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Abstract  

Improvement of Low Temperature 

Solution -processed Oxide Thin Film 

Transistors by O 2 plasma, UV radiation 

and Biased-H2O annealing 

Jeong-Soo Lee 

Department of Electrical Engineering and Computer Science 

College of Engineering 

Seoul National University 

Solution-processed oxide thin film transistors ( TFTs) with  zinc-tin -oxide (ZTO) 

and indium-gallium-zinc-oxide (IGZO) have attracted considerable attention for 

the driving elements of active matrix display, instead of Si-based TFTs and 

organic TFTs, because of high mobility, visible light transparency, flexibility , 

wide range of materials, and control lability  of electrical properties by atomic 

composition. Solution-processed oxide TFTs show superior performance for 

active matrix liquid crystal display (AMLCD) and active matrix organic light 

emitting diode (AMOLED) display backplanes, compared with solution-

processed Si and organic TFTs which have a number of issues. Furthermore, 

solution-processed oxide TFTs are compatible with large area due to good 

uniformity and high throughput, so that could be a method for achieving low cost 

fabrication contrary to vacuum processes. 

Among various ZnO-based oxide semiconductors, ZTO TFTs employing tin  (Sn) 

material maybe promising candidates for achieving low cost processes because 

Sn is a quite low cost material compared with widely used indium (In). 
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Solution-processed ZTO TFTs need to be fabricated on inexpensive and flexible 

substrates such as glass and plastic for additional cost reduction and application 

extension to a flexible display. For solution-processed ZTO TFTs fabrication with 

these flexible substrates, low temperature processes are necessary because 

these substrates are easily damaged at high annealing temperatures. At low 

annealing temperature, however, solution-processed ZTO TFTs have poor 

performance such as low on-current, high threshold voltage and low mobility, so 

a rather high annealing temperature exceeding 500 °C is required in solution-

processed ZTO TFTs. To improve the device characteristics of solution-processed 

oxide TFTs even at low annealing temperature on an active layer, a study of the 

effects of annealing temperature on the electrical characteristics of solution-

processed oxide TFTs and the efforts to achieve high device characteristics of 

solution-processed oxide TFTs even at low annealing temperature on active 

layer are desired. There were some efforts to investigate the effects of annealing 

temperature on solution-processed oxide TFTs, but the electrical and chemical 

mechanisms of annealing temperature on solution-processed oxide TFTs have 

been scarcely studied. 

The purpose of this thesis is to fabricate oxide TFTs employing solution-process 

for an oxide semiconductor active layer with various annealing temperatures to 

investigate the effects of annealing temperature on the electrical characteristics 

of solution-processed oxide TFTs such as threshold voltage, saturation mobility, 

and reliability, and to improve the electrical characteristics of low temperature 

solution-processed oxide TFTs for low cost, stable, and flexible active matrix 

display backplane. 

The effects of annealing temperature on the bonding structure of ZTO active 

layer in solution-processed ZTO TFTs were investigated and the chemical 

formation equation of the ZTO active layer with regard to the annealing 



iii  
 

temperature was established. 

To improve the electrical characteristics of low temperature solution-processed 

oxide TFTs according to the investigation of effects of annealing temperature in 

regard of the chemical formation of ZTO active layer, O2 plasma treatment, UV 

radiation treatment, and the biased-H2O annealing were proposed to achieve 

high device characteristics of solution-processed oxide TFTs even at low 

annealing temperature. Moreover, the effects on electrical and chemical 

characteristics of solution-processed oxide TFTs with proposed methods were 

investigated in detail. These proposed methods to improve the electrical 

characteristics of low temperature solution-processed oxide TFTs would be 

suitable for the low cost, stable, and flexible active matrix display backplane. 

 

 

 

 

 

Keywords: Oxide thin  film transistor,  Solution -process, Annealing 

temperature , O2 plasma, Ultra -Violet radiation, Biased-H2O 

annealing  

 

Student Number: 200 8-20944  



iv 
 

Contents 

Abstract  ................................................................................................... i 

Contents ................................................................................................ iv 

List of Tables ...................................................................................... vii  

List of Figures ...................................................................................... ix 

Chapter 1 Introduction .................................................................... 1 

1.1 Recent flat panel display technology ..................................................... 2 

1.2 Device parameter extraction .................................................................. 12 

1.3 Dissertation organization ........................................................................ 14 

Chapter 2 Review of solution-processed oxide TFTs........ 16 

2.1 Overview of oxide TFTs ............................................................................ 17 

2.2 Advantages of solution-process ............................................................ 25 

2.3 Solution-processed oxide TFTs ............................................................. 30 

Chapter 3 Optimization of the fabrication process of 

solution-processed oxide TFTs .................................................. 36 

3.1 Overview ........................................................................................................ 37 

3.2 Structure of solution-processed oxide TFTs .................................... 38 

3.3 Stirring time on solution-processed oxide TFTs ............................ 47 

3.4 Active layer thickness on solution-processed oxide TFTs .......... 56 

3.5 Effects of passivation on solution-processed oxide TFTs ............ 60 



v 
 

3.6 Electrical characteristics of solution-processed oxide TFTs ...... 63 

3.6.1 Transfer characteristics ................................................................................... 63 

3.6.2 Reliability characteristics ............................................................................... 68 

Chapter 4 Effects of Annealing Temperature on Solution-

processed oxide TFTs ..................................................................... 75 

4.1 Motivation ..................................................................................................... 76 

4.2 Fabrication of solution-processed ZTO TFTs with various 

annealing temperature .................................................................................... 78 

4.3 Electrical characteristics with the increase in annealing 

temperature ......................................................................................................... 80 

4.4 Dechlorination on threshold voltage with the increase in 

annealing temperature .................................................................................... 83 

4.5 Dechlorination and crystallization on saturation mobility with 

the increase in annealing temperature ...................................................... 89 

4.6 Reliability characteristics with the increase in annealing 

temperature ......................................................................................................... 93 

4.7 Chemical formation equations with the increase in annealing 

temperature ......................................................................................................... 95 

4.8 Conclusion ..................................................................................................... 99 

Chapter 5 Improvement of low temperature solution-

processed oxide TFTs .................................................................. 100 

5.1 Improvement of low temperature solution-processed oxide 

TFTs employing O2 plasma treatment .................................................... 101 

5.1.1 Motivation .......................................................................................................... 101 

5.1.2 Fabrication of solution-processed ZTO TFTs employing O2 plasma 



vi 
 

treatment ....................................................................................................................... 104 

5.1.3 Electrical characteristics with O2 plasma treatment ....................... 108 

5.1.4 Preferential dissociation of Cl on threshold voltage by O2 plasma 

treatment ....................................................................................................................... 111 

5.1.5 Increase of electron concentration on saturation mobility by O2 

plasma treatment ....................................................................................................... 116 

5.1.6 Reliability characteristics with O2 plasma treatment ..................... 119 

5.1.7 Conclusion .......................................................................................................... 122 

5.2 Improvement of low temperature solution-processed oxide 

TFTs employing Ultra-Violet radiation treatment ............................. 123 

5.2.1 Motivation .......................................................................................................... 123 

5.2.2 Fabrication of solution-processed ZTO TFTs employing UV 

radiation treatment  ................................................................................................... 126 

5.2.3 Electrical characteristics with UV radiation treatment .................. 130 

5.2.4 Effects of UV radiation treatment on oxide active layer 

semiconductors ........................................................................................................... 133 

5.2.5 Generation of hydroxide(-OH) bonding by UV radiation treatment 

on oxide active layer semiconductors ............................................................... 137 

5.2.6 Conclusion .......................................................................................................... 141 

5.3 Improvement of low temperature solution-processed oxide 

TFTs employing biaed-H2O annealing .................................................... 142 

5.3.1 Motivation .......................................................................................................... 142 

5.3.2 Effects of various annealing condition ................................................... 145 

5.3.3 Effects of H2O wet annealing according to the annealing 

temperature .................................................................................................................. 148 

5.3.4 Proposed biased-H2O annealing to improve low temperature 

solution-processed oxide TFTs ............................................................................. 154 

5.3.5 Conclusion .......................................................................................................... 161 

Chapter 6 Summary ...................................................................... 162 

Bibliography .................................................................................... 171 

   ................................................................................................ 191 



vii  
 

 

List of Tables  

Table 2-1. Comparison of TFTs with various active layers ............................................. 22 

Table 2-2. Comparison of various solution-processed semiconductor TFTs ......... 32 

Table 2-3. The electrical characteristics of solution-processed ZTO TFTs with 

various annealing temperature .................................................................................... 34 

Table 3-1. The property of solute as zinc chloride (ZnCl2) and Tin (II) chloride 

(SnCl2) powders and solvent as Acetonitrile (CH3CN) for the synthesis of 

solution of ZTO .................................................................................................................... 43 

Table 3-2. Thickness of spin-coated ZTO active layer before and after RTA 500 °C 

annealing according to the variation of rpm and time of spin-coating ...... 58 

Table 3-3. Materials including the thickness and processes for each layer of 

solution-processed ZTO TFTs on Si-wafer substrate .......................................... 65 

Table 4-1. Electrical characteristics of solution-processed ZTO TFTs with the 

annealing temperature of 300 - υππ ȍ# ×ÉÔÈ 7 Ⱦ , Ѐ ρππ Ⱦ ρπ ʈÍ ÁÎÄ 6DS = 

10 V ........................................................................................................................................... 82 

Table 5-1. Electrical characteristics of solution-processed ZTO TFTs with an 

annealing temperature of 350 °C by employing O2 plasma treatment of 

100 W and 300 W with W / L = 100 / 10 µm and VDS = 10 V ...................... 110 

Table 5-2. Electrical characteristics of solution-processed ZTO TFTs with an 

annealing temperature of 350 °C employing UV radiation treatment for 30 

min and 1 hour with W / L = 3000 / 500 µm and VDS = 10 V ...................... 131 

Table 5-3. Electrical characteristics of solution-processed IGZO TFTs with an 

annealing temperature of 350 °C employing UV radiation treatment for 30 



viii  
 

min and 1 hour with W / L = 3000 / 500 µm and VDS = 10 V ...................... 132 

Table 5-4. [O(hydroxide)] / [O(total)] of (a) ZTO and (b) IGZO active layers with 

UV radiation treatment ................................................................................................. 136 

Table 5-5. Electron concentration of solution-processed ZTO and IGZO active 

layers according to UV radiation treatment by Hall measurement ........... 140 

Table 5-6. Electrical characteristics of solution-processed ZTO TFTs with various 

annealing condition with W / L = 100 / 10 µm and VDS = 10 V .................. 147 

Table 5-7. Electrical characteristics of solution-processed ZTO TFTs with 350 °C 

of annealing temperature according to H2O flow rate .................................... 153 

Table 5-8. Electrical characteristic of solution-processed ZTO TFTs with various 

H2O wet annealing condition including biased-H2O annealing .................. 159 

Table 6-1. Summary of improved electrical characteristics of solution-processed 

ZTO TFTs with various annealing condition ....................................................... 170 

 
 
 

 

 

 



ix 
 

List of Figures  

Figure 1-1. Desired development of display and active matrix TFT backplane 

technology ................................................................................................................................ 9 

Figure 1-2. Evolution of display technology .......................................................................... 10 

Figure 1-3. Desired development of active matrix TFT backplanes to achieve high 

performance of AMLCD and/or AMOLED ............................................................... 11 

Figure 2-1. Schematic orbital structure of the conduction-band minimum in 

crystalline and amorphous phase in (a) covalent bond as Si and (b) ionic 

bond as oxide semiconductor ....................................................................................... 20 

Figure 2-2. Progress of oxide TFT technology (Ref. Displaybank) .............................. 21 

Figure 2-3. The advantages of oxide semiconductors compared with a-Si and 

poly-Si ...................................................................................................................................... 23 

Figure 2-4. Transparent and flexible displays ...................................................................... 24 

Figure 2-5. The deposition types of solution-process as (a) spin-coating, (b) dip-

coating, and (c) ink-jet printing  ................................................................................... 28 

Figure 2-6. The comparison of solution-processible semiconductor materials ... 29 

Figure 2-7. Transfer characteristics of solution-processed ZTO TFTs with various 

annealing temperature .................................................................................................... 33 

Figure 2-8. Previous report to investigate the effect of annealing temperature on 

solution-processed ZTO TFTs ....................................................................................... 35 

Figure 3-1. Typical structure of TFT : (a) top gate co-planar, (b)bottom gate co-

planar, (c) top gate staggered, and (d) bottom gate staggered ...................... 41 

Figure 3-2. Inverted staggered structure of solution-processed ZTO TFTs ............ 42 



x 
 

Figure 3-3. Cross-sectional view of ZTO active layer, SiO2 gate insulator, and Si 

wafer substrate ................................................................................................................... 44 

Figure 3-4. Plane view of the patterned solution-processed ZTO TFTs with ZTO 

active layer and IZO source/drain electrodes ........................................................ 45 

Figure 3-5. Sequence of the fabrication process of solution-processed ZTO TFTs 

on Si-wafer substrate ........................................................................................................ 46 

Figure 3-6. Transfer characteristics of solution-processed ZTO TFTs according to 

various stirring time of ZTO solution with an annealing temperature of 

υππ Ј# ×ÉÔÈ 7 Ⱦ , Ѐ ρππ Ⱦ ρπ ʈÍ and VDS = 10 V ................................................. 51 

Figure 3-7. Thermogavimetry analysis (TGA) and differential thermal analysis 

(DTA) results of ZTO solution with the increase in temperature according 

to various stirring time of ZTO solution ................................................................... 52 

Figure 3-8. Transmittance of ZTO active layer on bare glass with the increase in 

temperature according to various stirring time of ZTO solution .................. 53 

Figure 3-9. Transfer characteristics of solution-processed ZTO TFTs with stirring 

time of 15 and 30 min, and their post-annealed results at 200 °C for 120 

min ............................................................................................................................................ 54 

Figure 3-10. Transfer characteristics of solution-processed ZTO TFTs with 

stirring time of 30 min according to various post-annealing time at 200 °C

 .................................................................................................................................................... 55 

Figure 3-11. Transfer characteristics of solution-processed ZTO TFTs according 

to multi -coating with an annealing temperature of 500 °C with W / L = 

ρππ Ⱦ ρπ ʈÍ ÁÎÄ 6DS = 10 V ........................................................................................... 59 

Figure 3-12. Stability for time of transfer characteristics of solution-processed 

ZTO TFTs (a) without passivation and (b) with PMMA passivation with an 



xi 
 

annealing temperature of 500 °C with VDS = 10 V................................................ 62 

Figure 3-13. Transfer characteristics of solution-processed ZTO TFTs with an 

annealing temperature of 500 °C with VDS = 10 V (a) according to various 

channel width (W) and length (L) and (b) normalized curves with W/L . 66 

Figure 3-14. Output characteristics of solution-processed ZTO TFTs with an 

annealing temperature of 500 °C with VDS = 10 V of channel width of 100 

ʈÍ ÁÎÄ ÌÅÎÇÔÈ ÏÆ ɉÁɊ υ ʈÍ ÁÎÄ ɉÂɊ ρπ ʈÍ ............................................................... 67 

Figure 3-15. Reliability characteristics of solution-processed ZTO TFTs with 

annealing temperature of 500 °C under (a) positive gate-bias stress of 10 

V for 5000 sec and (b) that of enlarged curve ....................................................... 70 

Figure 3-16. Reliability characteristics of solution-processed ZTO TFTs with 

annealing temperature of 500 °C under (a) negative gate-bias stress of - 

10 V for 5000 sec and (b) that of enlarged curve................................................. 71 

Figure 3-17. Threshold voltage (Vth) shift of solution-processed ZTO TFTs with 

annealing temperature of 500 °C under positive gate-bias stress and 

negative gate-bias stress ................................................................................................. 72 

Figure 3-18. Reliability under positive gate-bias stress, recovery under ambient 

condition, and post-annealed characteristics of solution-processed ZTO 

TFTs with annealing temperature of 500 °C .......................................................... 73 

Figure 3-19. Reliability under negative gate-bias stress, recovery under ambient 

condition, and post-annealed characteristics of solution-processed ZTO 

TFTs with annealing temperature of 500 °C as (a) transfer curve and (b) 

Vth shift .................................................................................................................................. 74 

Figure 4-1. (a) Sequence of fabrication process and (b) structure of solution-

processed ZTO TFTs .......................................................................................................... 79 



xii  
 

Figure 4-2. Transfer characteristics of solution-processed ZTO TFTs with the 

annealing temperature of 300 - υππ ȍ# ×ÉÔÈ 7 Ⱦ , Ѐ ρππ Ⱦ ρπ ʈÍ ÁÎÄ 6DS = 

10 V ........................................................................................................................................... 81 

Figure 4-3. Threshold voltage and electron concentration of solution-processed 

ZTO TFTs with the annealing temperature of 200 - υππ ȍ# ............................. 85 

Figure 4-4. Cross-sectional image of ZTO active layer on SiO2 gate insulator and 

wafer obtained by TEM and thickness of the ZTO active layer ...................... 86 

Figure 4-5. Atomic concentration of O, Cl, Zn, Sn, and C atoms of ZTO active layer 

with the annealing temperature obtained by RBS analysis ............................. 87 

Figure 4-6. Modeling of dechlorination of ZTO active layer with the increase in 

annealing temperature .................................................................................................... 88 

Figure 4-7. Saturation mobility of solution-processed ZTO TFTs and Cl atomic 

concentration with the annealing temperature .................................................... 91 

Figure 4-ψȢ ɉÁɊ $ÉÆÆÒÁÃÔÉÏÎ ÐÁÔÔÅÒÎÓ ÂÅÌÏ× τυπ ȍ# ÁÎÄ ɉÂɊ ÄÉÆÆÒÁÃÔÉÏÎ ÐÁÔÔÅÒÎ ÁÎÄ 

ÄÁÒË ÆÉÅÌÄ ÉÍÁÇÅÓ ÁÂÏÖÅ τυπ ȍ# ÏÆ :4/ ÁÃÔÉÖÅ ÌÁÙÅÒ ÏÂÔÁÉÎÅÄ ÂÙ 4%- ........ 92 

Figure 4-9. (a) Threshold voltage shift with positive gate bias stress and (b) 

threshold voltage shift for 10,000 s of solution-processed ZTO TFTs with 

the annealing temperature ............................................................................................ 94 

Figure 4-10. TGA and DTA results of ZTO solution with the annealing 

temperature .......................................................................................................................... 97 

Figure 4-11. Chemical mechanism of solution-processed ZTO active layer 

according to the increase in annealing temperature as the formation of the 

metal-oxide thin film from metal-halide thin film with H 2O in the air by 

dechlorination process .................................................................................................... 98 



xiii  
 

Figure 5-1. Plasma treatment effects on (a) the transfer characteristics and (b) 

carrier density and hall mobility of sputtered oxide TFTs in previous work

 ................................................................................................................................................. 103 

Figure 5-2. Inverted staggered structure of low temperature solution-processed 

ZTO TFTs employing O2 plasma treatment .......................................................... 105 

Figure 5-3. Cross-sectional view of ZTO active film, SiO2 gate insulator, and Si 

wafer substrate ................................................................................................................ 106 

Figure 5-4. Sequence of the fabrication process of low temperature solution-

processed ZTO TFTs employing O2 plasma treatment .................................... 107 

Figure 5-5. Transfer characteristics of solution-processed ZTO TFTs with an 

annealing temperature of 350 °C by employing O2 plasma treatment of 

100 W and 300 W with W / L = 100 / 10 µm and VDS = 10 V ...................... 109 

Figure 5-6. Threshold voltage and electron concentration of solution-processed 

ZTO TFTs with an annealing temperature of 350 °C according to O2 plasma 

power .................................................................................................................................... 113 

Figure 5-7. Atomic concentration of ZTO films in AES annealed at 350 °C 

according to O2 plasma power for (a) Cl atoms and (b) O atoms ............... 114 

Figure 5-8. Atomic concentration of ZTO films in AES annealed at 350 °C 

according to O2 plasma power for C atom ............................................................ 115 

Figure 5-9. Cl atomic concentration and saturation mobility of solution-

processed ZTO TFTs with an annealing temperature of 350 °C according 

to O2 plasma power ........................................................................................................ 117 

Figure 5-10. ZTO active layer with amorphous phase regardless of O2 plasma 

power with (a) XRD results and (b) TEM images ............................................. 118 



xiv 
 

Figure 5-11. Reliability characteristics of solution-processed ZTO TFTs with the 

positive gate bias-stress of 10 V for 3600 sec as transfer curve (a) without 

O2 plasma treatment, (b) employing O2 plasma treatment of 300 W ...... 120 

Figure 5-12. Threshold voltage shift without O2 plasma treatment and with O2 

plasma treatment of 300 W ........................................................................................ 121 

Figure 5-13. UV exposure measurement on sputtered oxide TFTs in previous 

work  ...................................................................................................................................... 125 

Figure 5-14. Inverted staggered structure of low temperature solution-processed 

oxide TFTs employing UV radiation treatment .................................................. 128 

Figure 5-15. Sequence of the fabrication process of low temperature solution-

processed oxide TFTs employing UV radiation treatment ............................ 129 

Figure 5-16. Transfer characteristics of solution-processed ZTO TFTs with an 

annealing temperature of 350 °C employing UV radiation treatment for 30 

min and 1 hour with W / L = 3000 / 500 µm and VDS = 10 V ...................... 131 

Figure 5-17. Transfer characteristics of solution-processed IGZO TFTs with an 

annealing temperature of 350 °C employing UV radiation treatment for 30 

min and 1 hour with W / L = 3000 / 500 µm and VDS = 10 V ...................... 132 

Figure 5-18. Atomic concentration of solution-processed (a) ZTO and (b) IGZO 

active layers with UV radiation treatment by XPS ............................................ 134 

Figure 5-19. XPS spectra of O 1s core level of solution-processed .......................... 135 

Figure 5-20. [O(hydroxide)] / [O(total)] of (a) ZTO and (b) IGZO active layers 

with UV radiation treatment ...................................................................................... 136 

Figure 5-21. Schematic diagram of generation of hydroxide (-OH) bonding by UV 

radiation treatment on oxide active layer semiconductors .......................... 139 



xv 
 

Figure 5-22. Electron concentration of solution-processed ZTO and IGZO active 

layers according to UV radiation treatment by Hall measurement ........... 140 

Figure 5-23. Improvement of solution-processed oxide TFTs employing H2O wet 

annealing ............................................................................................................................. 144 

Figure 5-24. Transfer characteristics of solution-processed ZTO TFTs with 

various annealing condition with W / L = 100 / 10 µm and VDS = 10 V .. 147 

Figure 5-25. Inverted staggered structure of low temperature solution-processed 

oxide TFTs employing H2O wet annealing ........................................................... 151 

Figure 5-26. Transfer characteristic of solution-processed ZTO TFTs with 350 °C 

of H2O wet annealing temperature according to H2O flow rate .................. 152 

Figure 5-27. Electrical characteristics of solution-processed ZTO TFTs with 

350 °C of annealing temperature according to H2O flow rate ..................... 153 

Figure 5-28. Inverted staggered structure of low temperature solution-processed 

oxide TFTs employing biased-H2O annealing ..................................................... 156 

Figure 5-29. Schematic diagram of various H2O annealing condition with regard 

to the annealing temperature .................................................................................... 157 

Figure 5-30. Transfer characteristic of solution-processed ZTO TFTs with various 

H2O wet annealing condition including biased-H2O annealing .................. 158 

Figure 5-31. Schematic diagram of the adsorption of H2O on ZTO active layer by 

the biased-H2O annealing with (a) -10 V and (b) -20 V ................................. 160 

Figure 6-1. Chemical diagram of metal-oxide formation from precursors with the 

increase in annealing temperature.......................................................................... 165 

Figure 6-2. Chemical diagram of metal-oxide formation from precursors with the 

increase in annealing temperature employing O2 plasma treatment ...... 166 



xvi 
 

Figure 6-3. Chemical diagram of metal-oxide formation from precursors with the 

increase in annealing temperature employing UV radiation ....................... 167 

Figure 6-4. Chemical diagram of metal-oxide formation from precursors with the 

increase in annealing temperature employing biased-H2O annealing .... 168 

Figure 6-5. Diagram of improvement of low temperature solution-processed 

oxide TFTs .......................................................................................................................... 169 

 
 
 



1 
 

Chapter 1  Introduction  

Recently, high performance, large size, low cost, transparent and flexible active 

matrix displays have attracted considerable attention in the emerging electronic 

device industry . Solution-processed oxide thin film transistors (TFTs) are 

promising candidates for next generation high performance, large size, low cost, 

transparent and flexible display backplane due to high mobility, good uniformity, 

high throughput and visible light transparency. The only issue of solution-

processed oxide TFTs is the fabrication temperature, so that the efforts to 

achieve high device characteristics of solution-processed zinc-tin -oxide (ZTO) 

TFTs even at low annealing temperature on active layer are desired. 
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1.1 Recent flat panel display technology  

Display technology has been desired to achieve high resolution, no motion blur, 

large size, cost reduction, transparency and flexibility. As a result, to keep pace 

with the development of display technology, the TFT backplane technology for 

active matrix display has been also developed as device minimizing, high 

mobility, good uniformity, non-vacuum process, large band-gap materials and 

low temperature process as demonstrated in Figure 1-1. 

In development of display technology, flat panel displays (FPDs) have been 

remarkably encompassed a growing number of electronic visual display 

technologies with replacing the cathode ray tubes (CRTs) in display industries in 

the last decade as shown in Figure 1-2 [1] . FPDs are far lighter, thinner , usually 

less than 10 centimeters (3.9 in) thick, and more power efficient than traditio nal 

cathode ray tubes (CRTs) which was a dominant display for decades. They have 

many advantages such as the light and thin display, high-resolution images, and 

low-power consumption with low voltage driving so that they have been 

prevailed in many display applications such as monitor, television, and 

specifically modern portable devices as laptops, mobile phones, digital cameras, 

and camcorders. 

FPDs could be divided by various types of materials and method to display into 

liquid crystal display (LCD), organic light emitting diode (OLED), plasma display 

panel (PDP), and field emission display (FED) [2-6].  

Among various FPDs, LCDs have been used in most display technologies because 

they are thin, light-weight, bright and cost-effective due to the low-temperature 

process on glass substrates. LCDs are common in a wide range of applications 

including computer monitors, televisions, instrument panels, aircraft cockpit 
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displays, signage, watches, calculators, and cellular phones. [7]. LCDs have been 

emerged by large size TVs and monitors over 40 inch so that they enlarge their 

portion over PDPs and projection TVs in home display applications [8]. 

Moreover, its low electrical power consumption enables it to be used in battery-

powered electronic equipment so that they could be employed for diverse 

portable applications. 

Although LCD display is the most widely commercialized FPD, it is relatively 

slow response time (~several msec), and narrow viewing angle. OLED 

technology could be another candidate for the alternative to LCD with regard to 

TFT backplane. In 1987, C. W. Tang and S. A. VanSlyke reported luminescence 

from an organic material [9-11]. Small molecules were deposited to form a 

layered structure in a vacuum and the layered structure is sandwiched between 

an anode and cathode. A high electric field at low voltage could be achieved by 

the thin (< 1 ʈÍɊ ÏÒÇÁÎÉÃ ÍÁÔÅÒÉÁÌȢ Therefore, a light from thin film organic 

materials could be produced at low voltage. OLED displays exhibit superb 

electro-optical properties such as a fast response (~ several ʈÓÅÃɊ ÔÏ ÔÈÅ ÉÍÁÇÅ 

addressing and a wide viewing angle due to self-emissive characteristics. New 

organic materials and new configurations of devices to improve efficiency and 

stability of OLED displays have been investigated by many research groups [12-

15]. Thus, OLED displays have the potential for new technology compared with 

the LCDs. 

The development of both active matrix LCDs (AMLCDs) and active matrix OLED 

(AMOLED) for high resolution and full-color display has been fulfilled by the 

development of TFT backplanes [16]. The active matrix display employing the 

TFT as a pixel switch has enhanced the capability of high quality image 

processing, so that the importance of LCDs in commercial fields increases. The 

electro-optical performance of AMOLED is very sensitive to the characteristics of 
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TFT. A small variation of the OLED current in the each pixel may cause a critical 

problem because the OLED luminance is emitted by the current driving. Each 

TFT pixel in AMOLED panel requires a constant current source with a desired 

image data during the whole emission time. Therefore, TFT with high electrical 

capability as well as reliability is key issue for achieving high performance active 

matrix display. 

In terms of the active matrix backplane TFTs to achieve high performance of 

AMLCD and/or AMOLED, the TFTs need to have been developed as the aspect of 

material as well as fabrication process as demonstrated in Figure 1-3. 

In material development of TFTs for the active matrix backplanes, TFTs have 

been investigated with the issues of semiconductor, gate dielectric, electrode, 

and passivation materials. Especially, semiconductor materials have been mostly 

investigated to achieve high performance TFTs of active matrix display. 

Hydrogenated amorphous silicon thin film transistors (a-Si TFTs) have been 

widely used for AMLCDs due to their productivity on a large area glass 

substrates by low temperature process below 300 °C [17]. The a-Si TFT can 

represent the gray scale by switching the voltage data and charging the 

capacitors of each pixel element. However, the low field effect mobility (~  0.5 

cm2/VϽsec) is the critical  limitation for achievement of the high resolution 

display in AMLCD, results in the poor current driving characteristics of a-Si TFT 

[18]. Moreover, a-Si TFT should meet adequate requirements for current-driving 

device in AMOLED, which luminance emitting is closely related with electrical 

capability of TFT. 

The a-Si technology is considered to be applied for large area AMOLED displays 

due to its low fabrication cost and excellent uniformity  as widely used in 

AMLCDs. However, a long-term device degradation would be the fatal problem 
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for adequate requirements of AMOLED, so that the degradation of the a-Si:H TFT 

should be compensated by the pixel circuit and the new driving scheme should 

be investigated to suppress the degradation of a-Si TFTs itself. This would 

require a rather complicated compensation circuit compared with the poly-Si 

TFT based pixel design. However, to fabricate the compensation circuit in every 

pixel is limited by the dimension of a-Si:H TFT components and other signal lines 

of the circuit. 

Polycrystalline silicon (poly-Si) film as an active layer could be employed to solve 

the problem of low carrier mobility of a-Si TFTs [19, 20]. Poly-Si TFTs have 

attracted considerable attentions due to its high electron mobility (30 ~  500 

cm2/VϽsec) and current driving capability [21, 22]. Generally, Poly-Si film is 

fabricated by recrystallization of the a-Si:H film deposited at low temperature 

below 400 ȍ#. The superior electrical characteristics of poly-Si TFT allows a fast 

switching required for high-resolution image with reduced device size compared 

with a-Si TFT. In addition, poly-Si TFTs enable the ability to implement the 

complementary metal-oxide-semiconductor (CMOS) process and to integrate the 

peripheral driver circuits and pixel switching devices simultaneously on a glass 

substrate for so-ÃÁÌÌÅÄ Ȭ3ÙÓÔÅÍ-on-'ÌÁÓÓ ɉ3/'Ɋȭ ÒÅÃÅÎÔÌÙ [23, 24]. 

Excimer laser annealing (ELA) technologies have been extensively investigated 

to fabricated high mobility poly-Si thin film on a large area glass substrate for a 

reliable current driving  in AMOLED. The low temperature (< 400 °C) 

crystallization of a-Si film on a glass can be obtained by ELA without any thermal 

damage to the glass [25]. 

Although the low temperature poly-Si (LTPS) technology could achieve high 

electrical performances, the uniformity should be improved caused by grain-

boundaries induced by the fluctuation of ELA energy. In poly-Si film, the grain 
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boundaries are inherently incorporated by a lot of disconnected or mismatched 

silicon bonds which make a high density of trap states [26]. The random 

distribution of grain boundaries would cause the non-uniformity of the field 

effect mobility and the threshold voltage of the poly-Si TFT. The anomalous large 

off-state leakage current is also attributed to the enhanced electron-hole pair 

generation in the grain boundary near the drain junction [27]. Additionally, the 

hot-carriers induced by the high drain field accelerate the kink current, resulting 

in the deterioration of reliability [28]. Therefore, the IOLED compensation pixel 

circuits, which can compensate the non-uniform characteristics of poly-Si TFTs, 

are required for the uniform luminance in the display panel [29, 30]. 

Furthermore, the LTPS technology requires high fabrication cost of poly-Si TFTs 

due to the additional process steps than a-Si TFT, reducing the process yield [31]. 

Therefore, the advanced technology are desired to achieve the high performance 

active matrix display, instead of conventional TFT devices, which poor reliability 

and low electrical capability of a-Si TFT and severe non-uniformity and 

complicated fabrication process of LTPS TFT. 

nc-Si TFTs, which has small grains of crystalline silicon within the amorphous 

phase, may be promising devices to fabricate various flat displays, due to a 

superior performance and stability compared with a-Si and organic TFTs 

because of the uniformity of crystalline grains formed during the deposition and 

a rather simple process and good uniformity compared with a poly-Si TFT [32]. 

Although it currently cannot attain the mobility that poly-Si can, it has the 

advantage for both AMLCD and AMOLED applications over poly-Si that it is 

easier to fabricate, as it can be deposited using conventional low temperature a-

Si deposition techniques, such as plasma enhanced chemical vapor deposition 

(PECVD), as opposed to laser annealing or high temperature CVD processes, in 

the case of poly-Si. 
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Another candidate for advanced TFT would be amorphous oxide (a-oxide) 

semiconductor TFT for next generation display of AMLCD and/or AMOLED. a-

oxide TFTs have attracted considerable attention with a high mobility of > 10 

cm2/Vµsec even in the amorphous phase for an good alternative to a-Si TFTs [33]. 

The high mobility in the a-oxide material is attributed to the electron transport 

by the conduction band, whose features are completely different from those of 

the covalent semiconductors [34]. In addition, oxide semiconductor materials 

have an amorphous phase, which shows uniform electrical properties even with 

a large-size display [35-37]. Therefore, high resolution, such as ultra -high 

definition (UD : 3840 2160), a high frame rate (> 240 Hz), and large size 

display (more than 70 inches) could be achieved by the high electrical 

performance of a-oxide TFTs [38-40]. 

Transparency with  the visible light of oxide semiconductors could be another 

advantage of the oxide TFTs over the silicon-based TFTs. Zinc oxide based 

semiconductor, such as indium-gallium-zinc-oxide, exhibits large optical band 

gap (> 2.8 eV) compared to silicon-based semiconductor [41, 42]. Due to large 

band gap characteristics, the oxide semiconductor exhibits low leakage current. 

In fabrication process development of semiconductor materials of TFTs for the 

active matrix backplanes, the deposition method of semiconductor materials 

could be divided into vacuum process and non-vacuum process. Non-vacuum 

solution-processes such as spin-coating, dip-coating, and ink-jet printing could 

achieve low-cost fabrication because vacuum-deposition processes, such as rf 

magnetron sputtering and pulsed laser deposition, require a high manufacturing 

cost. Solution-processes are also suitable for large-area, high-throughput, and 

direct patterning [43, 44].  

Therefore, the solution-processed oxide TFTs are employed in this study to 
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achieve low-cost fabrication as well as high mobility and high throughput for 

active matrix display. 

For additional cost reduction and application extension to a flexible display, the 

solution-processed oxide TFTs need to be fabricated on inexpensive and flexible 

substrates such as glass and plastic. These substrates are easily damaged at high 

annealing temperatures, so low-temperature processes are essential for 

solution-processed oxide TFTs fabrication with flexible substrates. However, a 

high annealing temperature on an active layer exceeding 500 °C is required to 

obtain high device performance such as low threshold voltage and high mobility 

in solution-processed oxide TFTs from previous reports [45-49]. To improve the 

device characteristics of solution-processed oxide TFTs even at low annealing 

temperature on an active layer, a study of the effects of annealing temperature 

on the electrical characteristics of solution-processed oxide TFTs and the efforts 

to achieve high device characteristics of solution-processed oxide TFTs even at 

low annealing temperature on active layer are desired. There were some efforts 

to investigate the effects of annealing temperature on solution-processed oxide 

TFTs, but the electrical and chemical mechanisms of annealing temperature on 

solution-processed oxide TFTs have been scarcely studied [50, 51]. 

The purpose of this thesis is to fabricate oxide TFTs employing solution-process 

for an oxide semiconductor active layer with various annealing temperatures to 

investigate the effects of annealing temperature on the electrical characteristics 

of solution-processed oxide TFTs such as threshold voltage and mobility, and to 

improve the electrical characteristics of low temperature solution-processed 

oxide TFTs for active matrix display. 
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Figure 1-1. Desired development of display and active matrix  TFT backplane 

technology 
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Figure 1-2. Evolution of display technology 

  

AMLCD, 
AMOLED
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Figure 1-3. Desired development of active matrix TFT backplanes to achieve high 

performance of AMLCD and/or AMOLED 
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1.2 Device parameter extraction  

In this section, the methods for preparing solution of oxide semiconductor 

precursors and device parameters extraction in this thesis are introduced. 

The solution of oxide semiconductor is prepared with measuring by its weight. 

The solute, that is precursor, is measured by weight to confirm its molar ratio 

with a quantity of 3 ml as following equation. 

FW [g/mol] × 3 ml × M [mol/L] = W [g] 

(FW : Formula weight [g/mol], M : Molarity(Molar ratio) [mol/L] , W : weight [g]) 

The solvent is also measured by weight to be matched with a quantity of 3 ml as 

following equation. 

d [g/ml] × 3 ml = W [g] 

(d : density [g/ml], W : weight [g]) 

Basically, the measurement was carried out in the dark state and at room 

temperature. The device parameter originated by from the conventional MOS 

field effect transistor (MOSFET) is adopted in TFT analysis.  

I-6 ÒÅÌÁÔÉÏÎÓÈÉÐ ÏÆ Á 4&4 ÃÁÎ ÂÅ ÄÅÒÉÖÅÄ ÂÙ /ÈÍȭ ÌÁ×, 

                  ) ʈ # 6 6 6                 (1) 

where ʈ , ʈ , #  and VTH are the field effect mobility for the linear region 

and the saturation region, gate insulator capacitor per unit area and the 

threshold voltage, respectively. W and L are channel width and length of the TFT, 

respectively. 

(1) is the standard linear regime equation. When ȬVD=VG-VTHȭ, the channel 

becomes pinch-off, which means no longer potential difference between the gate 
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and the drain terminal, leading the drain region depletion of free carrier. By 

substituting ȬVD=VG-VTHȭ into (1) yields, 

) ʈ # 6 6                     (2)  

The saturation mobility (ʈ ) in the saturation region can be extracted from (2) 

with unit of cm2/VϽsec. 

The VTH was defined by the gate voltage, which induced a drain current of ȬL/W  × 

10 nA × VDSȭ.  

The subthreshold swing (S slope) describes how effectively the device switches 

between on and off state, with unit of V/dec or mV/dec.  

3                              (4)  
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1.3 Dissertation organization  

The purpose of this thesis is to fabricate oxide TFTs employing solution-process 

for an oxide semiconductor active layer with various annealing temperatures to 

investigate the effects of annealing temperature on the electrical characteristics 

of solution-processed oxide TFTs such as threshold voltage, saturation mobility, 

and reliability, and to improve the electrical characteristics of low temperature 

solution-processed oxide TFTs for inexpensive and flexible active matrix display. 

Chapter 2 gives a brief introduction to the solution-processed oxide TFTs. The 

advantages of oxide TFTs and solution-process are reviewed, and accordingly 

the merits and the only issue, that is the fabrication temperature, of solution-

processed oxide TFTs are also reviewed. 

Chapter 3 indicates the optimization  of the fabrication process of oxide TFTs 

employing solution-process for an oxide semiconductor active layer with various 

condition of the stirring time of oxide semiconductor solution, the active layer 

thickness, the effects of passivation to investigate the effects of fabrication 

process condition on the electrical characteristics of solution-processed oxide 

TFTs such as threshold voltage, saturation mobility, and reliability . 

Chapter 4 focuses on the investigation of the effects of annealing temperature on 

the electrical characteristics of solution-processed oxide TFTs such as threshold 

voltage, saturation mobility, and reliability. The effects of annealing temperature 

on the bonding structure of ZTO active layer in solution-processed ZTO TFTs 

were investigated and the chemical formation equation of the ZTO active layer 

with regard to the annealing temperature was established. 

Chapter 5 concentrates on the methods to improve the electrical characteristics 

of low temperature solution-processed oxide TFTs according to the investigation 
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of effects of annealing temperature. In regard of the chemical formation of ZTO 

active layer according to the annealing temperature, O2 plasma treatment, UV 

radiation treatment, and the biased-H2O annealing were proposed to achieve 

high device characteristics of solution-processed oxide TFTs even at low 

annealing temperature. Moreover, the effects on electrical and chemical 

characteristics of solution-processed oxide TFTs with proposed methods were 

investigated in detail. 

Finally, the investigation of the effects of annealing temperature on solution-

processed oxide TFTs and the proposed methods to improve the electrical 

characteristics of low temperature solution-processed oxide TFTs for the low 

cost, stable, and flexible active matrix display backplane were summarized in 

chapter 6. 
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Chapter 2  Review of solution -processed 

oxide TFTs 

Solution-processed oxide TFTs are promising candidates for advanced high 

performance, large size, low cost, and flexible active matrix display backplane 

due to high mobility, visible light transparency, and good uniformity. 

Furthermore, solution-process could be a method for achieving low cost 

fabrication contrary to vacuum processes and suitable for large area and high 

throughput. The only issue of solution-processed oxide TFTs is the fabrication 

temperature, so that the efforts to improve electrical characteristics of solution-

processed ZTO TFTs such as threshold voltage, saturation mobility , and 

reliability even at low annealing temperature on active layer are desired. 
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2.1 Overview of o xide TFTs 

Oxide semiconductors with polycrystalline  phase, such as ZnO, In2O3, SnO2, and 

ITO, have been introduced for the application of transparent conductive oxides 

(TCOs) for solar cells and conductive transparent electrodes because of high 

conductivity and wide-bandgap. Furthermore, oxide semiconductor TFTs (oxide 

TFTs) have been intensively studied as promising alternatives to conventional a-

Si TFTs by a requirement for high-resolution, large size and high frame rate 

operation, from early 2000s.  

Oxide TFT employing ZnO using radio frequency (RF) magnetron sputtering or 

pulsed laser deposition (PLD) was reported by various groups since early 2000s. 

Hoffman et al. fabricated ZnO TFT employing ion beam sputtering, and mobility 

of 2.5 cm2/V -s with a drain current on-to-off ratio >105 were obtained.[52] Elvira 

et al. developed fully transparent ZnO TFTs, with a room temperature process, 

exhibiting high mobility near 20 cm2/VϽsec [53]. 

Higher electrical conductivity (10-2 ɱ-1 cm to 103 ɱ-1 cm1) of oxide semiconductor 

is attributed to the existence of native defects, such as oxygen vacancies, cation 

interstitials, and substitutional/interstitial hydrogen, that act as shallow donors 

[54]. Because of these donors, the TCOs have a high carrier concentration of 1018 

cm-3 to 1021 cm-3. 

However, polycrystalline oxide TFTs have its own drawback, which is the 

formation of grain boundary, causing non-uniform  TFT performance at different 

locations. Another problem is the difficulty of fabrication, which originates from 

the low chemical durability of pure ZnO against acidic etchants. They also 

require relatively high gate voltages to turn-on as enhancement mode. 
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Oxide TFTs with amorphous phase were firstly reported i n 2004, Nomura et al. 

with  a new class of a-oxide semiconductors based on IGZO deposited at room 

temperature, and demonstrated high ÐÅÒÆÏÒÍÁÎÃÅ ÔÒÁÎÓÉÓÔÏÒÓ ɉʈ Ђ 8.3 cm2/VϽsec) 

[55, 56]. Despite the amorphous state, the origin of the high mobility was 

attrib uted to the electronic orbital structure of the material.  

Figure 2-1 shows schematic orbital structure of the conduction-band minimum 

for the carrier transport paths in crystalline and amorphous phase in covalent 

bond as Si and also ionic bond as oxide semiconductor. Covalent semiconductors 

have carrier transport paths composed of strongly directive sp3 orbitals, so 

structural  randomness greatly degrades the magnitude of bond overlap and 

carrier mobility  [57]. However, a-oxide semiconductors are composed of post-

transition -metal cations which exhibit isotropic properties, where the overlap of 

the In 5s orbitals is mainly formed and the contribution of oxygen 2p orbitals is 

small. Direct overlap between neighboring metal s orbitals is rather large, and is 

not significantly affected even in a distorted amorphous structure [58]. 

Therefore, a-oxide semiconductor is insensitive to structural deformation, so 

that could exhibits high mobility even in an amorphous phase. 

While Si material undergoes a significant reduction in mobility from 1000 (single 

crystal) to 1 (amorphous) cm2/VϽsec, a-oxide semiconductor is not degraded in 

mobility even in amorphous phase so that a promising material for switching or 

driving elements in future high resolution and large size display.  

The development of oxide TFTs technology has been emerged drastically in the 

last decade by a number of advantages of oxide semiconductors as demonstrated 

in Figure 2-2 of the prototypes AMLCD or AMOLED employing oxide TFTs. 

The progress of oxide TFTs could be achieved by their many advantages such as 

high mobility , good uniformity , low cost process, transparency, and flexibility , 
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compared with  conventional ones. Comparison of TFTs with various active 

layers was described in Table 2-1. Although currently widely used a-Si TFTs 

show a good uniformity, their low mobility is not suitable for high resolution and 

high speed driving devices. Poly-Si TFTs have high mobility and good reliability, 

but their bad uniformity would be the issue for large size display panel. nc-Si 

TFTs show no particular advantages compared with a-Si and poly-Si TFTs, so 

that they seems not to be good candidates for state-of-the-art display needs. 

However, oxide TFTs show better mobility and reliability than that of a-Si TFTs 

and better uniformity than that of poly-Si TFTs as demonstrated in Figure 2-3, so 

that oxide TFTs have attracted considerable attention for high resolution, high 

speed driving, and large size display. Moreover, a number of research groups 

such as Hosono have investigated the effective improvement of electrical 

characteristics of ZnO-based oxide semiconductors by adding indium, gallium, or 

tin , to be applied to advanced display technologies [59-61]. Especially, indium-

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

have been reported in the last decade and recently hafnium-indium-zinc-oxide 

(HIZO) and aluminum-zinc-oxide (AZO) have been investigated vigorously [62-

67].  

Furthermore, the oxide TFTs have merits of high transparency due to their wid-

bandgap as well as flexibility due to their stability against bending stress. 

Therefore, oxide TFTs may be the promising candidate for the active matrix 

backplanes to the next generation transparent and flexible display as shown in 

Figure 2-4 [68, 69]. 
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(a) 

 

(b) 

Figure 2-1. Schematic orbital structure of the conduction-band minimum in 

crystalline and amorphous phase in (a) covalent bond as Si and (b) ionic bond as 

oxide semiconductor 
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Figure 2-2. Progress of oxide TFT technology (Ref. Displaybank) 
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Table 2-1. Comparison of TFTs with various active layers 

 

 

 

 

  

 
a-Si TFTs Poly-Si TFTs nc-Si TFTs Oxide TFTs 

Mobility  

(cm2Ⱦ6ϽÓÅÃɊ 

0.4~0.8 30~400  0.5~250 5~100  

Uniformity  Good Medium Good Good 

Reliablility  Bad Good Good Good 

Cost Low High Medium Low 

Yield High Low Medium High 
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Figure 2-3. The advantages of oxide semiconductors compared with a-Si and 

poly-Si 
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Figure 2-4. Transparent and flexible displays 
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2.2 Advantages of solution -process 

The deposition method of semiconductor materials for the active matrix 

backplane TFTs could be divided into vacuum process and non-vacuum process. 

Deposition methods based on non-vacuum solution-processes such as spin-

coating, dip-coating, and ink-jet printing require no pumping down time and are 

not limited by the size of the vacuum chamber. Therefore, they are compatible 

with low production cost for manufacturing devices and large-area thin film 

fabrication, while vacuum processes such as rf magnetron sputtering and pulsed 

laser deposition require a high manufacturing cost and have poor uniformity. 

Solution-processes are also suitable for high-throughput and direct patterning, 

so that they have attracted considerable attention for low cost, large size, and 

high-throughput display fabrication method [70, 71]. 

Solution-processes are the simple deposition method with  the solution from the 

solute of precursors or nano-particle and the solvent on the substrate, afterward 

apply the annealing process to the solution for solid thin film.  

There are two representative synthesis method of solution, employing the solute 

of precursors or nano-particle. The solution could be synthesized from 

precursors, a compound that participates in the chemical reaction that produces 

another compound, or nano-particle, semiconductor materials as themselves 

which approach to the nano-scale [72-75]. 

Lower fabrication temperature could be achieved employing nano-particle than 

precursors, but the thin film deposited by nano-particle has grain boundary, 

because nano-particle thin film is the bonding combination of semiconductor 

paricles, which causes mobility degradation [76] . On the other hand, the thin film 

deposited by precursors has fine amorphous film quality in spite of higher 



26 
 

fabrication temperature. 

Various deposition types of solution-processes are described in Figure 2-5. Spin-

coating is a procedure used to deposit uniform thin films to flat substrates and 

usually a small amount of coating material is applied on the center of the 

substrate, then rotate at high speed in order to spread the coating material 

uniformly by centrifugal force [77] . Dip-coating is a method of depositing thin 

films by immersing the substrate in the solution of the coating material at a 

constant speed. Ink-jet printing is a deposition type by propelling droplets of ink 

onto substrate in order to make the pattern formation [78-80]. 

Si, organic semiconductors, and oxide semiconductors have been vigorously 

investigated in solution-processes among various semiconductor materials. 

Figure 2-6 shows the comparison of solution-processible semiconductor 

materials [81-85]. The solution types of all semiconductors, Si, organic, and oxide, 

could be precursors or nano-particle. Solution-processed Si has merit s of the 

mature fabrication industry and the feasibility material for both p-type and n-

type, but also has demerits of oxidation of Si and process complexity in case of 

laser application. Solution-processed organic semiconductors could be 

fabricated with low process temperature and have suitability for transparency, 

flexibility , and mechanical stability, but their relatively low electrical 

performance is issue. Solution-processed oxide semiconductors have advantages 

of high electrical performance, transparency, flexibility , wide range of materials, 

control lability  of electrical properties by atomic composition, but also have 

disadvantages of high process temperature and improving reliability [86] .  

Among these various semiconductor materials, solution-processed oxide 

semiconductors have superior electrical and chemical characteristics, so that 

may be the promising candidate for the next generation active matrix backplane 
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TFTs to high-resolution, high frame rate operation, large size, transparent, and 

flexible display [87] . 
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Figure 2-5. The deposition types of solution-process as (a) spin-coating, (b) dip-

coating, and (c) ink-jet printing  
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Figure 2-6. The comparison of solution-processible semiconductor materials 
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