo) were formed via a shadow mask 

technique. In this manner, bottom-gate, top-contact ZTO TFTs were obtained with 1000 

μm channel widths (W) and 100 μm channel lengths (L). Figure 3.6(a) provides an 

illustration of the cross-section of these devices and a photographic image of a finished 

TFT. 

Figure 3.6(b) summarizes the transfer characteristics of ZTO TFTs fabricated with and 

without the HIO process. The transfer characteristics of these ZTO TFTs at gate voltages 

(Vg) ranging from –30 to 30 V were assessed at a fixed drain voltage (Vd) of 30 V. The 

calculated electrical characteristics are also summarized in Table 3. As the Figure 3.6. 

clearly shows, the TFT performance was improved by applying the HIO process. In 

previous studies regarding the effects of annealing temperature, the device performance 

obtained from ZTO TFTs was found to vary significantly with the annealing 

temperature[6]. Specifically, lower temperature processing (below 400°C) resulted in a 

significant reduction of the device performance. By employing the HIO process, a drastic 

improvement in the field-effect mobility was achieved, obtaining a value over 3.0 cm2/Vs 

at a low temperature of 300°C. In addition, the suppression of hysteresis in the Vhyst data 

at a drain current of 10–9 A was confirmed for the ZTO TFT made by applying the HIO 
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method. This non-equilibrium hysteresis characteristic is considered as electron trapping 

within or near the channel electron accumulation layer between ZTO and its gate 

dielectric induced by the gate voltage. Considering the amount of existing impurities 

insides ZTO, residual species such as carbon and chloride impurities act as either carrier 

traps or defect sites. We propose that the suppression of the hysteresis by applying the 

HIO is consistent with a reduction of residual species. Although the suppression of 

hysteresis was achieved. ZTO film with HIO still has the 1.9V hysteresis. This indicates 

that the film still has large amount of the electron trapping. Therefore, further 

improvement process is needed to obtain better TFT characteristics. 
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Figure 3.6. (a) Schematic diagram of a bottom-gate, top-contact TFT and a photographic 

image of a fabricated TFT, and transfer characteristics of (b) ZTO TFTs for which W/L = 

1000 μm/100 μm, fabricated with and without the HIO process. 

 

In addition, compared with previous plasma treatment processes that generate higher 

off currents due to the ion bombardment effect[13], these results do not show any such 

deterioration. Therefore, based on the above analyses, we attribute the improved 

performance of the ZTO TFTs to a significant decrease in the concentrations of residual 

species as well as to increased film densification. The removal of residual species is 

important because these tend to act as carrier traps that interfere with efficient carrier 

conductivity. 

 

Table 3.3. The electrical characteristics of ZTO TFTs made without and with the HIO 

process. 

 
Mobility 

(cm2/Vs) 
Ion/Ioff 

S.S.  

(V/decade) 

Von  

(V) 

Vhyst 

(V) 

Without HIO process 0.3 –105 1.4 7.1 3.1 

With HIO process 3.1 –106 1.0 1.7 1.9 

 

3.6 Conclusions 

This work demonstrated a general method employing the HIO process for the 

fabrication of low temperature solution-processed oxide semiconductors using ZTO with 

organic precursor. The HIO method is able to efficiently eliminate a large amount of 

residual species as well as to promote film densification upon sequential oxidation. 

Moreover, improvements in the TFT characteristics were seen upon applying the HIO 

process to ZTO TFTs.  
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Chapter 4: Application of hydrogen injection and oxidation to 

aqueous based solution-processed indium gallium zinc oxide 

semiconductors 

 

 

4.1 Introduction  

In this chapter, to obtain high-performance low-temperature solution-processed 

oxide TFTs, a simple aqueous IGZO precursor was synthesized with nitrate metal salts 

and without any organic solvents, which is expected to result in less residual species. 

Furthermore, HIO method which is by hydrogen injection process and subsequent 

oxidation was applied to achieve high device performance following low temperature 

processing by the efficient decomposition of residual species and film densification. 

Solution-processed IGZO TFTs were fabricated at low temperature to evaluate the 

electrical stability of the IGZO TFTs. 
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4.2 Experimental 

Precursor synthesis 

A 0.3 M IGZO precursor solution was prepared by dissolving indium nitrate hydrate 

(In(NO3)3·xH2O), gallium nitrate hydrate (Ga(NO3)3·xH2O), and zinc nitrate hydrate 

(Zn(NO3)2·xH2O) in deionized water. The molar concentration of 0.3 M was achieved by 

setting the molar ratio of In:Ga:Zn to 4:1:1. The precursor was stirred vigorously to 

completely dissolve the precursors in solution. All reagents were obtained from Aldrich 

and were used as received without further purification.  

Film fabrication 

Solution-processed IGZO thin films were fabricated by spin-coating onto 200 nm 

thick thermally oxidized SiO2/n
+-Si substrates. The SiO2 substrates were treated by O2 

plasma for 30 s to obtain a hydrophilic surface and a good interface with the 

semiconductor layer. The precursor solution was passed through a 0.22 μm 

polytetrafluoroethylene (PTFE) filter. The n+-Si substrate was used as the gate electrode, 

while the SiO2 layer was used as the gate insulator. Spin-coating of the precursor was 

performed at 3000 rpm for 30 s at room temperature, followed by pre-annealing at 150 °C 

for 10 min and subsequent annealing at a specific temperature (200 - 300°C) for 1 h in air 

to yield the IGZO thin film deposited on the substrate. The thickness of the films was 

about 10 nm. 

Hydrogen injection and oxidation process 

The HIO process was applied to some of the solution-processed thin films. Hydrogen 

injection was conducted by hydrogen plasma treatment, after which an additional 
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annealing process was immediately performed, which represents the oxidation process. 

The plasma treatment condition for the hydrogen injection process was H2 at a flow rate 

of 50 sccm with a source power of 200 W using plasma etching unit. Following the plasma 

treatment, the oxidation process by thermal annealing was immediately applied at the 

same temperature as that for the first anneal for 1 h in air. The thin films not subjected to 

the HIO process were also prepared using only the latter oxidation process to achieve the 

same annealing time. 

TFT fabrication and characterization 

After fabrication of the solution processed IGZO thin film, the active area of the film 

was patterned as an island shape using a conventional photolithography method followed 

by wet chemical etching using diluted 0.7% hydrochloric acid (Kanto Chemical Co. Inc.). 

Patterned source/drain (S/D) electrodes (Mo) were formed on the thin films via a shadow 

mask by DC sputtering. The thickness of the electrodes was ca. 50 nm. The fabricated 

device was a bottom-gate, top-contact TFT with 1000 μm channel widths (W) and 100 

μm channel lengths (L). The n+-Si substrates were used as the gate electrode. Evaluation 

of the TFTs was performed using an electrical measurement system with a probe station 

and a semiconductor analyzer (Keithley HP4156C). 

The IGZO TFTs on a flexible polyimide substrate were fabricated using polyimide 

varnish. A polyimide film was spin-coated on a glass substrate and a barrier layer was 

formed. After formation of the gate electrode of molybdenum (50 nm), a 200-nm-thick 

SiO2 gate insulator film was deposited by sputtering deposition. Then, the substrate was 

treated with oxygen plasma for 30 s to enhance hydrophilicity. Spin-coating of the IGZO 

film was performed. The direct-patterning process was performed by the same 
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aforementioned method. After patterning, the films were annealed at 300 °C for 1 h in air. 

Then, the source and drain (S/D) electrodes were formed. Shadow masks were used to 

pattern all the layers of the TFTs. After fabrication of the TFTs, the polyimide film was 

mechanically peeled from the glass substrate.  

The fabricated films were characterized using secondary ion mass spectrometry 

(SIMS; PHI Corporation ADEP11010), thermal desorption spectroscopy (TDS; ESCO 

EMD-WA1000S), and X-ray photoelectron spectroscopy (XPS; ULVAC-PHI PHI 

Quantera II). 
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4.3 Chemical and structural analysis for aqueous based IGZO film 

To analyze the HIO method for low-temperature solution-processed IGZO films, 

thermal desorption spectroscopy (TDS) and Fourier transform infrared (FT-IR) 

spectroscopy were conducted to determine the concentrations of residual species 

originating from the IGZO precursor. In the TDS analysis, the desorption of nitrogen 

compounds was assessed by tracking the mass fragments at m/z values of 28 and 30, 

which correspond to N2 and NO from the precursor compounds. Sample films with and 

without the HIO method were prepared by annealing at 250 °C for 1 h after the spin-

coating process. Hydrogen plasma was done with 40 sec. Figure 4.1. shows the TDS 

spectra related to m/z of 28 (N2) and 30 (NO). A large number of desorption signals with 

a peak at around 250 °C was observed for the IGZO film produced without the HIO 

method. This indicated that the process temperature at 250 °C is insufficient for thermal 

oxidation, even with an aqueous precursor. However, considerable decreases in 

desorption were confirmed for the IGZO film produced with the HIO method. Therefore, 

it is considered that the HIO method is effective at reducing residual species, even for 

low-temperature processed IGZO films. 
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Figure 4.1. TDS spectrums relating to (a) m/z: 28 (N2) and (b) m/z: 30 (NO) for the 

solution processed IGZO film processed at 250 ºC with and without HIO method. 

 

Figure 4.2. shows FT-IR spectra for the IGZO films subjected to the various 

processes. All the IGZO sample films were prepared at 250 °C for 1 h. Peaks related to 

metal salts were confirmed for the non-HIO treated IGZO film in the region from 1250 

to 1500 cm-1. The absorption bands centered at 1400 and 1340 cm-1 are ascribed to N-O 

stretching modes in the nitrate ligand. However, a change in these metal salt peaks was 

confirmed after the hydrogen injection process with 40 sec; the peaks related to nitrate 

salts were significantly decreased. The hydrogen injection process is thus effective at 

decomposing residual metal salts, which is consistent with the previous TDS results. 

Broad absorption peaks from 2700 to 3700 cm-1, which are related to the OH stretching 

vibration, were also observed. The peak centered at 1650 cm-1 is related to H-O-H bending. 

In previous reports related to OH groups of IGZO films, these OH peaks are considered 

to originate from a partial metal-hydroxide (M-OH), a residual organic chemical species, 

and the remaining H2O molecules from the films[1, 2]. In the region of the OH peaks, a 

high wavenumber is considered as a free state of M-OH bonding without hydrogen 
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bonding, and a low wavenumber is considered to represent M-OH bonding with hydrogen 

bonding. Figure 4.2(c) shows that the intensities of the OH group peaks increased after 

the hydrogen injection process and decreased after the HIO method. In addition, OH peak 

shifts were observed after the hydrogen injection process. The intensity of the M-O-H 

peaks also changed during the HIO method. Considering the decrease in the metal salt 

peaks and the increase in OH group peaks, the injected hydrogen atoms play an important 

role in reacting with oxygen bonded to nitrate and metal atoms, which generates an OH 

state. The peak shifts can be understood by taking the generation of hydrogen bonding 

into consideration. Thus, the residual species related to metal salts and the partial parts of 

M-O were converted to an OH state. It is thus considered that hydrogen reacted with 

residual NO and OH as a reduction reaction. In contrast, there were large decreases in 

intensity of the OH peak after the HIO method, which suggests condensation of the OH 

state, which may generate a M-O-M state. In previous reports, the consumption of M-OH 

was found to accelerate a sol-gel reaction by the introduction of catalysts[3] . The increase 

of M-OH is another key point for the acceleration of M-O-M state generation by the 

consumption of M-OH as condensation in the IGZO films. 
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Figure 4.2. FT-IR spectra as a function of process dependence for the IGZO films 

processed at 250 ºC. (a) all regions, (b) extracted FT-IR results in the 1200-1800 cm-1, (c) 

extracted FT-IR results in the 2600-3900 cm-1.    

 

To consider the chemical bonding state, the binding energy of O 1s measured using 

X-ray photoelectron spectroscopy (XPS). Figure 4.3. shows XPS O 1s spectra for the 

IGZO films prepared at 250 °C. The XPS spectra were measured after etching the film 

surface by Ar sputtering. The O 1s peaks were analyzed by curve fitting the O1 (lattice 

oxygen), O2 (oxygen vacancy) and O3 (hydroxyl) peaks at 530.4, 531.4 and 532.2 eV, 
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respectively [4]. The XPS data indicate that the IGZO films treated with the HIO method 

changed from the M-OH to the M-O state, according to the increases of the O1 and O3 

peaks. The O2 peaks indicated a decrease in the oxygen vacancy states. These XPS results 

suggest that the condensation of M-O was achieved by application of the HIO method, 

which is consistent with the chemical analysis results. 

 

Figure 4.3. Binding energy of O1s measured by XPS for (a) film without HIO method, 

(b) film with hydrogen injection, (c) film with HIO method. All films are fabricated at 

250 ºC. The XPS spectrums were analyzed by curve-fitting the O1 (lattice oxygen), O2 

(oxygen deficient) and O3 (hydroxyl) peaks. 

 

 

4.4 TFT characteristics for IGZO thin film by applying HIO 

Figure 4.4 shows the schematic of the TFT structure and image of fabricated IGZO 

TFT. Figures 4.5(a-c) show the transfer characteristics of IGZO TFTs fabricated with and 

without the HIO method as a function of the process temperature (200, 250, 300 °C), and 

a comparison of the mobility, S.S, and switch-on voltage (Von) @ Ids = 10−9 A for these 

processes. The transfer characteristics of the IGZO TFTs at applied gate voltages ranging 

from -30 V to 30 V were assessed. The applied drain voltage was 30 V. The output 

characteristics of the TFTs fabricated with and without the HIO method at 250 °C are 
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shown in Figures 4.6(a) and (b). The transfer characteristics of an IGZO TFT with HIO 

at 250 °C as a function of drain voltage (1, 10, 20, 30 V) is shown in Figure 4.6(c).  

 

 

 

 

 

 

 

Figure 4.4. Illustration of device structure and photographic image of fabricated IGZO-

TFT.  
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Figure 4.5. Transfer characteristics of solution-processed IGZO TFTs with W/L = 1000 

µm / 100 µm, fabricated with and without the HIO method at (a) 200, (b) 250. The applied 

drain voltage was 30 V. (c) comparison of the mobility for solution-processed IGZO TFTs.  

Output characteristics of solution-processed IGZO, fabricated (d) without and (e) with 

the HIO method at 250 ˚C.  
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Figure 4.6. Output characteristics of solution processed IGZO, fabricated (a) without and 

(b) with the HIO method at 250 ˚C.  

 

As shown in Figure 4.5 (a-c), the IGZO TFTs fabricated by the lower temperature 

process exhibited lower TFT performance. This is due to insufficient metal-oxide bond 

formation and the presence of impurities. Thus, the oxidation process for bond formation 

by the chemical conversion process is a critical process to determine the electrical 
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performance. As the TFT characteristics show, the presence of residual species due to the 

insufficient decomposition of anions in the precursor critically interrupts the efficient 

transport of carriers. The precursor solution needs to chemical conversion from metal salt 

complexes to oxide. In addition, anions decomposition of nitrate is considered as critical 

important point. While decomposition of the aqueous precursor is easier than other 

organic precursor, those temperature is not enough to get metal-oxygen-metal bonding. 

In contrast, considerable improvement of the TFT performance was obtained for all 

TFTs with the HIO method. Even with a very low processing temperature of 200 °C, TFT 

switching behavior was successfully observed. The dependence of hydrogen plasma time 

shows that the injection time is needed to be optimized. The HIO method is thus effective 

at enhancing the TFT characteristics. The TFT performance with a processing 

temperature of 250 °C showed a reasonable mobility of 3.8 cm2/Vs, a high Ion/Ioff ratio of 

106, small S.S. of less than 0.3 V/decade, as well as a small hysteresis. At a processing 

temperature of 300 °C, the mobility over 5 cm2/Vs was obtained. 

In addition, the transfer characteristics of the 6 fabricated TFTs shown in Figure 4.6, 

indicate that solution-processing with the HIO method results in good device uniformity. 

The deviation using sigma in each TFT characteristic also show uniform characteristics 

within 0.2 cm2/Vsfor mobility, 0.1 V/decade for S.S. and 0.1 V for Von. 
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Figure 4.6. Transfer characteristics of solution processed IGZO TFTs with W/L = 1000 

µm / 100 µm, fabricated with and without the HIO method for 6 IGZO TFTs at 250 °C. 

 

 

 

Table 4.1. Calculated electrical parameters of solution-processed 6 IGZO TFTs fabricated 

with and without the HIO method at different processing temperatures. 
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250 ºC without HIO 1.4±0.1 -10
5 0.5±0.1 0.4±0.1 

250 ºC with HIO 3.8±0.2 -10
6 0.4±0.1 -0.3±0.1 
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PBS and NBS evaluations were performed to verify the electrical stability and 

reliability of the IGZO TFTs. Figures 4.7(a)-(f) show the transfer characteristics of the 

IGZO TFTs produced with and without the HIO method at 250 °C under PBS and NBS. 

The transfer characteristics of these IGZO TFTs at Vg ranging from -15 V to 15 V were 

assessed. The applied drain voltage was 10 V. The stress voltages for PBS and NBS were 

20 V and -20 V, respectively. The maximum stress time was set to 1 h. In this evaluation, 

the passivation layer was fabricated with polymer insulating material. Therefore, the 

field-induced adsorption/desorption from atmosphere is suppressed. Figures 4.7(e) and 

(f) show the change in the switch-on voltage, ΔVon (changes of Von shifts after 3600 s) as 

a function of the cumulative stress time for PBS and NBS, respectively. The switch-on 

voltage shift for PBS with the TFT subjected to the HIO method was significantly 

improved by more than 10 V, whereas that for the TFT prepared without the HIO method 

was larger than 15 V. Suppression of the NBS shifts was also confirmed. Even though the 

process temperature was 250 °C, both PBS and NBS results showed significantly stable 

performance. Figure 4.7 shows the results for the change in the Von shift after 3,600 s for 

PBS and NBS as a function of the hydrogen injection time in the HIO method. The 

dependence of Von on the hydrogen injection time was assessed from 0 to 60 s. For the 

PBS evaluation, the suppression of ΔVon was confirmed, even with a very short injection 

time of 20 s. The characteristics with NBS indicated the 40 s hydrogen injection time 

resulted in the best characteristics. The shift is comparable to that for IGZO TFTs for 

vacuum processed devices. Considering the operation mode of the display device, the 

great improvement of PBS characteristics is considerably important aspect of this HIO 

method.  
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Figure 4.7(a)-(d). Transfer characteristics of IGZO TFTs processed at 250 ºC under a 

positive gate bias stress (PBS) and a negative gate bias stress (NBS), fabricated with and 

without the HIO method. The applied drain voltage was 10 V.  

Change of switch-on voltage as a function of the cumulative stress time for (e) PBS and 

(f) NBS. 
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Figure 4.8. Changes of Von shifts after 3,600 s for (a) PBS and (b) NBS as a function of 

hydrogen injection processing time of HIO method. The processing time of hydrogen 

injection of HIO method was changed from 0s to 60s. 

 

In previous reports related to the shifts in Von under PBS, electron trapping such as 

electrically charged oxygen or molecular migration at the semiconductor-insulator 

interface has been addressed[4]. It is suggested that that negatively charged residual 

species such as NO3
- have a critical influence on the large shifts for the IGZO TFTs 

without HIO. Therefore, elimination of these species is the main factor for this 

improvement. The suppression of oxygen vacancies by the passivation effect of hydrogen 

is also considered. In a previous study on IGZO TFTs, the addition of hydrogen at an 

adequate concentration resulted in the passivation of oxygen vacancies and total traps[5, 

6]. In the NBS characteristics, hole trapping sites due to an increase of hydroxide groups 

(M-OH) were reported in solution-processed IZO films[7]. Changes in the amount of 

hydroxide groups should be addressed in order to analyze the suppression of the Von shift. 

Hole trapping states such as hydroxide groups result in a large Von shift by PBS. Metal 

hydroxide in an aqueous precursor was previously reported to convert to metal oxide 

through condensation reaction or oxidation[8]. Thus, the oxidation process by HIO 
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occurred via the condensation of OH states after generation of the metal hydroxide by the 

hydrogen injection process. However, remaining hydroxide groups behave as hole 

trapping sites, which causes the Von shift in the NBS characteristics. Therefore, the results 

of the Von shifts under NBS as a function of hydrogen injection time indicated the amount 

of hydroxide groups. The hydrogen injection process generated hydroxide groups and 

oxidation during thermal annealing consumes these groups. The NBS characteristics 

suggest that 40 s of hydrogen injection was the optimum processing time to balance the 

generation and consumption of M-OH. It is likely that the total amount of M-OH groups 

was adjusted, and hole trapping sites were also decreased by application of the HIO 

method for 40 s. 

Figure 4.9 shows proposed reaction models for the HIO method. The low-

temperature solution-processed IGZO film contains a large amount of impurities, such as 

NO3 and OH groups. In addition, the formation of M-O-M bonding is insufficient. These 

defects act as charge trapping sites, which lead to a large Vth shift under the PBS and NBS 

conditions. Therefore, unstable IGZO TFTs exhibited large shifts of more than 15 V under 

PBS. During the hydrogen injection process, hydrogen reacts with residual NO3 and OH 

in a reduction reaction and removes these impurities in the form of HNO3 or H2O gas, 

which results in an increase in the M-OH state. The hydroxide sites were oxidized and 

generated the M-O-M state. After elimination of the residual species, the vacant sites were 

oxidized more easily. The passivation effect of the hydrogen is also another factor and an 

advantage of the HIO method. Therefore, sufficient M-O-M bonding were generated to 

obtain stable TFT characteristics under bias stress, even with a low temperature process 

such as 250 °C. Considering from the effect of the HIO process for ZTO fabricated with 
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a conventional organic related precursor, which suggested that the HIO method is widely 

applicable to various precursors. However, comparison of the effect of the HIO process 

to a conventional organic related precursor suggests that the HIO method with an aqueous 

precursor is more effective because the oxidation process of HIO generally occurs via 

condensation of the OH state in the aqueous precursor. The hydrogen injection process 

with an aqueous precursor can thus generate OH groups, which are then converted to 

metal oxides through condensation reactions or oxidation.  

 

Figure 4.9. A reaction models for HIO method with low-temperature solution-processed 

IGZO film. At initial state without HIO process, the residual species such as NO3 and OH 

groups remained. During hydrogen injection process, hydrogen reacted to decompose and 

generate hydroxide state. After HIO method, efficient decreases of residual species 

enhanced generation of M-O-M bonding state.  
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Compared with TFTs fabricated by the conventional sputtering process, the mobility 

is still low. However, we consider further improvement of the mobility will be possible 

by optimization of the HIO method, such as the conditions of hydrogen plasma, oxidation, 

and the timing and process flows of the HIO method. Better performance is also expected 

by investigation of the compositional effect of the oxide semiconductor. The significant 

improvements of TFT electrical performance by this simple HIO method was shown to 

be beneficial for low-cost oxide device fabrication. 

Finally, the comparisons of TFT characteristics by low-temperature processing was 

discussed. Table 4.2 shows the summary of recent researches relating to the solution 

processed IGZO TFTs at low temperature. As the table shows, the reports for stability 

characteristics are limited. The HIO method is considered as very effective method to 

achieve reliable TFT performances as well as reasonable mobility compared with 

previous researches. Considering the resent researches, photo-activation process is 

considered as another promising technology to achieve oxide at very low-temperature. 

HIO process with photo-activation such as deep UV and laser must be promising to 

improve the low mobility of solution-processed IGZO. 
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Table 4.2. Comparison of low-temperature solution-processed IGZO TFTs 

 

 

 

 

 

Approache

s 

Channel 

material  

Deposition 

method 

Processing 

temp.  
Mobility  

On/off 

ratio 

Stability 

PBS, NBS 

GI/ 

substrate 

Bias 

Vg, Vd 
Ref 

This work IGZO Spin-coating 250 3.8V±0.2 -10
6

 

PBS: 1.1V 

NBS: -0.5V  

1MV/cm 

3600sec 

SiO
2
/Si  -30-30V 

30V 
 

 IGZO Spin-coating 300 5.1V±0.2 -10
6

 

PBS: 1.1V 

NBS: -0.5V  

1MV/cm 

3600sec 

SiO
2
/Si  -30-30V 

30V 
 

Combustion IGZO Spin-coating 240 0.74 -10
3

 - Al2O3/Si 
-3 - 3V 

 
[9] 

Combustion IGZO Spin-coating 260 2.26 -10
3

 - Al2O3/Si 
-3 - 3V 

 
[9] 

Combustion IGZO Spin-coating 300 7.5 -10
7

 
PBS:0.9V 

1200sec 
SiO2/Si -40-80V [10] 

Combustion IGZO Spin-coating 250 1.28 -10
7

  SiO2/Si -40-80V [11] 

Combustion IGZO Spin-coating 300 5.43 -10
8

 
PBS:1.3V 

1200sec 
SiO2/Si -40-80V [11] 

Combustion  

PVP doped 
IGZO Inkjet 300 3.3 -10

7

  SiO2/Si 
-40-40V 

1V 
[12] 

Lamp—

DUV (185 

and 254 

nm) 

IGZO Spin-coating 150 6.94 -10
8

 
PBS: 2.4V 

10ksec 
Al2O3/Si 

-10-10V 

10V 
[13] 

Pulse deep 

UV 
IGZO Spin-coating 250 1 -10

6

 - SiO
2
/Si  -30-30V 

30V 
[14] 

Laser IGZO Inkjet 200 1.5 -10
6

  SiO
2
/Si -40-40V 

10V 
[15] 

High 

pressure 

annealing 

IGZO Spin-coating 280 1.38 -10
5

 
PBS: 6.4V 

1000sec 
SiO

2
/Si  -30-30V 

30V 
[16] 

Flash White 

Light  

Deep UV 

IGZO Spin-coating RT 7.7 -10
6

 - SiO
2
/Si  -30-30V 

30V 
[17] 

Aqueous  

humid UV 
IGZO Spin-coating 300 5.1 - - SiO

2
/Si -40-40V 

40V 
[18] 



 

83 

 

4.5 Application for the flexible substrate 

To confirm the compatibility of HIO method for flexible electronics, we fabricated 

a flexible IGZO TFTs. As Figure 4.11 shows, a bottom-gate, top-contact IGZO TFT was 

successfully fabricated on top a flexible polyimide substrate. The calculated mobility of 

the TFT was 5.1 cm2/V·s, which is almost similar value with the TFTs using silicon wafer. 

We confirmed that the HIO method was applicable for flexible electronics.  

 

 

Figure 4.10. (a) Schematic diagram of a bottom-gate, top-contact TFT and a photographic 

image of a fabricated TFT, and transfer characteristics of solution processed IGZO TFT 

on flexible substrate.  
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4.6 Conclusion 

The high stability of low-temperature solution-processed IGZO TFTs was 

demonstrated by application of the HIO method. Improvement in the TFT characteristics 

was confirmed in terms of the mobility and electrical stability. To achieve low-

temperature solution-processed oxide materials, the decomposition of residual species is 

of primary importance. This HIO method is a simple process to enhance the quality of 

solution-processed oxide films by the decomposition of residual species using a reduction 

reaction. The HIO method has been demonstrated to be an inexpensive and effective 

means for realizing solution-processed oxide semiconductors for device applications. 
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Chapter 5: Impact of fluorine doping on solution-processed 

In–Ga–Zn–O thin-film transistors using an efficient aqueous 

route 

 

5.1 Introduction  

In this chapter, fluorine doping of a solution-processed metal-oxide semiconductor 

was evaluated by efficient hexaaqua metal complexation, for obtaining a high-

performance solution-processed metal oxide at low-temperature. TFTs fabricated using 

conventional IGZO and a fluorine-doped IGZO (IGZO:F) precursor are compared. An 

aqueous route with nitrate ligands produces high-quality oxide films, due to aqua 

complexes formation. These represent easily decomposable precursors for metal-oxide 

conversion at low temperature[5]. Furthermore, in previous studies on the compositional 

effects of oxide materials, anion doping by fluorination is known for enhancing electrical 

characteristics through mobility and stability[1-4]. Fluorine doping increases the carrier 

concentration due to the generation of free carriers[2]. Moreover, the stability 

improvement by the passivation effect for defects like oxygen deficiency and weakly 

bonded oxygen is also reported[2]. Therefore, impact of fluorine doping on this efficient 

aqueous route was investigated.  
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5.2 Experimental  

Precursor synthesis 

A 0.3 M IGZO precursor solution was prepared by dissolving indium nitrate hydrate 

(In(NO3)3·xH2O), gallium nitrate hydrate (Ga(NO3)3·xH2O), and zinc nitrate hydrate 

(Zn(NO3)2·xH2O) in deionized water. The molar concentration of 0.3 M was achieved by 

setting the molar ratio of In:Ga:Zn to 4:1:1. To characterize the effects of fluorine doping, 

dilute hydrogen fluoride solution was used to the precursor to produce In:F molar ratios 

of 4:1 (Low:0.1% HF) and 1:1 (High: 0.4%HF). Thus, the compositions of In, Ga, Zn, 

and F was 4:1:1:1 for Low IGZO:F and 4:1:1:4 for High IGZO:F, respectively. The 

precursor was stirred vigorously for 6 h, for complete dissolution and to form aqua 

complexes in the solution. The precursor was stirred vigorously to completely dissolve 

the precursors in solution. All reagents were obtained from Aldrich and were used as 

received without further purification.  

Film fabrication 

The solution-processed IGZO and IGZO:F thin films were fabricated by spin-

coating with onto a 200-nm thick thermally oxidized SiO2/n
+-Si substrate at room 

temperature. The n+-Si substrate served as the gate electrode, with the SiO2 layer as the 

dielectric. The substrate was treated with 150 W oxygen plasma for 30 s before spin-

coating to enhance hydrophilicity. The precursor solution was then passed through a 0.22-

μm polytetrafluoroethylene filter, followed by spin-coating at 4,000 rpm for 30 s. Then, 

pre-annealing was conducted at 150°C for 10 min, and post-annealing was performed at 

300°C in air for 1 h, yielding a solution-processed oxide thin film on the substrates. Thus, 

the maximum temperature was set at 300°C, while the resulting film thickness was 
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approximately 7 nm.  

Hydrogen injection and oxidation process 

The HIO process was applied to some of the solution-processed thin films. Hydrogen 

injection was conducted by hydrogen plasma treatment, after which an additional 

annealing process was immediately performed, which represents the oxidation process. 

The plasma treatment condition for the hydrogen injection process was pure H2 at a flow 

rate of 50 sccm with a source power of 200 W. Following the plasma treatment, the 

oxidation process by thermal annealing was immediately applied at the same temperature 

as that for the first anneal for 1 h in air. The thin films not subjected to the HIO process 

were also prepared using only the latter oxidation process to achieve the same annealing 

time. 

TFT fabrication and characterization 

After fabrication of the films, photolithography was used to produce a pattern on the 

semiconductor layer, avoiding overestimating the TFT’s performance. Finally, patterned 

molybdenum source/drain electrodes (50 nm) formed using a shadow mask, produced 

bottom-gate, top-contact TFTs with 1,000-μm channel widths and 100-μm channel 

lengths. To evaluate bias stability, the TFTs were encapsulated with a coating-type 

insulation layer (ZEOCOAT, cycloolefin resin, Zeon Corporation) to prevent interaction 

with the atmosphere at the back channel of the semiconductor layer. The TFTs were 

evaluated in the dark, at 25C using an electrical measurement system comprising a probe 

station and a semiconductor analyzer (Keithley 4200-SCS). The saturation mobility () 

was calculated as 
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𝜇 =
2𝐿

𝑊𝐶𝑖
(

𝜕√𝐼𝑑

𝜕𝑉𝑔
)

2

, 

where W is the channel width, L is the channel length, Vg is the source-gate voltage, 

Id is the saturation current, and Ci is the capacitance of the gate dielectric per unit area.  

The fabricated films were characterized using secondary ion mass spectrometry 

(SIMS; PHI Corporation ADEP11010), thermal desorption spectroscopy (TDS; ESCO 

EMD-WA1000S), and X-ray photoelectron spectroscopy (XPS; ULVAC-PHI PHI 

Quantera II). 
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5.3 Aqueous fluorine doped IGZO precursor 

To produce a high-performance solution-processed metal-oxide semiconductor at 

low temperature, forming dense metal–oxygen–metal bonds within the metal oxide is 

crucial. For solution processing, another key factor is eliminating residual species from 

the precursor solution like metal ligands and the solvent, highlighting the importance 

reagents selection. Figure 5.1 illustrates that the aqueous precursor is compositionally 

ideal because it is carbon-free. Furthermore, this nitrate-based aqueous precursor can 

form a metal aqua complex ([M(H2O)n]) by the neighboring water molecules because 

nitrate ion exhibits low bonding strength of coordination complexes in aqueous solution[5, 

6]. This unique aqua complex results in low-temperature decomposition. 

M(NO3)n + nH2O → [M(H2O)n] + n(NO3)  

As a fluorine additive, hydrogen fluoride acted as the dopant, to ensure a simple 

composition without organic impurities. Thus, the precursor system in this study is totally 

carbon-free. Considering the differences of bonding strength of coordination complexes 

in aqueous solution[7], suppression of residual species of nitrate ions owing to the 

stronger bonding energy for the fluorine additive is suggested.  
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Figure 5.1. Schematic structure of the formation of hexaaqua metal complexes for the 

aqueous IGZO precursor; the conversion model to the metal oxide from precursor. 

Fluorine substitutes for ligands owing to the strong metal-fluorine bond energy. The 

inserted Table shows the precursors. 

 

 

5.4 Chemical and structural analysis for fluorine-doped IGZO 

Firstly, the depth profiles of the fluorine-doped IGZO film were measured by SIMS 

to confirm the presence of fluorine in the films. Figure 5.2(a) shows a depth profile in 

IGZO:F film on the SiO2/Si substrate, showing that the F ion count remains uniform in 

the IGZO:F film. Figure 5.2(b) shows the thermal desorption spectroscopy (TDS) results 

for the IGZO film with and without the fluorine additive, which were annealed at 250°C 

in air for 1 h. The desorption of nitrogen compounds was assessed by tracking the mass 

fragments at m/z values of 30, corresponding to NO from the precursor compounds. 

Interestingly, the fluorine-doped film contains lower impurities than the film without 

fluorine additives, considering the amount of NO.  
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Figure 5.2. (a) SIMS spectra showing the depth profile of the IGZO film with fluorine 

additive fabricated at 300°C. (b) TDS spectra for NO (m/z of 30) obtained from IGZO 

films fabricated at a low temperature with and without the fluorine additive. The number 

of desorbed molecules associated with the NO is presented in the inserted Table. 

 

The chemical states of IGZO films with and without fluorine additives were 

examined using X-ray photoelectron spectroscopy (XPS), and Figure 5.3 summarizes the 

N1s, F1s, and O1s results. The surfaces of films were cleaned through Ar+ sputtering prior 

to the analysis. F1s peak at 683 eV can be associated with chemical bonding of M–F by 

substitution of oxygen site. N1s peak at 405 eV can be associated with the remained 

nitrate peaks. As Figure 5.3(a) shows the M–F signal is confirmed with the IGZO:F film. 

With respect to the N1s spectra, there was a minor reduction in the nitrate peak using 

fluorine additives. Therefore, these results are consistent with the SIMS and TDS results. 

To analyze the chemical state of metal–oxygen, the O1s peaks were analyzed by curve 

fitting the OM (lattice oxygen), OV (oxygen vacancy) and OOH (hydroxyl) peaks at 530.4, 
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531.4, and 532.2 eV, respectively[8]. The XPS data indicate that the IGZO films with 

fluorine additives exhibit the smaller oxygen vacancy peak from the IGZO film without 

fluorine. 

 

Figure 5.3. XPS spectra for (a) F1s (b) N1s obtained from IGZO films fabricated at a low 

temperature with and without the fluorine additive and O1s spectra of (c) IGZO film and 

(d) IGZO:F. The spectra were analyzed by curve fitting the OM(lattice oxygen), 

OV(oxygen vacancy), and OOH(hydroxyl).  
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5.5 TFT characteristics for fluorine-doped IGZO 

Figure 5.4 shows the transfer characteristics of the IGZO TFTs with and without the 

fluorine additive assessed at applied gate voltages ranging from −30 to 30 V and drain 

voltage of 30 V. The calculated electrical properties including mobility (μ), maximum on-

current/minimum off-current ratio (Ion/Ioff), subthreshold swing (S.S.), switch-on voltage 

(Von) @ Ids = 10−9 A, and hysteresis of Von (Vhyst) are presented in Table 5.1, with the 

conventional IGZO showing a low mobility of 1.9 cm2/Vs. This low value indicates 

insufficient formation of metal-oxide–metal bonds and residual species based on nitrate-

based metal salts. Nevertheless, considerable performance improvement was obtained for 

TFTs containing the fluorine additive, with mobilities of 4.7 and 5.1 cm2/Vs for the IGZO 

low and IGZO high, respectively. Furthermore, the improvement of the Ion/Ioff ratio and 

the subthreshold voltage swing (S.S.) were confirmed for the IGZO TFT with fluorine 

additives. Higher concentration of fluorine additive exhibited better switching 

characteristics. Figure 5.5 (a) and (b) show the transfer characteristics of the IGZO TFTs 

with and without fluorine additives under a positive gate bias stress (PBS). This 

evaluation of the electrical stability of the TFTs from −15 to 15 V, with an applied drain 

voltage of 10 V, stress voltage for PBS of 20 V, and maximum stress time of 1 h. The 

switch-on voltage shift (ΔVon) for PBS for the TFT without fluorine additive was 3.1 V 

with 3,600 s, whereas the PBS for the TFT with fluorine was only 0.6 V. It indicated much 

improvement in the PBS stability. 
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Figure 5.4. (a) Schematic diagram of a bottom-gate, top-contact TFT, and (b) a 

photographic image of a fabricated TFT and (c) transfer characteristics of IGZO TFTs 

with W/L = 1000 µm/100 µm, fabricated with and without the fluorine additives. 

Comparison of (d) mobility and (e) S.S. for six TFTs.  

 

Table 5.1. Electrical characteristics of IGZO TFTs without and with the fluorine additive. 

 

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

1E-04

1E-03

-30 -20 -10 0 10 20 30

D
ra

in
 c

u
rr

en
t 

(A
)

Gate voltage (V)

IGZO IGZO:F Low IGZO:F High

Source

SiO2 200nm

n+-Si substrates

Drain

semiconductor Source Drain

Semiconductor

W 1000 μm

L 100 μm

0

1

2

3

4

5

6

IGZO IGZO:F

Low

IGZO:F

High
M

o
b

il
it

y
 (

cm
2
/V

s)

0

0.2

0.4

0.6

0.8

1

IGZO IGZO:F

Low

IGZO:F

High

S
.S

. 
(V

 d
ec

.-1
)

(a)

(c)

(b)

(d)

(e)

 Mobility(cm2/Vs) Ion/Ioff ratio S.S. (V/decade) Von (V) Vhyst (V) 

IGZO 1.9 ± 0.33 −106 0.48 ± 0.09 −1.3 ± 0.4 0.7 ± 0.4 

IGZO:F Low 4.7 ± 0.51 −107 0.41 ± 0.09 −0.8 ± 0.2 1.0 ± 0.4 

IGZO:F High 5.1 ± 0.37 −107 0.37 ± 0.09 −0.7 ± 0.7 0.5 ± 0.4 
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Figure 5.5. (a) and (b) Transfer characteristics of IGZO TFTs with and without the 

fluorine additive processed at 300°C under a positive bias stress at a drain voltage of 20 

V. (c) Changes in the switch-on voltage for TFTs against the cumulative stress. 
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In this study, the improvement in the TFT characteristics were observed due to 

fluorine doping. As indicated by the TDS and XPS results, the pristine low-temperature 

solution-processed metal-oxide film contains impurities originated from nitrate ligands, 

even from the efficient aqueous route. Therefore, the impurities reduction through by 

adding the fluorine additive is one of the mechanisms for the enhancement of the TFT 

performance. Based on the bonding strength of coordination complexes in aqueous 

solution, stability constant (Log 1) of In–NO3 and In–F are 0.18 and 3.75, respectively 

[5, 7]. When fluorine is mixed in an aqueous solution, the In–F bonding is expected to 

form prior to the In–NO3 owing to the differences in the bonding strength. It is suggested 

that the formation of [M(H2O)nFm] complexes can suppress the nitrate impurities. 

Moreover, considering the bond-dissociation energies, the metal–fluorine bond is known 

to be much stronger than the metal–oxygen bond. The M–O bond energies for In–O, Ga–

O, and Zn–O are 346, 374, and 284 kJ/mol, respectively, whereas the energies for the M–

F bonds In–F, Ga–F, and Zn–F are 516, 584, and 364 kJ/mol, respectively[9]. This strong 

metal–fluorine bond energy of F ions is expected to selectively bond with metals through 

the substitution of oxygen or oxygen vacancy site.  

Figure 5.6 shows proposed models for the fluorine-doped metal oxide. Along with 

the improvement of the TFT switching characteristics, the stability characteristics are also 

enhanced. These properties are related to electron trapping such as electrically charged 

ions, oxygen vacancy, or electron migration at the semiconductor–insulator interface[10]. 

The negatively charged residual species like NO3
− and oxygen vacancy critically 

influence the major shifts for the IGZO TFTs. Although the reduction of impurities is one 

of rational mechanism for obtaining better TFT characteristics, the advantages of fluorine 
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introduction to the metal oxide was also contributed to enhance the overall performance 

of metal oxides. The introduction of fluorine into the sites of oxygen and oxygen vacancy 

is reported to increase the carrier concentration by generating free carriers[2, 11] and 

reduces the electron trap sites[12]. Moreover, the formation of M-F bonds at the 

semiconductor–insulator interface can block oxygen vacancy diffusion[13]. These 

advantages of the introducing fluorine could also be attributed to the improvement of the 

TFT performance such as mobility, S.S., hysteresis, and stability. This simple technique 

involving fluorine addition to an efficient aqueous precursor is a promising method for 

obtaining stable, high-performance TFTs at a low processing temperature. 

 

Figure 5.6. Proposed models for the aqueous fluorine-doped metal oxide at a low 

temperature, with impurities retained in the IGZO film. The fluorine additive reduces the 

impurities and generates the free carrier. The fluorine doping and efficient decrease of 

residual species enhances the characteristics of a metal oxide TFT. 
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Finally, the HIO process was performed on the fluorine-doped TFTs to improve better 

switching characteristics. Figure 5.7 (a)–(b) show the transfer characteristics and 

performance of the HIO treated IGZO TFTs with and without the fluorine additive. Along 

with the HIO process, the TFTs with fluorine additive display mobilities up to 7.3 cm2/Vs 

for IGZO:F high at the 300°C. These TFTs performance indicate high Ion/Ioff with almost 

no hysteresis performance. The PBS for the IGZO:F treated by HIO also exhibits better 

characteristics. It was suggested that the HIO treatment aided in decreasing the remaining 

impurities and the formation of dense metal–oxygen–metal bonds. Thus, it was confirmed 

that HIO is general method to improve the film quality to enhance the overall TFT 

characteristics. 

 

 

 

 

Figure 5.7. Transfer characteristics of 6 IGZO:F TFTs with and without HIO at 300°C 
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Table 5.2. Electrical characteristics of IGZO:F TFTs without and with HIO 

 

5.6 Conclusion 

In summary, efficient aqueous fluorine-doped IGZO precursors were synthesized to 

fabricate high-performance metal-oxide TFTs at a low processing temperature of 300˚C. 

The fluorine doping suppressed the total impurities from metal ligands and form M–F 

bonding at the sites of oxygen or oxygen vacancy. The fabricated metal-oxide TFTs with 

IGZO:F exhibited higher mobilities, better switching characteristics, and enhancing the 

overall TFT performance. This was achieved by suppressing bonds with residual 

components and the introducing the fluorine dopant. Along with HIO method, the total 

performance can be enhanced. This simple approach with fluorine doping is expected to 

gain wide application for fabricating metal-oxide TFTs.  

 

 

 

 

 

 

 Mobility(cm2/Vs) Ion/Ioff ratio 
S.S. 

(V/decade) 
Von (V) Vhyst (V) 

IGZO:F High 5.1 ± 0.37 −107 0.37 ± 0.09 −0.7 ± 0.7 0.5 ± 0.4 

IGZO:F High 

HIO 
7.3 ± 0.46 −107 0.46 ± 0.10 −1.6 ± 0.3 0.0 ± 0.1 
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Chapter 6: Simple and reliable direct patterning method for 

carbon-free solution-processed metal oxide TFTs 

 

6.1 Introduction  

In this chapter, a simple and reliable direct patterning method for the carbon-free 

metal oxide thin films was demonstrated using a simple aqueous metal oxide precursor 

for process improvements.  

The precursor was prepared by only a pure aqueous precursor without any carbon-

related species. In the proposed method, the water molecules underwent photochemical 

reaction directly in aqueous precursor based on free-radical reactions induced by UV 

irradiation. A safe etching processes based on a dilute non-toxic organic acid (citric acid) 

was also developed. The entire process does not require any organic solvents. The 

fabricated TFT by the direct patterning of carbon-free, aqueous solution-processed oxide 

TFTs showed good device performance, which is comparable to the TFTs fabricated by 

conventional photolithography process.  
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6.2 Experimental 

Precursor synthesis 

A 0.3 M IGZO precursor solution was prepared by dissolving indium nitrate hydrate 

[In(NO3)3·xH2O], gallium nitrate hydrate [Ga(NO3)3·xH2O], and zinc nitrate hydrate 

[Zn(NO3)2·xH2O] in pure water (Millipore system, resistivity: ~18 MΩ⸱cm, 25°C). The 

molar concentration of 0.3 M was achieved by setting the molar ratio of In:Ga:Zn to 4:1:1. 

Prior to the spin-coating process, the precursor was stirred vigorously to completely 

dissolve the precursors in solution. All reagents were obtained from Aldrich and used as 

received without further purification.  

TFT fabrication and characterization 

Solution-processed IGZO thin films were fabricated by spin-coating onto 100 nm 

thick, thermally oxidized SiO2/n
+-Si substrates. The n+-Si substrate was used as the gate 

electrode, while the SiO2 layer was used as the dielectric. The substrate was treated with 

oxygen plasma for 30 s before spin-coating to enhance hydrophilicity. The precursor 

solution was passed through a 0.22 μm polytetrafluoroethylene filter. Spin-coating was 

performed at 4000 rpm for 30 s. Then, soft annealing was performed to retain H2O inside 

the films at 60 °C for 10 s. The photoreaction was then carried out using deep-UV 

irradiation system (UV-300, Samco Inc.) with the primary emission line of UV of 185 nm 

(10%) and 254 nm (90%) provided by a low-pressure mercury lamp for 10 min. The 

intensity of UV lamp was 0.8 mW/cm2 (250 nm detector, ORC MANUFACTURING CO., 

LTD.) with 2 cm of sample-to lamp distance. The substrate temperature after 10 min UV 

irradiation was about 38 °C. N2 atmosphere was set to prevent the generation of ozone 

gas. Fine metal masks were used to pattern the desired island shapes. Etching was 
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performed using dilute citric acid (1 wt%) for 30 s. After patterning, the films were 

annealed at 350 °C for 1 h in air. The thickness of the resulting film was approximately 

10 nm. Finally, patterned molybdenum source/drain electrodes (50 nm) were formed 

using a shadow mask to obtain bottom-gate, top-contact IGZO TFTs with 1000 μm 

channel widths and 100 μm channel lengths. To evaluate bias stability, the TFTs were 

encapsulated with a coating-type insulation layer (ZEOCOAT, cycloolefin resin, Zeon 

Corporation) to prevent interaction with the atmosphere at the back channel of the 

semiconductor layer. TFTs by conventional photolithography process were also 

fabricated. Spin-coating was performed at 4000 rpm for 30s, followed by pre-annealed at 

150 °C for 10 min and subsequent annealing at 350 °C for 1h in air. After fabrication of 

IGZO films, the photolithography was conducted using dilute hydrochloric acid (0.01 

wt%) for wet etching. After removing photoresist, drying process was then carried out at 

150 °C for 30 min. 

The IGZO TFTs on a flexible polyimide substrate were fabricated using polyimide 

varnish. A polyimide film was spin-coated on a glass substrate and a barrier layer was 

formed. After formation of the gate electrode of molybdenum (50nm), 200 nm thick SiO2 

film as a gate insulator was deposited by sputtering deposition. Then, the substrate was 

treated with oxygen plasma for 30 s to enhance hydrophilicity. The spin-coating for the 

IGZO film was performed. The direct-patterning process was performed by same method 

as mentioned above. After patterning, the films were annealed at 350 °C for 1 h in air. 

Source and drain (S/D) electrodes were then formed. Shadow masks were used to pattern 

all layers of the TFTs. After fabrication of the TFTs, the polyimide film was mechanically 

peeled from the glass substrate.  
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The TFTs were evaluated in the dark and at room temperature using an electrical 

measurement system with a probe station and a semiconductor analyzer (Keithley 

HP4156C). The mobility was calculated as 

𝜇 =
2𝐿

𝑊𝐶𝑖
(

𝜕√𝐼𝑑

𝜕𝑉𝑔
)

2

, 

where Ci is the capacitance of the gate dielectric per unit area, W is the channel width, 

and L is the channel length. The fabricated IGZO films were characterized by XPS 

(ULVAC-PHI PHI Quantera II), TDS (TDS; ESCO EMDWA1000S), and Fourier 

transform infrared spectroscopy (FT-IR; Bruker VERTEX 70v). The film thicknesses 

were analyzed with a surface profilometer (Bruker, Dektak stylus profiler system). The 

etching rate was calculated from the etched depths after the remove of the photoresist 

masked on the films. 
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6.3 Direct patterning method for aqueous precursor 

The conventional photolithography requires multiple steps, from the coating process 

to the photoresist removal process, and involves a time-consuming baking and drying 

process. Besides, a lot of waste including toxic volatile organic compounds(VOCs) is 

produced and emitted with waste gases from those processes[1]. In contrast, the direct 

patterning method is markedly simpler and has advantages in terms of processing time 

and equipment cost, reduction of chemicals. Aqueous precursor can reduce the total 

amount of VOCs as well. The direct patterning process by aqueous precursor has a lot of 

environmental benefits. 

Figure 6.1 shows a schematic of the proposed direct patterning method. The 

proposed direct patterning process is based on the photochemical reaction of water 

molecules. Aqueous precursors have been reported to form aqua complexes such as 

[M(H2O)m]Xn during solvation as ligands are replaced by water molecules[2, 3]. During 

photoreactive patterning, the water molecules in aqua complexes react directly under UV 

irradiation. To effectively generate the photoreaction, the pre-irradiation annealing 

process was carefully adjusted so that the water molecules remained inside the films in a 

half-annealed condition. Upon irradiation of these complexes with short-wavelength (185 

and 254 nm) UV light, the free-radical reactions of the H2O moieties are induced by 

photodissociation, forming hydroxyl radical pecies[4, 5]. Along with photoreaction of 

H2O, the photo-reaction of nitrate ligands of NO3 are initiated as well [6]. The 

photochemical reaction is written as follows: 

H2O + hν → H∙ + ∙OH 

NO3
- + hν → NO2∙ + ∙OH 
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The generated hydroxyl radical species are known to be strong oxidizing agents for 

accerating oxidation reactions[7]. The generated hydroxy radicals assist the M-OH 

activation, which leads to M-O-M condensation efficiently[6]. The condensation reaction 

for M-O-M bonds is written as follows: 

M-OH + M-OH → M-O-M + H2O 

 

 

 

 

Figure 6.1. (a) Aqua complexes [M(H2O)m]Xn formed by solvation with water molecules 

in the aqueous precursor. (b) Schematic illustration of the direct photoreactive patterning 

method.  
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In the proposed patterning method, these photoreactions are utilized directly for 

patterning. Therefore, the direct patterning was successfully achieved as an alternative to 

the use of organic photosensitive additives. Selective exposure to UV light was achieved 

by setting a metal mask on the films during UV irradiation. Thus, the direct-patterning 

method can be applied to simple aqueous precursors that do not contain carbon-based 

photosensitive additives. The oxidation of the films during UV irradiation alters the 

solubility of the UV-exposed films, while the regions not exposed to UV light were easily 

solved. Because, the aqueous precursor was synthesized only from metal-nitrate salts and 

pure water, the resulting solution-processed oxide film is expected to be free from carbon 

impurities, except those introduced by accidental contamination during the fabrication 

processes. Besides, the easy decomposition of nitrate based precursor in aquesous 

systems leads to the fewer impurities and efficient M-O-M bonds[8]. Thus, a dense oxide 

film is expected to result from the easy decomposition of the precursor.  

Figure 6.2 shows optical microscopy images of the IGZO films fabricated using the 

direct photoreactive patterning method after different etching times. The direct patterning 

process produced stable patterning while maintaining the shape of the IGZO film. We 

observed high solubility during the etching process at the regions not exposed to UV 

irradiation, which were solved within about 10 s. In contrast, the regions exposed to UV 

irradiation exhibited high stability toward the etchant. Large differences in film solubility 

were observed. These considerable differences (a factor of approximately 40) in etching 

rate were sufficient to obtain uniform patterning, and the photoreactive process applied 

to the aqueous precursor effectively achieved stable, direct patterning. 
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Figure 6.2. (a) Optical microscopy images acquired at different times during the direct 

photoreactive patterning of island-shaped IGZO films. (b) Etching rates of the IGZO 

films in UV-irradiated and non-irradiated areas. (c) Photograph of differently sized 

patterns and IGZO film on a 4-in Si wafer.  
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6.4 Chemical analysis for direct-patterning process 

To analyze the photoreaction during the direct-patterning process, the fabricated 

IGZO films were evaluated by X-ray photoelectron spectroscopy [XPS; Figure 6.3(a)–

(d)]. Since the residual species were limited to nitrate ligands, the changes in the N1s 

nitrate peaks were analyzed. The O1s peaks were also analyzed by curve-fitting the M─O 

(lattice oxygen), Vo (oxygen vacancy), and M─OH (hydroxyl) peaks at 530.2, 531.7, and 

533.0 eV, respectively[9]. As shown in Figure 6.3 (a), UV irradiation resulted in a 

decrease in nitrate peaks related to NO3, indicating that UV irradiation effectively 

decomposed the nitrate ligands. The XPS spectra also show that the M─O bonds were 

enhanced by UV irradiation. To analyze more clearly, thermal desorption spectroscopy 

(TDS) analysis was conducted for the IGZO films. The desorption of nitrogen compounds 

was assessed by tracking the mass fragments at m/z values of 28 and 30, which 

correspond to N2 and NO from the precursor compounds. Figure 6.4 shows the TDS 

spectra related to m/z of 28 (N2) and 30 (NO). A large amount of desorption signals with 

peak at around 300 °C was observed for the IGZO film before UV irradiation. These 

desorption signals were relating to the nitrate ligands because the annealing temperature 

of 60 °C was very low. However, considerable decreases in desorption was confirmed for 

the IGZO films after UV irradiation. The UV irradiation was effective to decomposed the 

nitrate ligands and oxidize the precursors. According to the previous reports, UV 

irradiation is effectively to cause oxidation reaction and decomposition of ligands only 

by the photoreaction of the nitrate lignads[6]. In proposed aqueous nitrate based precursor, 

the photochemical reactions based on water and nitrated ligands are induced to generate 

the oxidizing agents. Therefore, considering from XPS and TDS results, the 
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decomposition of nitrate ligands and enhanced M─O bonding formation contributed to 

the changes in film solubility, which are important for the subsequent etching process.  

 

 

Figure 6.3. (a) XPS N1s spectra of the IGZO films fabricated by the direct-patterning 

process at the indicated conditions. (b) Intensity of NO3 peaks in the corresponding IGZO 

films. (c) XPS O1s spectra of the IGZO films at the indicated conditions. The O1s peaks 

were analyzed by curve-fitting the M─O (lattice oxygen), Vo (oxygen vacancy), and 

M─OH (hydroxyl) peaks. (d) Intensity of the O1s peaks for M─O, Vo, and M─OH. 

 

 

Figure 6.4. TDS spectra related to m/z of (a) 28 (N2) and (b) 30 (NO) for IGZO films by 

the direct-patterning process at the indicated conditions. 

390392394396398400402404406408410412

Binding energy (eV)

-NO3

-NO2

Ga-Auger

1.6 

1.1 

1.0 

Before UV After UV After annealing 
at 350 ˚C

After annealing at 350 ˚C

After UV irradiation 

Before UV irradiation

N1s
NO3 Peaks

528529530531532533534535
Binding Energy(eV)

O1

O2

O3

528529530531532533534535
Binding Energy(eV)

O1

O2

O3

528529530531532533534535
Binding Energy(eV)

O1

O2

O3

M-O
Vo
M-OH

M-O
Vo
M-OH

M-O
Vo
M-OH

After annealing at 350 ˚CAfter UV irradiation Before UV irradiation

(a) (b)

(c)

0

10

20

30

40

50

60

70

80

Before UV After UV After annealing 

at 350˚C

In
te

n
s
it

y

M-O Vo M-OH

(d)

M-O

58 %

M-O

65 %
M-O

75 %

0

5E-11

1E-10

1.5E-10

2E-10

2.5E-10

3E-10

3.5E-10

4E-10

4.5E-10

5E-10

50 100 150 200 250 300 350 400 450 500

Temperature (˚C)

Before UV irradiation

After UV irradiation

After annealing at 350˚C

(b) m/z 30:NO

0

5E-11

1E-10

1.5E-10

2E-10

2.5E-10

50 100 150 200 250 300 350 400 450 500

Temperature (˚C)

Before UV irradiation

After UV irradiation

After annealing at 350˚C

(a) m/z 28 :N2



 

115 

 

 

Figure 6.5 shows a schematic model of the photoreaction based on the 

photodissociation of water molecules in the aqueous precursor followed by oxidation via 

thermal annealing. As indicated above, the photodissociation of water molecules and 

nitrate ligands under UV irradiation generated hydroxyl radicals, which acted as an strong 

oxidant to form M─O bonds. Compared to the films annealed at 350 °C for 1 h, the 

formation of the M―O bonds after the UV irradiation is insufficient in points of low 

intensity of the M─O bonds. However, the difference in partial oxidation between the 

irradiated and un-irradiated films was sufficient to achieve patterning using the etching 

process. Although the IGZO films after UV irradiation is not completely oxidized, the 

following thermal annealing enhance the formation of metal-oxide-metal bonds and 

decomposing the impurities of metal ligands. 

 

 

 

Figure 6.5. Schematic model of the oxidation reaction of metal complexes using the direct 

photoreactive patterning method. 
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6.5 TFT characteristics for direct patterned IGZO TFTs 

Figure 6.6 (a)–(f) shows the transfer characteristics of the 18 IGZO TFTs fabricated 

using the direct patterning method in this study and the conventional photolithography 

process at gate voltages (Vg) ranging from −30 to 30 V and a fixed drain voltage (Vd) of 

30 V. Table 1 summarizes the calculated electrical properties, including mobility (μ), ratio 

of maximum on-current to minimum off-current (Ion/Ioff), subthreshold swing (S.S), 

switch-on voltage (Von) @ Ids = 10−9 A, and hysteresis of Von. The calculated average μ of 

the TFTs fabricated by direct patterning was 4.2 cm2/V·s, and only small deviation in μ 

was observed. Hysteresis in the switching behavior was also negligible. These results 

indicate that stable, uniform performance in conjunction with a high Ion/Ioff and minimal 

hysteresis. The carbon-free aqueous precursor containing no organic additives is thought 

to have contributed to the stable electrical characteristics because of its ease of 

decomposition and lack of impurities. Comparing the TFTs fabricated by the direct 

patterning method with those prepared by conventional photolithography indicates that 

direct patterning did not produce any film-degradation effects. The almost same mobility 

performances were obtained for the TFTs fabricated by more simple processes based on 

direct patterning.  
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Figure 6.6. (a) Schematic diagram of a bottom-gate, top-contact TFTs and photographic 

image of a fabricated TFT. Transfer characteristics for 18 IGZO TFTs fabricated by (b) 

the direct photoreactive patterning process and (c) conventional photolithography. 

Mobility histograms of the TFTs fabricated by (e) direct patterning and (f) 

photolithography.  
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Table 6.1. Calculated electrical parameters of solution processed IGZO TFTs fabricated 

by the direct photoreactive patterning process and by conventional photolithography. 

 
Mobility 

(cm2/V·s) 

Ion/Ioff 

ratio 

S.S. 

(V/decade) 

Von 

(V) 

Hysteresis 

(V) 

Direct photoreactive 

patterning 

4.2 

σ: 0.4 
−10

6
 

0.4 

σ: 0.03 

−0.4 

σ: 0.07 

0.1 

σ: 0.04 

Conventional 

photolithography 

4.4 

σ: 0.6 
−10

6
 

0.4 

σ: 0.04 

−1.3 

σ: 0.48 

0.7 

σ: 0.20 

 

 

Interestingly, the direct-patterned TFTs showed smaller deviations in electrical 

performance (based on μ, Von, and hysteresis) compared to the conventional films. The 

surface state for the back channel of oxide TFT is known as very sensitive and important 

layer to improve the performance of oxide TFTs [10, 11].  

To investigate the differences of chemical states of fabricated films between the 

processes, FT-IR spectroscopy were conducted. As showed in Figure 6.7(b), the increases 

of OH groups at the semiconductor layer was examined for the films by photolithography 

process compared to that by direct patterning. Besides, as showed in Figure 6.7(c), the 

unique residual peaks relating to silazanes (Si-CH3), which is one of residues consisting 

of photoresist materials, were detected. It is suggested that one of possible reasons for the 

larger deviation is owing to the negative effect of the residual on back channel during 

photolithography. Residues on the back channel can lead to undesirable effects (e.g., back 

channel effects and additional passivation processes)[12]. The direct patterning does not 
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need any chemicals which were consisted of various organic compounds such as a 

photoresist, remover. In addition, considering from the process flows, direct pattening 

process apply the high temperature thermal annealing process of 350 °C to the IGZO 

films after finishing patterning process. Whereas the conventional photolithography apply 

annealing is before patterning process. The difference of process flows is considered as 

another reason to cause the larger deviation of TFT performance. Thus, the chemical state 

at the surface of TFT by direct patterning is considered to be cleaner and more stable. The 

proposed direct patterning method is considered as a reliable patterning method for a 

production of electrical devices.  

Finally, to evaluate the electrical stability of the IGZO TFTs by direct patterning 

method, both positive gate bias stress (PBS) and negative bias stress (NBS) were assessed. 

Figure 6.8 shows the transfer characteristics of the direct-patterned IGZO TFTs under 

PBS and NBS. To suppress the interaction between the air atmosphere and back channels 

of the TFTs, the back channels were passivated with a coating-type insulation layer, and 

the transfer characteristics of the TFTs at Vg ranging from −15 to 15 V were assessed at 

an applied drain voltage of 10 V. The stress conditions for PBS and NBS were ±1 MV/cm, 

and the maximum stress time was 3,600 s at room temperature. The direct-patterned TFTs 

exhibited reliable switch-on voltage with ΔVon less than 1.0 V under both PBS and NBS. 

It is found that the aqueous solution processed TFTs fabricated via simple direct 

photoreactive patterning method exhibit stable reliability. It is likely that the simple 

carbon-free aqueous precursor with the simple patterning process, which involves few 

steps without organic solvents, allows achieving good stability under bias stress condition. 

Since reliability of TFTs is very important characteristic for practical device applications, 
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this direct patterning method is promising technology to easy device integration in terms 

of practical future applications. 

To confirm the process compatibility of fabrication for the flexible electronics, 

flexible IGZO TFTs were fabricated using direct patterning method. As shown in Figure 

6.9, a bottom-gate, top-contact IGZO TFT onto flexible polyimide substrate was 

fabricated. The calculated μ of the TFT fabricated on flexible substrate was 4.8 cm2/V·s. 

The proposed direct patterning method was demonstrated for fabrication of flexible 

electronics.  

 

 

Figure 6.7. FT-IR spectra for the IGZO films by the direct photoreactive patterning 

process and conventional photolithography. 
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Figure 6.8. Transfer characteristics of a direct-patterned IGZO TFT under (a) positive bias 

stress and (b) negative bias stress at an applied drain voltage of 10 V. (c) Changes in 

switch-on voltage as a function of cumulative stress time for positive and negative bias 

stresses. 
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Figure 6.9. (a) Schematic diagram of a bottom-gate, top-contact TFTs and photographic 

image of a fabricated TFT on flexible polyimide substrate. (b) Transfer characteristics for 

IGZO TFT fabricated by the direct photoreactive patterning process. (c) Photograph of 

IGZO TFTs on the flexible polyimide substrate. 

 

 

 

 

 

 

 

 

1E-09

1E-08

1E-07

1E-06

1E-05

1E-04

1E-03

-30 -10 10 30

D
r
a
in

 c
u

r
r
e
n

t 
(A

)

Gate voltage (V)

(a)

Source(Mo)

SiO2 200nm

Drain (Mo)

Patterned IGZO

Gate

Directly patterned IGZO

Source Drain

GateSiO2

PI Film 15μm

(b)

(c)



 

123 

 

6.6 Conclusion 

In summary, a simple and easy photoreactive direct-patterning method is develop a 

simple and reliable direct patterning method for carbon-free aqueous solution-processed 

IGZO TFTs. The patterning method is achieved by the photooxidation of water molecules 

and nitrate ligands. XPS and TDS analysis indicated that UV irradiation leads to the 

dissociation of nitrate ligands and oxide formation, altering the film solubility for the 

subsequent etching process. The fabricated TFTs annealed at 350 °C exhibited good 

electrical performance and uniformity. The mobilities of the fabricated TFTs were 

uniformed, with an average value of 4.3 cm2/V·s and small deviations. Since the proposed 

photoreactive patterning method is simple in its mechanism, namely the photooxidation 

of water molecules and nitrate ligands, it expects the method to be applicable to various 

types of aqueous metal oxide precursors, including semiconductors, dielectric oxide 

materials, and other conductive materials. In addition, given the environmental benefits 

of this method, the method can be used in various electrical device applications. 
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Chapter 7: Conclusions and outlook  

 

In this thesis, the technology for achieving high-performance low-temperature 

solution-processed oxides for various flexible electronics were thoroughly investigated 

and find its potential for various applications. The investigations by the processing and 

materials approaches show the great potential of the solution-processed metal oxide TFT 

even at low-temperature processing for the flexible electronics. 

In chapter 3, the work demonstrated a general method employing the HIO process 

for the fabrication of low temperature solution-processed oxide semiconductors using 

ZTO with organic precursor. The HIO method was demonstrate efficiently elimination a 

large amount of residual species as well as to promote film densification upon sequential 

oxidation. Moreover, improvements in the TFT characteristics were seen upon applying 

the HIO process to ZTO TFTs.  

In chapter 4, the high stability of low-temperature solution-processed IGZO TFTs 

was demonstrated by application of the HIO method. Improvement in the TFT 

characteristics was confirmed in terms of the mobility and electrical stability. To achieve 

low-temperature solution-processed oxide materials, the decomposition of residual 

species is of primary importance. The effectiveness of HIO method was demonstrated by 

aqueous precursor based on IGZO for realizing solution-processed oxide semiconductors 

for device applications. 
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In chapter 5, efficient aqueous fluorine-doped IGZO precursors were synthesized to 

fabricate high-performance metal-oxide TFTs at a low processing temperature of 300˚C. 

The fluorine doping suppressed the total impurities from metal ligands and form M–F 

bonding at the sites of oxygen or oxygen vacancy. The fabricated metal-oxide TFTs with 

IGZO:F exhibited higher mobilities, better switching characteristics, and enhancing the 

overall TFT performance. This was achieved by suppressing bonds with residual 

components and the introducing the fluorine dopant. Along with HIO method, the total 

performance can be enhanced. This simple approach with fluorine doping is expected to 

gain wide application for fabricating metal-oxide TFTs. 

In chapter 6, a simple and easy photoreactive direct-patterning method is develop a 

simple and reliable direct patterning method for carbon-free aqueous solution-processed 

IGZO TFTs. The patterning method is achieved by the photooxidation of water molecules 

and nitrate ligands. The fabricated TFTs exhibited good electrical performance and 

uniformity. Since the proposed photoreactive patterning method is simple in its 

mechanism, namely the photooxidation of water molecules and nitrate ligands, it expects 

the method to be applicable to various types of aqueous metal oxide precursors, including 

semiconductors, dielectric oxide materials, and other conductive materials. In addition, 

given the environmental benefits of this method, the method can be used in various 

electrical device applications.  

During the processing approaches, hydrogen injection and oxidation methods were 

investigated for the conventional organic precursor of ZTO and aqueous precursor of 

IGZO. Regardless of the precursor systems, the effectiveness of the method was revealed 

by detailed chemical analysis using SIMS, TDS, XPS, and FT-IR. Furthermore, the 
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overall TFT performances including mobility, On-Off ratio, S.S, and reliability were 

demonstrated by adopting HIO methods. Thus, these results indicate its generality for the 

solution-processed oxide at low-temperature. It can be applicable for various precursor to 

improve its TFT performance owing to decomposing the residuals and improving the film 

qualities. Besides, it was clarified that the key requirement is to eliminate impurities and 

to produce dense films, such as those that are obtained from physical vapor deposition 

processing in the production of high-performance solution-processed oxide TFTs at low 

temperatures. 

Associated with precursor engineering, fluorine doped precursors were investigated 

to improve the TFT performances. The fluorine doping was effective to reduce the total 

impurities from metal ligands and form M–F bonding at the sites of oxygen or oxygen 

vacancy. Furthermore, the fabricated metal-oxide TFTs with IGZO:F improved mobilities, 

switching characteristics. Along with the HIO method, mobility over 7 cm2/Vs was 

achieved for the IGZO:F by low-temperature solution processing. 

The facile fabrication technology using direct patterning was investigated for 

process improvement. Simple and reliable direct patterning process for carbon-free 

aqueous precursor was successfully demonstrated with good electrical performance and 

uniformity by using the photooxidation of water molecules and nitrate ligands. The 

method is expected to be applicable to various types of aqueous metal oxide precursors. 

Solution processing for oxide materials is a promising technology for widen the 

possibility of its application. However, low-temperature processing of oxide TFTs still 

need to improve its performance compared to the oxides by vacuum processing on 

flexible substrates. Therefore, further researches are required for practical application of 
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the next generation flexible electronics. Considering from the improvement using HIO 

and fluorine doped precursor, the use of multiple improvement technology could be 

essential to boost the performance of metal oxide. Those results reveal that the further 

improvement of its performances is still possible to meet the requirement of practical 

applications by combining the technology from process and material engineering. Further 

investigation develops the better solutions for obtaining facie and better performance of 

solution-processed oxide. 

This thesis focused mainly on the oxide material as a semiconductor, however, the 

solution-processing technology can be applicable widely including dielectric oxide 

materials, conductive materials, coating layer, optical layer with high-refractive index etc. 

Therefore, more wider application area is expected using current solution-processing 

technology of metal oxides. 

In general, system integrations require more detail circuit structure using n-type and 

p-type. Therefore, another challenges for solution-processing oxide is investigations of p-

type materials because complementary logic circuits enable more efficient driving with 

simple structure. Therefore, solution-processed p-type oxide as well as solution-

processible p-type organic semiconductors are considered as p-type candidates for 

realizing CMOS structure. Further researches must expand its application using solution-

processing. 

As mentioned, the application area of TFTs are not limited to display applications. 

Current momentum towards IoT in society 5.0 needs more ubiquitous electronics. To meet 

its demands, facile fabrication process without costly vacuum processing must be a 

promising. Besides, given the environmental benefits of this method, the advantages 
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without costly vacuum processing is significantly important. Complete alternation of 

existing technology is not realistic, however, hybrid electronic using solution-processed 

and vacuum-processed electronics must be possible. The solution to maximize the 

advantages of facile processing of solution-processing and the superior performance of 

existing device technology is next step to expand the solution-processing of oxides. 

Accelerating of the practical application for solution-processing oxides are expected by 

this knowledge of the solution-processed oxides for future various flexible electronics.  
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