
國 立 交 通 大 學 
 

電子工程學系 電子研究所 

 

博 士 論 文 
 

 

 

利用大氣常壓電漿輔助化學氣相沉積製備氧化鋅系透明

電極與氧化鋅/銦鎵鋅氧薄膜電晶體應用之特性研究 

 

Study on Characterizations of ZnO-Based Transparent Electrodes and 

ZnO/IGZO Thin-Film Transistors Prepared by AP-PECVD 

 

 

研 究 生：黃菘宏 

指導教授：張國明  教授 

          吳建宏  教授 

 

中 華 民 國  一○一 年 八 月 



利用大氣常壓電漿輔助化學氣相沉積製備氧化鋅系透明

電極與氧化鋅/銦鎵鋅氧薄膜電晶體應用之特性研究 

 

Study on Characterizations of ZnO-Based Transparent Electrodes and 

ZnO/IGZO Thin-Film Transistors Prepared by AP-PECVD 

 

研 究 生：黃菘宏          Student：Sung-Hung Huang 

指導教授：張國明          Advisors：Kow-Ming Chang 

          吳建宏                    Chien-Hung Wu 

國 立 交 通 大 學 

電子工程學系 電子研究所 

博 士 論 文 

 

A Dissertation 

Submitted to Department of Electronics Engineering and 

Institute of Electronics 

College of Electrical and Computer Engineering 

National Chiao Tung University 

in partial Fulfillment of the Requirements 

for the Degree of  

Doctor of Philosophy 

in 

Electronics Engineering 

 

August 2012 

Hsinchu, Taiwan, Republic of China 

 

中華民國一○一年八月 



 i 

利用大氣常壓電漿輔助化學氣相沉積製備氧化

鋅系透明電極與氧化鋅/銦鎵鋅氧薄膜電晶體應

用之特性研究 

 

研究生：黃菘宏                         指導教授：張國明 博士 

                                                吳建宏 博士 

國立交通大學 

電子工程學系暨電子研究所 

摘要 

 

隨著光電領域的蓬勃發展，透明導電膜的需求量急速上升，商業化銦錫氧化

物具有良好的光電特性，然而銦是稀有金屬且具毒性，新的替代材料開發是必需

的，氧化鋅具有低成長溫度、低成本、鋅的蘊含量豐富且不具毒性等優點而受到

很大的關注，而氧化鋅當作薄膜電晶體的主動層亦具有很大的發展潛力由於可增

加開口率、低光敏感度以及可做為透明電路上應用，在另一方面，近年來非晶銦

鎵鋅氧化物被廣泛的研究，主要由於其良好的均勻性及高的遷移率具有很大的發

展性於大尺寸主動矩陣平面顯示器以及主動矩陣有機發光二極體應用。  

本論文旨在新製程技術開發透明氧化物半導體，藉由新穎式大氣壓電漿輔助

化學氣相沉積開發氧化鋅系透明電極以及氧化鋅/銦鎵鋅氧化物薄膜電晶體，利

用較無環境危害水溶液式硝酸金屬鹽類的前驅物，可直接在大氣環境下沉積，而

非真空大氣壓電漿技術具有、低溫、低成本、適合大面積化等競爭優勢，可期望

於未來商業化應用。 

首先，我們探討不同製程參數包括載氣流量、電漿噴嘴與基板的距離、基板

溫度、不同摻雜鎵的百分比對於氧化鋅摻雜鎵薄膜特性影響，若在電漿區域通入

過多的前驅物將導致大量的氣態附著性差的成核粒子產生，電漿噴嘴與基板的距

離若太高會增加可以氣態成核的時間導致薄膜特性劣化，當基板溫度升高對於薄

膜結晶特性並沒明顯改變，在 100
o
C 時得到較好特性，反而在基板溫度升高時電

阻率升高，由於周圍的空氣的在高溫時氧吸附造成，而當摻雜 8 原子百分比的鎵

時有最低電阻率並具有(002)優先取向，在基板溫度 100
o
C 下，電阻率可達到
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7.8x10
-4

 Ω．cm，在可見光範圍穿透率大於 80%。而在氧化鋅摻雜銦方面，在基

板溫度 200
o
C 得到較低的電阻率，當銦的摻雜濃度增加時表面形成尖錐狀增加表

面粗糙度，摻雜 8 at.%的銦時有最低電阻率，在基板溫度 200
o
C 下，電阻率可達

到 1.8x10
-3

 Ω．cm，此低溫製程且具有良好的特性的氧化鋅摻雜鎵與氧化鋅摻雜

銦薄膜具有潛力於商業化應用。 

其次，我們探討在基板溫度 100
o
C 下成長氧化鋅並探討主動層厚度以及氧氣

對於薄膜電晶體特性影響，透過使用壓縮空氣當做載氣以及探討電漿氣體裡摻入

氧氣，可以有效修補缺陷並得到較佳的切換特性，降低主動層厚度亦改善了電晶

體特性由於降低了源極與汲極之間的漏電路徑，但太薄可能由於薄膜島狀不連續

結構導致較低的遷移率，主動層約在 35~60nm 時可得到較佳的特性，最後在電

漿氣體裡摻入 0.69%氧氣，可以得到遷移率 2.38cm
2
/V-s、開關電流比達 4.63x10

9，

此低溫成長的氧化鋅適合於軟性電子應用。 

最後，我們先探討熱退火溫度200-500
o
C對於銦鎵鋅氧化物薄膜電晶體影響，

再將高介電係數氧化鋁(Al2O3)應用於銦鎵鋅氧化物薄膜電晶體，結果顯示經由熱

退火處理銦鎵鋅氧化物薄膜電晶體特性有效的提升，在 300
o
C 有良好的切換特性，

經過 500
o
C 退火亦呈現類非晶態，經過熱退火製程在 500

o
C 有最好的特性，臨限

電壓 6.74V、次臨界擺幅 1.54V/dec、遷移率可達到 10.31cm
2
/V-s、開關電流比達

到 3.28x10
8，使用高介電常數氧化鋁可以有效降低等效氧化層厚度(EOT)來達成

提升電流密度及降低臨界電壓，結合氧化鋁製作銦鎵鋅氧化物薄膜電晶體具有低

臨限電壓 0.71V、低次臨界擺幅 276mV/dec、優良的遷移率 8.39cm
2
/V-s、高電流

開關比 1x10
8，此利用非真空大氣壓電漿技術沉積的銦鎵鋅氧化物具有良好的元

件特性且將可應用於大尺吋的平面顯示器以及驅動有機發光二極體。
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Transparent Electrodes and ZnO/IGZO 
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Student: S. H. Huang            Advisors: Dr. Kow-Ming Chang 

Dr. Chien-Hung Wu  

Department of Electronics Engineering 

& Institute of Electronics 

National Chiao Tung University 

Abstract 

The demand for transparent conductive oxide (TCO) is rising rapidly because 

of the booming field of optoelectronics. The commercial indium tin oxide (ITO) has 

excellent optical and electrical properties. However, indium is a rare and toxic metal. 

As a result, development of new alternative materials is necessary. Zinc oxide (ZnO) 

has attracted much attention due to low growth temperature, low cost, abundance and 

nontoxicity. Furthermore, ZnO thin film transistors (TFTs) have a great interest due to 

the potential in increase of the pixel aspect ratio, insensitivity to visible light, and 

application for transparent circuit. On the other hand, amorphous indium gallium zinc 

oxide (a-IGZO) is extensively studied and has great development in large-size active 

matrix liquid crystal displays (AMLCD) and active matrix organic light-emitting 

diode (AMOLED) applications because of its good uniformity and high mobility.  

In this thesis, new process technology is developed to deposit transparent oxide 

semiconductors (TOSs). Novel atmospheric pressure plasma enhanced chemical 

vapor deposition oxide (AP-PECVD) is proposed to fabricate ZnO-based transparent 

electrodes and ZnO/IGZO thin film transistors. Also, water-based metal salt solution, 

which is an eco-friendly precursor, is adopted, and the thin film can be deposited in 

atmospheric environment. The non-vacuum AP-PECVD offers several competitive 

advantages, such as low temperature process, low cost and suitable for large area 

application. It is expected for commercial applications in the future. 

First, we study on the different process parameters including carrier gas flow 
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rate, gap distance between plasma nozzle and the substrate, substrate temperature and 

the different gallium doping concentrations. Excessive precursor in the plasma region 

will lead to nucleation particles with poor adhesion. The longer distance increases the 

time to form gas phase nucleation particles resulting in a degradation of crystallinity. 

As substrate temperature increases, the cystallinity doesn’t change obviously. The 

100
o
C samples exhibits a better performance, and the higher substrate temperature 

shows a higher resistivity. It is may be due to the adsorption of oxygen from the 

surrounding air which reduces the carrier concentration and mobility. Gallium-doped 

ZnO (GZO) has the lowest resistivity via 8 at.% doping possessing a (002) preferred 

orientation. The low resistivity of GZO thin film is 7.8×10
-4

 Ω．cm and the 

transmittance in the visual region is more than 80% at a substrate temperature of 

100
o
C. Indium-doped ZnO (IZO) has the lowest resistivity via 8 at.% at a substrate 

temperature of 200
o
C. When the doping concentration becomes higher, the surface 

shows obviously needlelike geometry. As a result, the high indium content shows a 

rougher surface. The lowest resistivity of IZO is 1.8×10
-3

 Ω．cm at a substrate 

temperature of 200
o
C. These good characteristics of GZO and IZO with low 

temperature process have high potential for commercial applications. 

Next, ZnO active layer is deposited at a low substrate temperature of 100
o
C. 

The effect of channel thicknesses and oxygen species on the characteristics of ZnO 

TFTs is studied. Using compressed dry air (CDA) as a carrier gas as well as 

incorporating oxygen gas in the plasma gas can effectively repair the defects, and 

excellent switching properties is achieved. Reducing the thickness can increase the 

channel resistance and reduce the undesired current flow between source and drain 

resulting in improvement of TFT properties. The too thin channel layer might lead to 

a low mobility due to discontinuous island structure. The channel layer with a 

thickness of 35~60nm can obtain a better performance. By incorporating 0.69% O2 

into plasma gas, a field-effect mobility of 2.38 cm
2
/Vs and an Ion/Ioff current ratio of 

4.63×10
9
 are obtained. This ZnO with low-temperature process is suitable for flexible 

applications. 

Finally, we investigate on the effect thermal annealing temperature 200-500
o
C on 

the IGZO TFTs, and then the high-k dielectric aluminum oxide (Al2O3) is integrated 

in IGZO TFTs. The results shows switching characteristics is effectively improved the 

by thermal annealing. After post annealing in higher than 300 
o
C, the devices show 

clear switching properties. The defects can be repaired effectively by post annealing. 

After poster annealing, IGZO thin film shows an amorphous-like phase, and no 

obvious crystallization is observed even at 500
 o

C. IGZO TFT annealed at 500
o
C in 

N2 shows excellent electrical characteristics including a VT of 6.74 V, a subthreshold 

swing of 1.54V/dec, a high mobility of 10.31cm
2
/V-s and a large Ion/Ioff ratio of 
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3.28x10
8
. Using the high-k dielectric Al2O3 can effectively reduce the equivalent 

oxide thickness (EOT) to achieve a high drive current and a low threshold voltage. 

The PE-ALD Al2O3/IGZO TFT demonstrated excellent electrical characteristics, 

including a low VT of 0.71 V, small subthreshold swing of 276 mV/dec, a mobility of 

8.39 cm
2
/V-s, and a large Ion/Ioff ratio of 1×10

8
. The IGZO TFTs deposited by 

non-vacuum APPECVD are suitable for large-size flat panel displays and driving 

OLED. 
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Chapter 1 

Introduction 

 

1.1  Overview of Transparent Conductive Oxide  

Transparent Conductive Oxide (TCO) films has attracted considerable attention 

due to a wide range of application, such as flat panel display (FPD), touch panels, 

solar cells, lighting emitting diodes (LED) and other optoelectronic devices  

[1.1]-[1.4]. Figure 1-1 shows the various applications of TCOs. Nowadays, TCO thin 

films have been the indispensable component to opto-electrical products. Typically, 

TCO films must possess a high optical transmittance of more than 80% in the visible 

region, a low electrical resistivity of less than 1x10
-3

 Ω．cm and stability in various 

environments. ZnO, In2O3 and SnO2-based TCOs have been extensively studied in 

recent few years, because they exhibit high optical transparency and high conductivity 

that can be control of the non-stoichiometry and doping level [1.5]. Indium tin oxide 

(ITO) has dominant the TCO market for pass 20 years due to their high transmittance 

in the visible range and low electrical resistivity. The commercial ITO has been 

widely used, such as common electrode as well as pixel electrode in FPD application 

and sensing electrode in touch panels. Recently, smart phone and large-area size 

display boost the requirement of TCO. However, indium is high cost and scarce 
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resources. A stable supply of ITO will become a critical issue in the future due to 

expanding market for optoelectronic devices. As a result, the development of 

decreasing the usage of indium or an alternative material to ITO films is necessary. In 

the last few years, ZnO has attracted much attention as a TCO material because of the 

higher abundance compared to the other TCO materials (about a factor of 1000 more 

abundant than indium as shown in Table 1.1 [1.6]). Furthermore, ZnO also have good 

stability in a silane (SiH4) plasma discharge, which is used for preparation of a-Si:H 

thin film solar cell [1.6]. ZnO is wide band gap (Eg =3.35eV) II-VI semiconductor 

with hexagonal structure. Un-doped ZnO thin films have n type properties due to 

intrinsic defects, but un-doped ZnO films have poor thermal stability. In order to 

increase the conductivity and stability of ZnO films, group-Ⅲ elements (Al, Ga, In) 

can be used as substitutional dopant for Zn site. ZnO-based thin films can be prepared 

on several substrates in a number of ways: pulse laser deposition [1.7]-[1.8], ion 

plating [1.9], RF/DC magnetic sputtering [1.10]-[1.11], metalorganic chemical vapor 

deposition [1.12], spray pyrolysis [1.13], sol-gel [1.14]-[1.15] and atomic layer 

deposition [1.16]. Most ZnO-based thin films are deposited using conventional 

vacuum techniques because vacuum-processed devices exhibit excellent performance 

and reliability than non-vacuum process. However a non-vacuum process offers 

competitive advantages, such as low cost, high throughput, and excellent suitability 
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for large-area applications. 

1.2  Overview of Transparent Oxide Semiconductor Based Thin Film 

Transistors  

Amorphous silicon (a-Si) and low-temperature poly-silicon thin film transistors 

(LTPS TFTs) dominate the active matrix technologies in the flat-panel display 

industry over the last ten years. However, these silicon-based TFTs have several 

limitations such as photosensitivity, light degradation, and opacity, etc. Oxide 

semiconductors are very interesting materials because they combine simultaneously 

high/low conductivity with high visual transparency via non-stoichiometry and doping 

level. Oxide-based semiconductors, such as ZnO [1.17]-[1.18], ZTO [1.9]-[1.20], IZO 

[1.21]-[1.22] and IGZO [1.23]-[1.25] have been reported for the active channel layer. 

These oxide-based thin film transistors offer good electrical properties and high 

transparency. Recently, interest has arisen in the possibility of fabricating active 

electronic devices from transparent oxide semiconductor, because these oxide 

semiconductors enable the manufacture of transparent circuit, called “transparent 

electronics’’. Transparent electronics are nowadays an emerging technology for the 

next generation of optoelectronic devices.  

Zinc oxide thin-film transistors (ZnO TFTs) have high potential in the active 

matrix liquid crystal display (AMLCD) due to non-toxic property, low cost, high 
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mobility, low growth temperature and wide bandgap. Because of low growth 

temperature, devices can be fabricated on inexpensive plastic substrate for flexible 

electronics applications. The wide bandgap of 3.35eV, which is transparent in the 

visible region, can also be employed to a channel layer for the transparent TFT (TTFT) 

application. ZnO TFT offers possibility of increased pixel aspect ratio and intrinsic 

advantage of insensitivity to visible light. Hence, the ZnO is a good candidate for the 

transparent electronics. 

On the other hand, the transparent amorphous oxide semiconductors (TAOS) 

have attracted much attention due to high mobility and good uniformity for large-area 

applications. The ternary oxide system of In2O3, Ga2O3 and ZnO (IGZO) has 

presented promising performance for TFT channel layer due to superior performance 

compared with conventional Si-based TFT. Figure 1-2 shows the electron pathway 

carrier transport path in conventional covalent semiconductor and ionic oxide 

semiconductor [1.26]. The conduction band of IGZO is composed of metal s-orbitals 

and carrier transport is almost not affected by the chemical bond distortion. As a result, 

IGZO thin film shows a high mobility even in amorphous phase. Figure 1-3 depicts 

amorphous formation region and the electron mobilities and concentrations evaluated 

from the Hall effects for the amorphous thin films in the IGZO system [1.27]. It is 

clear that the mobility is primary determined by the fraction of In2O3 content and the 
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highest value of 40 cm
2
/V-s is obtained around the samples containing the maximum 

In2O3 fraction. The IGZO is currently promising AOS materials for mass production 

with low-temperature process and excellent performance. Several prototype displays 

using IGZO TFT have been demonstrated as shown in Fig. 1-4 [1.28] 

1.3  Background of Atmospheric pressure plasma 

Nowadays, the plasma technology is an indispensable technique in various 

material processes. The advantages of plasma are well known, and the plasma can be 

well-controlled to generate the high concentration of reactive species that can enhance 

etching and deposition rate. The most of plasma facilities was operated under vacuum 

ambient. However, vacuum systems are expensive and maintenance cost is high. 

Atmospheric pressure plasmas overcome the drawbacks of vacuum operation.  

Atmospheric pressure plasma is used in a variety of materials processes, such as 

surface modification, etching, and thin film deposition [1.29]-[1.31]. Conventional 

plasma source includes transferred arcs, plasma torches, corona discharge, dielectric 

barrier discharges and plasma jet as shown in Figure 1-5 [1.32]. Arc and torch are 

high gas temperature and not suitable for low-temperature application. A disadvantage 

of corona discharge and dielectric barrier discharges is that the plasmas are not 

uniform throughout the volume. On the other hand, non-thermal atmospheric pressure 

plasma jets are playing an important role in atmospheric pressure plasma technology. 
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The non-thermal plasma jet doesn’t be spatially confined by electrodes and is 

compatible with low process temperature. In this dissertation, non-thermal 

atmospheric pressure plasma jet (APPJ) was proposed to fabricate ZnO-based TCOs 

and ZnO/IGZO TFTs. 

1.4  Motivation 

Recently, APPJ is attracted much attention because this kind of plasma does not 

require a complicated vacuum system. Non-vacuum system could reduces the cost of 

processing and enlarge the size limit. Moreover, APPJ is also a low temperature 

process. The temperature of plasma could be lower than 200
o
C which could reduce 

the thermal damage of substrate and even be applied for plastic substrate. In the past, 

oxide semiconductor was usually fabricated in vacuum system, such as sputtering and 

evaporation, and MOCVD which would limit the size of substrate and increase the 

cost of equipment. In this thesis, a novel and innovative APPJ system (also called 

AP-PECVD system) is proposed to develop TCO and ZnO/IGZO TFTs. Furthermore, 

an environmentally friendly water-based solution precursor was used.  

In order to overcome the shortage of indium, more and more conductive metal 

oxide materials have been studied such as AZO, GZO, and IZO because of its low 

cost, high transparency, and favorable conductivity. In this study, APPJ would be 

utilized to develop GZO and IZO thin film on glass substrate.  
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On the other hand, for the applications of ZnO TFTs in the flat-panel displays, 

the off current must be low. The carrier concentration of un-doped ZnO thin films 

results from the intrinsic defects. Higher carrier concentration generates the external 

scattering and unexpected leakage current. As a result, the background electron carrier 

concentration must be reduced while ZnO was used as a channel layer. In order to 

reduce the intrinsic defects, the oxygen species were incorporated during deposition. 

Also, to reduce the leakage current of source to drain current flow, thinner channel 

layer have been proposed by reducing the conductivity of channel layer.  

     Moreover, post annealing is usually performed to improve the performance of 

TFT. As a result, IGZO TFT was developed by APPJ and effect of annealing 

temperature on the properties of IGZO TFT was discussed. Furthermore, the high-k 

Al2O3 is a promising gate dielectric because of its low leakage current and excellent 

compatibility with the IGZO thin film. The plasma-enhanced ALD (PE-ALD) method 

was assumed to increase reactivity, reduce impurities, widen the process window, and 

increase the film density compared with conventional ALD. Thus, integration with 

PE-ALD Al2O3 was expected to achieve a higher performance IGZO TFT. 

1.5  Thesis Organization 

The organization of this thesis is separated in to seven chapters and organized as 

follows. 



 

 8 

In the first chapter of this dissertation, we briefly give an introduction of the 

TCOs, oxide-based TFTs and atmospheric-pressure plasma. In the chapter 2 and 

chapter 3, we use AP-PECVD to deposit GZO and IZO thin films. The structural, 

optical and electrical properties were discussed. In the chapter 4, we use AP-PECVD 

to fabricate ZnO TFT at low temperature, and the effect of channel thickness and 

oxygen species is studied. In the chapter 5, we use AP-PECVD to fabricate IGZO 

TFTs and discuss the annealing temperature on the characteristic of IGZO TFTs. In 

the chapter 6, high-k PE-ALD Al2O3 is integrated as a gate dielectric with IGZO TFTs. 

Finally, in the chapter 7, the results are summarized and organized. Future work will 

be presented based on the result of the thesis. 
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Table 1-1 Properties of ZnO, SnO2 and In2O3 in comparison to that of silicon [1.6]. 
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i-Phone 4S (Apple)                   i-Pad (Apple ) 

  

Flat-panel display (ASUS)            E-paper (Eink)  

        

Solar cell (Sharp)             Light emitting diode 

 

Fig. 1-1 A variety of applications of transparent conductive oxide (TCO). 
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Fig. 1-2  Schematic orbital drawing of electron pathway (conduction band bottom) in 

conventional compound semiconductor and ionic oxide semiconductor 

[1.26]. 

 

Fig. 1-3  The electron mobilities and concentrations evaluated from the Hall effects 

for the amorphous thin films (left) and the amorphous formation region 

(right) in the In2O3–Ga2O3–ZnO system [1.27]. 
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Fig. 1-4 Photographs of some prototype displays using AOS TFTs [1.28]. 
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Fig. 1-5  Schematic of different kinds of plasma sources (a) Transferred arc (b) Cold 

plasma torch (c) Corona discharge (d) Dielectric barrier discharge (e) 

Plasma jet [1.32].  

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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Chapter 2 

Characterizations of Gallium-Doped Zinc Oxide 

Films Prepared by AP-PECVD System 

 

2.1 Introduction 

Transparent conductive oxide (TCO) has attracted many researchers to study 

due to high demand for flat panel displays, touch panel, solar cells, and other 

optoelectronic devices [2.1]-[2.3]. Indium tin oxide (ITO) is currently the dominant 

TCO due to its excellent electrical and optical properties. For the large-size 

applications, such as flat panel display, the requirement for ITO using as the common 

electrode and pixel electrode will sharply increase. However, indium is a rare and 

toxic metal. As a result, development of substitute material is necessary. The 

ZnO-based thin films are promising material because of nontoxic, low cost and more 

stable in the hydrogen-containing plasma. Un-doped ZnO thin films are highly 

resistive; instead, ZnO thin films doping with group-III elements (Al, Ga, In) can 

increase the conductivity and stability. However, gallium is less reactive and more 

resistant to oxidation than aluminum and rather similar ionic radius to zinc [2.4]. 

These properties of gallium-doped ZnO (GZO) could have better process 

controllability and cause less lattice deformations. On the other hand, the GZO have 
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demonstrated for the common electrodes of flat panel display [2.5]. Atmospheric 

pressure plasma is used in a variety of materials processes such as surface 

modification, etching, and thin film deposition [2.6]-[2.11]. Non-thermal atmospheric 

pressure plasma jets are playing an important role in atmospheric pressure plasma 

technology. The non-thermal plasma jet doesn’t be spatially confined by electrodes 

and is compatible with low process temperature [2.12].  

ZnO:Ga (GZO) thin films can be prepared on several substrates in a number of 

ways: pulse laser deposition [2.13]-[2.14], ion plating [2.15], RF/DC magnetic 

sputtering [2.16]-[2.17], plasma-enhanced metalorganic chemical vapor deposition 

[2.18], atmospheric pressure plasma chemical vapor deposition [2.19], sol–gel [2.20] 

and spray pyrolysis [2.21], etc. Among the different techniques used for the growth of 

these layers, atmospheric pressure plasma jet (APPJ) technique have the advantages 

such as relatively low process temperature than conventional CVD , low cost and well 

suited for large-area applications since it does not need a vacuum chamber and 

associated pumping system. 

This work proposed novel APPJ system, a plasma-enhanced chemical vapor 

deposition operated under atmospheric pressure (AP-PECVD), to deposit GZO thin 

film at low substrate temperature. Also, water-based metal salt solution, which is an 

eco-friendly precursor, was used. The electrical, structural and optical properties of 
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GZO thin films were studied. 

2.2 Experimental procedure 

Gallium doped zinc oxide thin films were grown on glass substrates (2.5 cm × 

2.5 cm × 0.7 mm) by APPJ. Fig. 2-1(a) shows a schematic diagram of the 

experimental apparatus for APPJ. The deposition apparatus mainly is composed of a 

plasma jet, an ultrasonic generator, and a hot plate. The pulsed DC power supply and 

main gas (also called discharge gas) generate the downstream plasma. In order to 

deposit uniform gallium-doped ZnO thin film, the xy directional scan system was used. 

The position of plasma jet was fixed and the substrate was on the xy directional scan 

system. First, the gap distance between hot plate and plasma jet was set. Next, start 

point, endpoint and the pitch were set. Subsequently, the scan system moved start 

point to the end point, and the scan was repeated 10 times. The pitch controlled the 

overlap of the two paths of x direction. The scan rate of x direction was 20 mm/s, and 

the scan rate of y direction was 50mm/s. The pitch was set at 2mm and the scan path 

was shown in Fig. 2-1(b) For deposition of gallium-doped ZnO films, the zinc nitrate 

(Zn(NO3)2, 99% purity) and gallium nitrate (Ga(NO3)2, 99.99% purity) were used as 

the precursor without further purification. Pure deionized water was used as a solvent 

and the concentration of zinc nitrate in the deionized water was kept at 0.2 M. The 

precursor, mixed different zinc nitrate with gallium nitrate dissolved in deionized 
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water, was prepared for different doping concentrations (Gadop) from 0 to 20 

(Ga/Zn+Ga) at.%. Subsequently, the solution was ultrasonically atomized at 2.45 

MHz into mist and then conveyed by carrier gas to the plasma region connected to a 

pulsed DC power supply at a repetition rate of 25kHz and voltage pulse of 15kV with 

a pulse width of 8μs. The nitrogen gas (N2) was used as carrier gas and main gas. The 

N2 gas flow rate of main gas was 35SLM. The carrier gas flow rate (CG) was varied 

from 300sccm to 600sccm, and gap distance (Gap) was varied from 5mm to 20mm. 

The substrate temperature (Ts) was controlled from 100
o
C to 300

o
C. 

2.3 Results and discussion 

Figure 2-2 shows the optical emission spectra of N2 plasma and N2 incorporated 

precursor. The spectra present Zn and Ga signal after incorporation of precursor. This 

can be deduced that the precursor was dissociated in the plasma region and relatively 

low process temperature can be expected. In this work, GZO thin films can deposited 

by AP-PECVD with a excellent properties at substrate temperature of 100
o
C, which is 

much lower than the decomposing temperature of the zinc nitrate [2.22]. 

2.3.1 The Effect of Different Carrier Flow Rates on the Properties of 

Gallium-Doped ZnO Thin Films 

The effect of the different carrier flow rates on the properties of GZO thin films 

was studied at Gap= 5mm, Ts= 100
o
C and Gadop= 8at.%. Figure 2-3 shows SEM 
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images of GZO deposited at different carrier gas flow rates. When the flow rate was 

larger than 450sccm, it can be obviously observed a number of particles. It is likely 

that increasing the concentration of precursor too much in the plasma region will 

result in more gas phase nucleation particles. These particles have poor adhesion and 

could generate the holes at the surface. Figure 2-4 depicts thickness and haze of GZO 

deposited at different carrier gas flow rates. The thickness initially rises with the flow 

rate, and then increase slowly. The haze factor increases with the flow rate resulting 

from the surface roughness and particles. From the Fig. 2-3 (c) and (d), the particles 

will result in loss of precursor to form thin film, so the thickness increase slowly. An 

appropriate increase in flow rate can increase the deposition rate. Furthermore, the 

particles also scatter the light and increase the haze factor. The carrier gas flow rate 

affects properties of the GZO thin films significantly. Carrier gas flow rate of 300 

sccm has high deposition rate than 150sccm, and few particles than 450sccm as well 

as 600sccm.  

2.3.2 The Effect of Different Gap Distances on the Properties of 

Gallium-Doped ZnO Thin Films 

The effect of the different gap distances on the properties of GZO thin films 

was examined at CG=300sccm, Ts=100
o
C and Gadop=8at.%. Figure 2-5 shows the 

SEM images of GZO deposited at different gap distances between the nozzle and 
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substrate. As the gap distance increases, the surface shows more particles. Discontinue 

island structure is observed with a gap distance of 20mm. This may be due the fact 

that the longer distance increases the time to form gas phase nucleation particles. 

Another possible reason for this might be that a longer distance increases the 

probability of oxygen gas from surrounding to react with the dissociated precursor. 

Figure 2-6 depicts thickness and haze of GZO deposited at with different gap 

distances. A short distance is advantageous for preventing wasteful dispersion of 

dissociated precursor into surrounding atmosphere. Furthermore, the particles with a 

long gap distance will result in loss of precursor to form thin film. As a result, the 

thickness decreases with the increase of gap distance. The haze factors increase with 

the gap distance resulting from the surface roughness and particles. Figure 2-7 depicts 

GIXRD patterns of GZO deposited at different gap distances. Gap distance below 

15mm indicates preferred c-axis of (002) peak. The longer gap distance causes the 

decline of crystallinity. Figure 2-8 shows the resistivity (ρ), carrier concentration (n), 

and Hall mobility (μ) of GZO deposited at different gap distances. A short gap 

distance shows a lower resistivity with a higher mobility and carrier concentration. 

Figure 2-9 shows transmission spectrum of GZO films with different gap distances. A 

longer gap presents a decline of transmittance due to the poor quality and those 

particles. However, with a gap distance up to 20mm, the resistivity sharply increases 
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with a lower mobility and carrier concentration. With a small gap distance of 5mm, 

the better performance is achieved.  

2.3.3 The Effect of Different Substrate Temperature on the Properties 

of Gallium-Doped ZnO Thin Films 

The effect of the substrate temperature on the properties of GZO thin films was 

investigated at CG=300sccm, Gap=5mm and Gadop=8at.%. Figure 2-10 show the 

SEM of GZO deposited different substrate temperature. The surface becomes 

smoother with increase of substrate temperature, since surface mobility of adatom 

increases. Figure 2-11 depicts thickness and haze of GZO deposited at different 

substrate temperatures. The growth rate increase slightly with increase of Ts. The haze 

factor decreases with increase of Ts due to the smoother surface. Figure 2-12 presents 

the GIXRD patterns of GZO thin film deposited at different substrate temperature. All 

the samples shows a preferred (002) orientation. As Ts increases, the cystallinity 

doesn’t change obviously. This is deduced that the plasma supply the energy to form 

the film. Figure 2-13 the resistivity (ρ), carrier concentration (n), and Hall mobility (μ) 

of GZO deposited at different substrate temperatures. The higher substrate 

temperature shows a higher resistivity. It is may be due to the adsorption of oxygen 

from the air which reduces the carrier concentration and mobility. Figure 2-14 shows 

the transmission spectra of GZO thin film deposited at different substrate 
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temperatures. The higher substrate temperature shows a higher transmittance. 

2.3.4 The Effect of Gallium Doping Concentrations on the Properties 

of Gallium-Doped ZnO Thin Films 

The effect of the gallium doping concentration on the properties of GZO thin 

films was investigated at CG=300sccm, Gap=5mm and Ts=100
o
C. Figure 2-15 shows 

SEM (tilted angle) and the HRTEM (cross section) images of GZO thin film with 

8at.% Ga doping. The GZO thin film exhibits a columnar structure. Fig. 2-16(a) 

presents the GIXRD patterns of undoped and different Ga-doped ZnO films deposited 

by APPJ at a substrate temperature of 100
o
C. Ga-doped ZnO films demonstrate a high 

(002) preferential orientation; that is, the c-axis of the crystal lattice is normal to the 

plane of substrate. However, as the gallium concentration rise, the (002) diffraction 

peak intensity decrease and full width at half-maximum of (002) diffraction peak 

broaden resulting in degradation of crystallinity and smaller grain size. A graudually 

decreased in crystallinty is attributed to the increasing number of nucleation centers 

during incorporation of the Ga into ZnO. The position of (002) peak shifted to higher 

2θ for the GZO films compared with that of undoped ZnO as shown Fig. 2-16(b). It is 

indicates the decrease of the c-axis lattice, because the ionic radius of Ga (0.62Å ) is 

smaller than Zn (0.74 Å ). Fig. 2-17 shows the resistivity (ρ), carrier concentration (n), 

and hall mobility (μ) of different Ga/(Zn+Ga) atomic ratios. Both the carrier 
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concentration and hall mobility initially increase with gallium doping concentrations, 

but at high gallium doping, the carrier concentration and Hall mobility gradually 

decrease. When the doping concentration is low, gallium atoms effectively occupy the 

substitutional sites to generate free electrons resulting in the rise of carrier 

concentration. While the doping concentration is higher than 10 at.%, excess dopant 

atoms enter the interstitial sites to become ineffective dopant, and grain size decline 

due to increasing number of nucleation centers to cause more dopant segregate to 

grain boundary. These reasons resulting in the decrease of carrier concentration. As 

the doping concentration is inferior to 8 at.%, Hall mobility increases with increasing 

carrier density. This phenomenon can be explained by Seto model [2.23] that an 

increasing carrier concentration causes a lower and narrower potential barrier at grain 

boundary. Similar behavior had been published. The Hall mobility decreases at high 

doping concentrations because impurity scattering and more neutral defect 

[2.24]-[2.25]. The minimum resistivity of 7.8×10
-4

 Ω．cm was obtained in ZnO:Ga 

films deposited with 8 at.% gallium dopant at 100
o
C. Fig. 2-18 depicts transmission 

spectrum of ZnO films with different Ga concentrations. The absorption edge shows a 

shift towards higher energy with the increase Ga concentration according to 

Burnstein-Moss effect [2.26], and this result was consistent with carrier concentration 

by Hall measurement. All films exhibited that average transmittance in visible region 
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is more than 80%.  

2.4 Conclusion 

In summary, we successfully used APPECVD to fabricate GZO thin films. Gas 

phase nucleation reaction depends on the process condition of gap distance and carrier 

flow rate. The concentration of precursor in the plasma region must be well controlled. 

The abnormal phenomenon of degradation in electrical properties with increasing Ts 

is attributed to the adsorption of oxygen from air. Since the AP-PECVD operated 

under air, the effect of environment must be considered when deposited at high 

substrate temperature. A minimum resistivity was achieved via 8 at.% doping. The 

GZO thin film presents a resistivity of 7.8×10
-4 

Ω‧cm and a transmittance of more 

than 80% at a low substrate temperature of 100
o
C.  
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(b) 

Fig. 2-1  Schematic diagram of the experimental apparatus (a) APPJ system (b) scan 

path. 
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Fig. 2-2  Optical emission spectra of N2 plasma and N2 incorporated precursor. 

 

(a)                        (b) 

 

(c)                       (d) 

Fig. 2-3  SEM images (tilted angle) of GZO with different carrier gas flow rates. 
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Fig. 2-4  Thickness and haze factor of GZO with different carrier gas flow rates. 

 

(a)                             (b) 

 

(c)                             (d) 

Fig. 2-5  SEM images (tilted angle) of GZO with different gap distances between the 

nozzle and substrate (a) 5mm (b) 10mm (c) 15mm (d) 20mm. 
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Fig. 2-6  Thickness and haze of GZO deposited at different gap distances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-7  GIXRD patterns of GZO deposited at different gap distances. 
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Fig. 2-8  The resistivity (ρ), carrier concentration (n), and Hall mobility (μ) of GZO 

thin films deposited at different gap distances. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-9  Transmission spectrum of GZO films deposited different gap distances. 
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(a)                            (b) 

 

(c) 

Fig. 2-10  The SEM images of GZO deposited at different substrate temperatures. 

 

 

 

 

 

 

 

 

 

 

Fig. 2-11  Thickness and haze of GZO deposited at different substrate temperatures. 
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Fig. 2-12  The GIXRD patterns of GZO thin film deposited at different substrate 

temperatures. 

 

 

 

 

 

 

 

 

 

Fig. 2-13  The resistivity (ρ), carrier concentration (n), and Hall mobility (μ) of GZO 

deposited at different substrate temperatures. 

4

6

8

10

12

14

16

100 200 300

10
-3

10
-2

 

Substrate Temperature (oC)

R
e
si

st
iv

it
y

 (

c

m
)

10
20

10
21

C
a

r
r
ie

r
 c

o
n

c
e
n

tr
a

ti
o

n
 (

c
m

-3
)

 
H

a
ll

 M
o

b
il

it
y

 (
c
m

2
/ 

V
s)


n



20 30 40 50 60 70 80

ZnO

(112)(110)(100)

(103)

(103)

(102)

(102)
(101)

(002)

(002)

 

 

In
te

n
si

ty
 (

a
r
b

. 
u

n
it

s)

2 (deg.)

100 0C

200 0C

300 0C

(002)

(101)

(102)

(103)



 

 34 

 

 

 

 

 

 

 

 

 

 

Fig. 2-14  Transmission spectra of GZO thin film deposited at different substrate 

temperatures. 
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(a) 

 

 

Fig. 2-15  SEM (tilted angle) and the HRTEM (cross section) images of GZO thin 

film with 8at% Ga doping (a) SEM (b) HRTEM. 
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(a) 

    

(b) 

Fig. 2-16  The GIXRD patterns of undoped and different Ga-doped ZnO films 

deposited by APPJ at a substrate temperature of 100
 o
C. 
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Fig. 2-17  The resistivity (ρ), carrier concentration (n), and hall mobility (μ) of GZO 

with different Ga/(Zn+Ga) atomic ratios. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-18  Transmission spectrum of ZnO films with different Ga concentrations. 
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Chapter 3 

Characterizations of Indium-Doped Zinc Oxide 

Films Prepared by AP-PECVD System 

 

3.1 Introduction 

Atmospheric pressure plasma is used in a variety of materials processes, such as 

SiO2 [3.1], TiO2 [3.2], and ZnO thin films [3.3]. ZnO thin films have attracted much 

attention as the transparent conductive oxide due to their nontoxicity, low cost, and good 

stability in the hydrogen-containing plasma, which exists in the fabrication process of 

some optoelectronic devices. Un-doped ZnO thin films have n type properties due to 

intrinsic defects, but un-doped ZnO films have poor thermal stability. In order to increase 

the conductivity and stability of ZnO films, group-Ⅲ elements (Al, Ga, In) can be used as 

substitutional dopant for Zn site. Because indium has less reactivity and greater resistivity 

to oxidation than aluminum, indium has easier process controllability. ZnO-based thin 

films can be prepared on several substrates in a number of ways: pulse laser deposition 

[3.4]-[3.5], ion plating [3.6], RF magnetic sputtering [3.7], metalorganic chemical vapor 

deposition [3.8]. Among the different techniques used for the growth of these layers, 

atmospheric pressure plasma jet (APPJ) has many advantages, such as low cost and well 

suited for large-scale applications, since it does not need a vacuum chamber and 
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associated pumping system. Zinc oxide thin films have been reported by using 

atmospheric pressure plasma technique [3.9]-[3.10]. However, to our knowledge, no 

complete investigation was reported for indium-doped ZnO thin films deposited by 

APPJ. In this study, we develop indium-doped ZnO by using APPJ and discuss the effect 

of different substrate temperatures and indium doping concentrations on the 

morphological, structural, electrical and optical properties of the films.  

3.2 Experimental procedure 

Indium doped zinc oxide thin films were grown on glass substrates (2.5 cm x 

2.5 cm x 0.7 mm) by APPJ. For deposition of indium-doped ZnO films, the zinc nitrate 

(Zn(NO3)2,99% purity) and indium nitrate (In(NO3)2, 99.99% purity) were used as the 

precursor without further purification. Pure deionized water was used as a solvent and 

the concentration of zinc nitrate in the deionized water was kept at 0.2 M. The 

precursor, mixed different zinc nitrate with indium nitrate dissolved in deionized 

water, was prepared for different doping concentrations (In/Zn+In atomic ratios). 

Next, the solution was ultrasonically atomized at 2.45 MHz into mist and then 

conveyed by carrier gas to the plasma region. The nitrogen (N2) was used as carrier 

gas and main gas. The flow rate of carrier gas was fixed at 300 sccm, while the flow 

rate of main gas was 35 SLM. The nozzle to substrate distance was 5mm. The power 

was set at 600 W. The various substrate temperatures from 100
o
C to 300

o
C with 
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In/Zn+In atomic ratio was 8at.%. On the other hand, different indium doping 

concentrations was deposited at substrate temperature of 200
o
C (optimized condition). 

In order to deposit uniform indium-doped ZnO thin film, the xy directional scan 

system was used. The position of plasma jet was fixed and the substrate was on the xy 

directional scan system. First, start point, endpoint and the pitch were set. Next, the 

scan system moved start point to the end point, and the scan was repeated 10 times. 

The pitch controlled the overlap of the two paths of x direction. The scan rate of x 

direction was 20 mm/s, and the scan rate of y direction was 50mm/s. The pitch was 

set at 2mm.  

The morphological, structural, electrical and optical properties of the 

indium-doped ZnO films were characterized in this work. The crystallinity of the 

indium-doped ZnO thin films was investigated by using grazing incidence X-ray 

diffraction (GIXRD), and the thickness as well as the morphological property was 

determined by scanning electron microscopy (SEM), respectively. The roughness was 

determined by atomic force microscopy (AFM). Electrical properties were measured 

by using Hall measurement. Photoluminescence (PL) was used to measure optical 

properties and optical transmission through the films on the glass was measured in the 

wavelength range from 300nm to 800nm by using a UV-VIS-NIR spectrophotometer. 

3.3 Results and discussion 
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3.3.1 The Effect of Different Substrate Temperatures on the 

Properties of Indium-Doped ZnO Thin Films 

     Figure 3-1 shows the SEM images (tilted angle) of different substrate 

temperatures and presents different morphological properties. The thicknesses of IZO 

thin film deposited at 100
o
C, 200

o
C and 300

o
C are 180nm, 270nm, and 286 nm, 

respectively. As the substrate temperature rises, the thickness increases, especially 

from 100
o
C to 200

o
C. Figure 3-2 shows the PL spectra of IZO thin films deposited at 

different substrate temperatures. The 100
o
C sample shows high deep level emission 

due to the presence of structure defects (ie. oxygen vacancies, oxygen interstitials, 

zinc vacancies, and zinc interstitials). Figure 3-3 shows the GIXRD pattern of IZO 

thin film. All the samples shows a preferred (002) orientation. The FWHM of IZO 

thin films deposited 100
o
C, 200

o
C and 300

o
C are 0.62

o
, 0.60

 o
 and 0.62

 o
, respectively. 

The 200
o
C sample shows higher crystallinity than 100

o
C and 300

o
C. Since high 

substrate temperature can supply the energy of migration during deposition, the 

crystallinity can be improved by rise of temperature. During the deposition of IZO 

thin films fabricated by APPJ system, the surrounding is air. As the substrate 

temperature is 300 
o
C, some adsorbed oxygen from air may result in lattice distortion. 

Figure 3-4 shows the hall measurement of different substrate temperatures. The 

minimum resistivity of 2.3×10
-3

 Ω．cm is obtained at a substrate temperature of 200
o
C. 
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The carrier concentration increases with substrate temperature and decrease at 300
o
C. 

This can be attributed to crystallinity and adsorbed oxygen. The mobility increases 

with substrate temperature. Figure 3-5 shows the transmission spectra in the visible 

range. The average transmittance is larger than 80% in the visible range. The BM shift 

is also observed. The bandgap can extract from the absorption edge. The bandgap of 

100
o
C, 200

o
C and 300

o
C are 3.45eV, 3.46eV and 3.41eV which are corresponded to 

the carrier concentration. 

3.3.2 The Effect of Indium Doping Concentrations on the Properties 

of Indium-Doped ZnO Thin Films 

SEM images of different indium doping concentrations and RMS roughness of 

AFM from 0 at.% to 10 at.% were shown in Fig. 3-6. When the doping concentration 

becomes higher, the surface shows obviously needlelike geometry. As a result, the 

high indium content shows a rougher surface. D.H. Kim et al. proposed that the IZO 

thin films deposited by RF magnetron sputter show the needlelike geometry. It is 

thought that the indium lies distributed randomly on the ZnO film, thus preventing an 

orderly arrangement [3.7]. Figure 3-7 presents the GIXRD patterns of different 

Indium-doped ZnO films deposited by APPJ at the substrate temperature of 200
o
C. 

Indium-doped ZnO films demonstrate a high (002) preferential orientation, meaning 

that the c-axis of the crystal lattice is normal to the plane of substrate. As the indium 
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concentration rises, the (002) diffraction peak intensity decreases and full width at 

half-maximum of (002) diffraction peak broaden resulting from degradation of 

crystallinity. Fig. 3-8 (a) shows a magnified GIXRD patterns of (002) peak. It is 

observed that the Braggs angle shift to lower angles with increasing indium doping 

concentrations. It is noted that the ionic radius of In (0.81Å ) is larger than Zn (0.74 Å ) 

[3.11]. Based on the Bragg’s law, the Bragg angle shifts to lower angles, due to the 

larger lattice constant induced by In incorporation. The crystallite size along (002) 

direction is estimated according to t= 0.9λ/B cosθ, where λ is the x-ray wavelength, θ 

is the Bragg diffraction angle and B is full width at half maximum [3.12]. Figure 3-8 

(b) shows that the un-doped films have lager crystallite size than the doped films, and 

the crystallite size tends to decrease as doing concentration increases. This may be 

due to the fact that indium prevents the orderly arrangement and increases number of 

nucleation centers. Figure 3-9 shows the resistivity (ρ), carrier concentration (n), and 

Hall mobility (μ) of different In/(Zn+In) atomic ratios. The minimum resistivity of 

1.8×10
-3

 Ω．cm was achieved at approximately 8 at.% indium doping. Both the carrier 

concentration and Hall mobility initially increase with indium doping concentrations；

However, the carrier concentration gradually decreases beyond 8 at.%. When the 

doping concentration is low, indium atoms effectively occupy the substitutional sites 

to generate free electrons resulting in the rise of carrier concentration. While the 
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doping concentration is higher than 8 at.%, the poor crystallinity may be responsible 

for the degraded carrier concentration. The structural defects can trap donors and free 

carriers result in the decrease of carrier concentration [3.13]. Also, the clustering or 

segregation of dopants may decrease the carrier concentration of TCO films with 

excess dopants [3.14]-[3.15]. Figure 3-10 depicts transmission spectrum of ZnO films 

with different indium concentrations. The inserted graph shows the magnified 

absorption band edge. All films exhibited that average transmittance in visible region 

is more than 80%. The absorption edge shows a shift towards shorter wavelength 

from 0 at.% to 8 at.%. It has been reported that the increase in the optical band gap 

with an increase in carrier concentration. This phenomenon is known as 

Burnstein-Moss effect [3.16]. The optical bandgap is estimated by extrapolating the 

square of absorption coefficient versus the photon energy curve [3.17]. The bandgap 

values of different indium doping are listed in Table 3-1. The optical bandgap initially 

tends to rise with indium doping concentration. It is seen that the optical bangap 

nearly saturates around 6 at.% to 10 at.%. Beyond 10 at.%, a decline of bandgap is 

observed at 12 at.%.  

3.4 Conclusion 

In summary, we have demonstrated that indium-doped ZnO films deposited on 

glass utilizing atmospheric pressure plasma jet. This technique is simple and 
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inexpensive method. IZO thin film deposited at 100
o
C shows a lager of structure 

defect due to the high DLE intensity. IZO thin film deposited at 300
o
C presents the 

degradation of electrical properties which can be attributed to the absorption of 

oxygen. ZnO thin film deposited at an appropriate substrate temperature of 200
o
C 

shows better properties. Furthermore, IZO thin films are polycrystalline with a 

preferred orientation along (002) plane and grain size tend to decrease as doping 

concentration increases. The SEM shows that the surface morphology is affected by 

indium doping. The films show needlelike geometry from 6 at.% to 10 at.% resulting 

in the rougher surface. The films prepared with 8at% indium-doped zinc oxide show a 

low resistivity of 1.8×10
-3 

Ω．cm, a carrier concentration of 2.69×10
20

1/cm
3
, a 

mobility of 12.86 cm
2
/V-s, a band gap of 3.51eV and a transmittance of about 80% in 

the visible range. 
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Table 3-1 Optical bandgap of different indium doping concentrations. 

 

 

 

 

 

 

 

 

 

 

  

 0 at% 2 at% 4 at% 6 at% 8 at% 10 at% 12 at% 

Optical 

bandgap 

(eV) 

3.28 3.41 3.49 3.51 3.51 3.51 3.47 



 

 50 

 

(a)                        (b) 

 

(c) 

Fig. 3-1  SEM images (tilted angle) of different substrate temperatures (a) 100
o
C (b) 

200
o
C (c) 300

o
C. 

 

 

 

 

 

 

Fig. 3-2  PL spectra of IZO thin films deposited at different substrate temperatures. 
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Fig. 3-3  The GIXRD pattern of IZO thin film at different substrate temperatures. 

 

 

 

 

 

 

 

 

Fig. 3-4  Hall measurement of IZO thin film at different substrate temperatures. 
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Fig. 3-5  The transmission spectra of IZO thin film in the visible range at different 

substrate temperatures. 
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Fig. 3-6  SEM images (tilt angle) of different indium doping concentration from 0 

at% to 10 at% (a) 0 at% (Rms=14.7nm)(b) 2 at% (Rms=12.7nm) (c) 4 at% 

(Rms=21.8nm) (d) 6 at% (Rms=28.5 nm) (e) 8 at% (Rms=28.5 nm) (f) 10 

at% (Rms=34.8nm). 

 

 

 

 

 

 

 

Fig. 3-7  GIXRD patterns of different Indium-doped ZnO films deposited by APPJ 

at substrate temperature of 200
o
C. 
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(b) 

Fig. 3-8  (a) The magnified GIXRD patterns of (002) peak (b) crystalline size 

estimated along (002) peak with different indium doping concentration. 
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Fig. 3-9  The resistivity (ρ), carrier concentration (n), and Hall mobility (μ) of 

different In/(Zn+In) atomic ratios. 

 

 

 

 

 

 

 

Fig. 3-10  Transmission spectrum of IZO films with different indium doping 

concentration.  
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Chapter 4 

The Effect of Channel Thicknesses and Oxygen 

Species on the Characteristics of ZnO TFTs 

Prepared by APPECVD system 

 

4.1 Introduction 

Amorphous silicon (a-Si) and polysilicon TFTs dominate the active matrix 

technologies in the flat-panel display industry over the last ten years. However, these 

silicon-based TFTs have several limitations such as photosensitivity, light degradation, 

and opacity, etc. Recently, transparent oxide semiconductors have been investigated as 

an active channel layer. Zinc oxide thin-film transistors (TFTs) have high potential in 

the active matrix liquid crystal display (AMLCD) due to non-toxic property, low cost, 

high mobility, low growth temperature and wide bandgap [4.1]-[4.3]. Because of low 

growth temperature, devices can be fabricated on inexpensive plastic substrate for 

flexible electronics applications. The wide bandgap of 3.35eV, which is transparent in 

the visible region, can also be employed to a channel layer for the transparent TFT 

(TTFT) application [4.4]-[4.5]. For the applications of ZnO TFTs in the flat-panel 

displays, the off current must be low. Large on-off ratio is preferred when used as 

switching device. The carrier concentration of un-doped ZnO thin films results from 
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the intrinsic defects. Higher carrier concentration generates the external scattering and 

unexpected leakage current. As a result, the background electron carrier concentration 

must be reduced while ZnO was used as a channel layer. Also, to reduce the leakage 

current of source to drain current flow, thinner channel layer have been proposed by 

reducing the conductivity of channel layer [4.6]. In order to reduce the intrinsic 

defects, the compressed dry air (CDA, ~20% Oxygen gas) was also used as carrier gas 

to reduce the oxygen vacancies. Next, to improve the performance, the different 

channel thicknesses were discussed. Furthermore, the oxygen species was also 

incorporated into main gas. 

The purpose of this chapter is to demonstrate the possibility to fabricate 

superior performance ZnO TFTs at low temperature by using atmospheric pressure 

plasma jet. In this chapter, we integrated ZnO as a channel layer by atmospheric 

pressure plasma jet and discussed the effects of oxygen species and channel 

thicknesses on the characteristics of ZnO TFTs. 

4.2 Experimental Procedure 

4.2.1 Device Fabricated with Different Carrier Gases and Channel 

Thicknesses 

Zinc oxide thin films were grown on the glass substrates as well as high doping 

silicon substrate by atmospheric pressure plasma jet (APPJ). The high doping silicon 
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wafer was used as gate electrode and thermally grown SiO2 (110nm) on the silicon 

substrate was used as gate insulator. Then, ZnO thin films were deposited on SiO2/Si 

by APPJ. For deposition of ZnO films, zinc nitrate (Zn(NO3)2·6H2O) dissolved in 

pure deionized water was used as the precursor. The concentration of zinc nitrate in 

the D.I. water was 0.2 M. Next, the aqueous solution was ultrasonically atomized at 

2.45 MHz into mist and conveyed by carrier gas to the plasma region, which was 

connected to DC pulse power supply. The nitrogen (N2) and compressed dry air (CDA) 

were used as carrier gases and the thickness of ZnO thin films were kept at 110 nm. 

The flow rate of both carrier gases was fixed at 300 sccm, while the flow rate of main 

gas was 35 SLM. The channel thickness was varied by scanning 1 times to 15 times 

while CDA used as carrier gas. The distance between nozzle and substrate was set as 

5 mm. The power and substrate temperature fixed at 630 W and 100
o
C, respectively. 

The pattern on ZnO thin film was obtained by conventional photolithography and wet 

etching using the HCl:H2O (1:200). Finally, 100nm thick Al source/drain (S/D) layers 

were patterned by lift-off technique. A schematic cross view of the fabricated TFT is 

shown in Fig.4-1. The optical, structural, and electrical properties of the ZnO films 

were characterized. The crystallinity of the ZnO thin films was investigated by using 

grazing incidence X-ray diffraction (GIXRD). The thickness of the film as well as 

morphology was determined by scanning electron microscopy (SEM) and atomic 
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force microscopy (AFM). Optical transmittance through the sample of ZnO/glass was 

measured in the wavelength range from 300nm to 800nm by using a UV-VIS-NIR 

spectrophotometer. Device characteristics, including transfer and output curves, were 

measured by semiconductor parameter analyzer (HP4156C). 

4.2.2 Device Fabricated with Incorporation of Oxygen Species into 

Main Gas 

Starting with n
+
 silicon (100) wafer used as gate electrode, thermally grown 

SiO2 (110nm) at 1050
o
C on the silicon substrate was adopted as gate insulator. Next, 

50-nm ZnO thin films were deposited on SiO2/Si by APPJ. The water-based solution, 

zinc nitrate (Zn(NO3)2·6H2O) dissolved in pure deionized water, was used as 

precursor. The nitrogen was used as plasma gas and the flow rate of plasma gas was 

35 SLM. Different oxygen partial pressures were incorporated into plasma gas (N2) in 

the percentage of 0%-1% (O2/N2+O2). The power and substrate temperature were set 

at 630 W and 100
o
C, respectively. In order to analyze the transmittance, ZnO was also 

deposited on glass substrate. The pattern on ZnO channel layer was formed by 

conventional photolithography and wet etching using the HCl:H2O (1:200). Finally, 

100nm thick Al source/drain (S/D) layers were patterned by lift-off technique.  

The optical, structural, and electrical properties of the ZnO films at different 

oxygen partial oxygen were characterized. The crystallinity of the ZnO thin films was 
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investigated by using grazing incidence X-ray diffraction (GIXRD). The morphology 

was determined by scanning electron microscopy (SEM). Photoluminescence (PL) 

was used to measure optical properties. Optical transmittance through the sample of 

ZnO/glass was measured in the wavelength range from 300nm to 800nm by using a 

UV-VIS-NIR spectrophotometer. Electrical properties were measured by 

semiconductor parameter analyzer (HP4156C). 

4.3 Results and discussion 

4.3.1 The Effect of Different Carrier Gases and Channel Thicknesses 

on the Characteristics of ZnO TFTs 

Figure 4-2 shows the grazing incident X-ray patterns of 110-nm-thick ZnO 

films prepared with different carrier gases at a substrate temperature of 100
o
C by 

APPJ. From the figure it is seen that ZnO films exhibit hexagonal crystal structure 

with a preferential growth along (002) plane both in N2 and CDA samples. The N2 

sample has higher intensity of the (002) plane than CDA, but CDA sample show the 

higher (100) and (101) peaks than N2. The may be due to the fact that the gas phase 

nucleation particle increases when CDA is used as a carrier gas. Since the oxygen is 

high reactivity, it reacts with precursor in the gas phase leading to the random particle. 

Nevertheless, the FWHM of (002) peak in N2 (0.46°) is similar to CDA (0.45°). 

Figure 4-3 shows AFM images of ZnO thin films with different carrier gas. CDA 

http://tw.wrs.yahoo.com/_ylt=A3eg.88OcjhN4mEAQQbhbB4J/SIG=12u6b9b99/EXP=1295573646/**http%3a/tw.dictionary.yahoo.com/dictionary%3fp=nevertheless%26docid=1068489
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sample shows a smaller grain size than N2.The reactive oxygen species maybe result 

in more nucleation sites. Figure 4-4 shows the optical transmission spectra of ZnO 

films deposited on glass with different carrier gases. The average transmittance of N2 

sample is slightly larger than CDA. The possible reason for this may be the scattering 

light by gas phase nucleation particles. The average optical transmittance of N2 and 

CDA samples in the visible range is more than 80%. Figure 4-5 represents transfer 

characteristics of 110-nm-thick channel ZnO TFTs with different carrier gases. The 

channel length and width are 100 μm and 1000 μm. From the figure of N2 sample, it 

can be observed that high leakage current and the poor Ion/Ioff current ratio. However, 

ZnO TFT with CDA as carrier gas improves the off-leakage current about 3 orders of 

magnitude than N2 sample. It is likely that oxygen species are efficient to repair the 

oxygen vacancies. The Ion/Ioff ratio of N2 sample and CDA sample were 1.6×10
2
 and 

2.59×10
5
, respectively. Figure 4-6 represents IDS

1/2
 versus VGS. The field effect 

mobility (μFE) and Vt were extracted using the following current equation. 

 

ID= (W/2L) CiμFE ( VGS-VT )
2
                                (4.1) 

 

where Ci is the capacitance per unit area of the gate insulator and VT is the 

threshold voltage. The μFE of N2 sample and CDA sample were 2.3 cm
2
V

-1
s

-1
 and 4.9 

cm
2
V

-1
s

-1
. The CDA sample has lower mobility than N2. From AFM images, CDA 
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sample with smaller grain size will result in more grain boundary scattering. 

Furthermore, it has been reported that external oxygen was absorbed in the grain 

boundaries and this oxygen trapped free electrons. Although using CDA as a carrier 

gas repair oxygen vacancies, smaller grain size and some adsorbed oxygen in the 

grain boundaries maybe results in the slight decline of mobility. The threshold voltage 

of N2 sample and CDA sample were 16.6 V and 31.5 V respectively, showing that the 

ZnO-TFT operates the enhancement mode .The result also indicates that CDA sample 

has the smaller electron carrier concentration than N2 sample. The background carrier 

concentration can effectively decrease using CDA as a carrier gas. Output 

characteristics (ID-VD) of ZnO TFT are shown in Fig. 4-7. It is observed that ID of N2 

sample increase with VDS at saturation region. Since the N2 sample has higher carrier 

concentration, the channel region is not totally depleted, and the undepleted region 

contributes the external current. However, the CDA sample shows a hard saturation. 

This indicates that the ZnO channel is fully depletion and this behavior is desired for 

circuit application because of a lager output resistance [4.7]. Transfer characteristics 

of ZnO TFT with different channel thicknesses are shown in Fig 4-8. The off-leakage 

current of 110-nm-thick (10times) and 165-nm-thick (15times) channel ZnO TFTs are 

3.82×10
-9

A and 5.42×10
-9

 A, respectively. The undesired source to drain leakage 

current flow has less dependence with gate voltage. By reducing the channel thickness, 
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the channel resistance increases result in the low leakage current. When the thickness 

reduces to 55 nm (5times), the leakage current significantly reduces. The leakage 

current of 3times sample reaches a minimum value of 1.84×10
-11

 A. The 1time sample 

shows low drain current because the thin ZnO film maybe result in a discontinue 

structure. Figure 4-9 shows Output characteristics (IDVD) of ZnO TFT with different 

channel thicknesses. All the samples operate in enhancement mode, and the 

55-nm-thick sample shows a higher saturation current. The mobility of 55 nm sample 

is higher compared with 110 nm and 165 nm. This may be due to the less series 

resistance. Table 4-1 summarizes the electrical properties of field effect mobility, 

threshold voltage, subthreshold swing, and Ion/Ioff ratio with different channel 

thicknesses. The 3times and 5times show a better performance. 

4.3.2 The Effect of Incorporated Oxygen Species into Main Gas on 

the Characteristics of ZnO TFTs 

Figure 4-10 shows the grazing incident X-ray patterns of ZnO films with 

different oxygen partial pressures by APPJ. ZnO thin films exhibit a predominant (002) 

diffraction peak with small (100) and (101) peaks, indicating a preferential growth 

along (002) plane. When the oxygen species are incorporated into plasma gas, the 

intensity of the (002) slightly decreases, and the intensity of (100) as well as (101) 

peaks increase. This may be due to the fact that the gas phase nucleation particle 
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increases with increasing oxygen partial pressure. Since the oxygen is high reactivity, 

it reacts with precursor in the gas phase leading to the random particle. Figure 4-11 

shows SEM images of ZnO thin film with different oxygen partial pressures. With 

increasing oxygen partial pressure, the gas phase nucleation particle increases and 

ZnO thin films show a rough surface. The 1% O2 sample shows amount of gas phase 

nucleation particles. These particles could affect carrier transport and contact property.  

Figure 4-12 shows optical transmission spectra of ZnO thin film deposited on glass. A 

hump is observed at wavelength of 350nm. This is attributed to the finite absorption 

and a thin ZnO thickness. The average transmittance in the visible region is more than 

80%. The 1% shows a slightly lower transmittance. Figure 4-13 shows a UV emission 

peak at 3.25eV. The UV emission was attributed to the near bandgap transition. The 

intensity of the UV emission peak increases when oxygen was incorporated into 

plasma gas. Generally, it is believed that the UV emission comes from stoichiometry 

of the ZnO with less oxygen vacancies [4.8]. Figure 4-14 represents transfer 

characteristics of ZnO TFT with different oxygen ratios. From the curve of 0% O2 

sample, it can be observed that high leakage current and the low Ion/Ioff ratio. However, 

ZnO TFT incorporated oxygen species obviously improves the leakage current. This 

can be deduced the oxygen vacancy density was efficiently reduced. The 1% O2 

sample shows degradation of electrical properties than 0.69% resulting from the 
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particles with extra oxygen species. Table 4-2 summarizes the electrical properties of 

the ZnO TFTs. The Ion/Ioff current ratio is improved about six orders of magnitude by 

incorporating 0.69% O2 compared with the 0% O2 sample. The mobility was slightly 

degraded with increasing oxygen ratios. This may be due to the fact that gas phase 

nucleation is formed external scattering center. The 0.69% O2 sample shows the 

lowest SS and the highest Ion/Ioff current ratio. 

4.4 Conclusion 

In summary, ZnO films deposited by APPJ were successfully integrated as a 

channel layer. The ZnO thin films exhibit a preferred (002) orientation and the 

average transmittance of ZnO thin films deposited on glass are more than 80%. 

During deposition, using CDA as carrier gas can effectively reduce oxygen vacancies 

and improve the Ion/Ioff current ratio from 1.6×10
2
 to 2.59×10

5
. Reducing the thickness 

can increase the channel resistance and reduce the undesired current flow. Using CDA 

as a carrier gas and reducing the channel thickness to 55nm, a subthreshold swing of 

3.75V/decade, a field-effect mobility of 3.49 cm
2
/Vs and an Ion/Ioff current ratio of 

4.08×10
7
 were obtained.  

With increasing oxygen partial pressure, the gas phase nucleation particle 

increases and ZnO thin films show a rough surface. PL spectra show that the oxygen 

vacancies could be repaired effectively by incorporating oxygen into plasma gas. By 
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incorporating 0.69% O2 into plasma gas, a threshold voltage of 26.7 V, a subthreshold 

swing of 3.89 V/decade, a field-effect mobility of 2.38 cm
2
/Vs and an Ion/Ioff current 

ratio of 4.63x10
9
 were obtained. 
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Table 4-1 The electrical properties of different channel thicknesses. 

 

 

 

 

 

 

 

 

 

Table 4-2 The electrical properties of different oxygen ratios. 

 

 

  

 1times 3times 5times 10times 15times 20times 

Vt (V) 24 35.6 33.8 31.5 31.1 28.7 

SS 

 (V/dec.) 
2.87 4 3.75 6.33 6.25 6.21 

Mobility 

(cm
2
/V-s) 

0.05 3.13 3.49 2.33 2.33 3.78 

Ion/Ioff 

 ratio 
5.56x10

5
 5.92x10

7
 4.08x10

7
 7.06x10

5
 3.34x10

5
 8.4x10

4
 

 0% O2 0.34% O2 0.69% O2 1% O2 

Vt (V) 15.9 24.9 26.7 26.4 

SS (V/dec.) 14.67 5.74 3.89 4.78 

Mobility 

(cm
2
/V-s) 

2.75 2.67 2.38 2.33 

Ion/Ioff 

 ratio 
2.71x10

3
 4.15x10

7
 4.63x10

9
 8.48x10

7
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Fig. 4-1  Schematic structure of the bottom-gate TFT test structure. 

 

  

 

 

 

 

 

 

 

 

Fig. 4-2  Grazing incident X-ray patterns of ZnO films prepared with different 

carrier gases. 
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(a) 

 

(b) 

Fig. 4-3 AFM images of ZnO thin films with different carrier gas (a) N2 (b) CDA. 
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Fig. 4-4  The optical transmission spectra of ZnO films deposited on glass with 

different carrier gases. 
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Fig. 4-5  Transfer characteristics of ZnO TFT with different carrier gases. 

 

 

 

 

 

 

 

 

 

Fig. 4-6  IDS
1/2

 versus VGS at VD of 80V, used to calculate the threshold voltage and 

saturation mobility. 
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(a)  

 

 

 

 

 

 

 

 

(b)  

Fig. 4-7  Output characteristics (IDVD) of ZnO TFT with different carrier gas (a) N2 

(b) CDA. 
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Fig. 4-8  Transfer characteristics of ZnO TFT with different channel thicknesses.  
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(c) 

Fig. 4-9  Output characteristics (IDVD) of ZnO TFT with different channel 

thicknesses (a) 55nm (b) 110nm (c) 165nm.  
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Fig. 4-10  GIXRD spectra of ZnO thin films with different oxygen ratios. 
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               (c)                              (d) 

Fig. 4-11  SEM images (tilt angle) of ZnO thin films with different oxygen ratios (a) 

(0% O2) (b) (0.34% O2) (c) (0.69% O2) (d) (1% O2). 
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Fig. 4-12  Optical transmission spectra of ZnO thin film with different oxygen ratios 

deposited on glass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-13  PL spectra for ZnO thin films with different oxygen partial pressures.  
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Fig. 4-14 Transfer characteristics of ZnO TFT with different oxygen ratios. 
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Chapter 5 

The Impacts of Thermal Annealing on the Properties 

of IGZO TFT Prepared by AP-PECVD 

 

5.1 Introduction 

Oxide-based semiconductors, such as ZnO [5.1]-[5.2], ZTO [5.3]-[5.4], IZO 

[5.5]-[5.6] and IGZO [5.7]-[5.9] have been reported for the active channel layer. 

These oxide semiconductors offer good electrical properties and high transparency. 

Among these semiconductors, IGZO TFTs have attracted much attention because of 

its superior performance compared with conventional Si-based TFTs [5.10]. The 

conduction band of IGZO is composed of metal s-orbitals and carrier transport is 

almost not affected by the chemical bond distortion. As a result, IGZO thin film 

shows a high mobility even in amorphous phase. Furthermore, several prototype 

displays using IGZO TFT have been demonstrated [5.11]. To deposit IGZO thin films, 

there are a variety of deposition methods, such as sputtering [6.7], pulse laser 

deposition [5.12], spin coating [5.13] and ink-jet printing [5.14]. 

Atmospheric-pressure plasma processing has high potential in several industrial 

applications due to low cost, high processing speed and simple system [5.15]. 

Atmospheric pressure plasma jet (APPJ) is an emerging technique for thin film 
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coating. APPJ system is a non-vacuum and simple system.  

The purpose of this work is to demonstrate the possibility to fabricate IGZO 

TFT by using atmospheric pressure plasma jet. We investigated the effect of annealing 

temperature on the properties of IGZO TFT. The electrical properties of IGZO TFT 

were improved effectively by post annealing and the devices exhibited good switching 

properties.  

5.2 Experimental procedure 

The high doping silicon wafer was used as gate electrode and thermally grown 

SiO2 (130nm) on the silicon substrate was used as gate insulator. Indium nitrate 

(In(NO3)2), gallium nitrate (Ga(NO3)2) and zinc nitrate (Zn(NO3)2) dissolved in 

deionized water were used as the precursor. The concentration of IGZO solution was 

0.2 M with an atomic ratio of In:Ga:Zn=1:1:1. Next, 40nm-thick IGZO thin films 

were deposited on SiO2/Si by APPJ at 200
o
C and then annealed from 200

o
C to 500

o
C 

in N2 ambient for 30min. IGZO thin films were also deposited on the glass substrate. 

The pattern on IGZO thin film was obtained by conventional photolithography and 

wet etching using the HCl:H2O (1:200). Finally, 100nm thick Al source/drain (S/D) 

layers were patterned by lift-off technique. The channel width (W) and length (L) of 

IGZO TFT were 200 μm and 20 μm, respectively. A schematic cross view of the 

fabricated TFT is shown in Fig. 5-1. 
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5.3 Results and discussion 

Figure 5-2 shows GIXRD spectra of IGZO thin film annealed from 200
o
C to 

500
o
C in N2 ambient for 30min. All the samples show a weak broad peak and no 

obvious sharp peak. The microstructure of 500
o
C sample using high resolution TEM 

reveals a low density nanoparticle about 5nm, as shown in Fig. 5-3. The low density 

and small size of these nanocrystals result in a weak broad peak and exhibit an 

amorphous-like phase. Figure 5-4 shows the top-view SEM images of IGZO thin 

films annealing at different temperatures. After the post annealing, the IGZO thin 

films exhibit a more smooth surface and dense structure. The dense structure could 

offer the better carrier transport path. Figure 5-5 shows the AFM images of IGZO thin 

films annealing at different temperatures. Table 5-1 shows the root-mean-square 

(RMS) roughness of IGZO thin films annealed at different temperatures. As shown in 

Table 5-1, the surface roughness is significantly different between as-deposited and 

annealed films. The as-deposited sample shows a roughness of 15.48nm. On the other 

hand, the surface roughness is reduced after the post annealing and 500
o
C sample 

shows a RMS of 6.67nm. The smooth surface also corresponds to the dense structure. 

Figure 5-6 shows the optical transmission spectra of IGZO. The 500
o
C sample 

exhibits a slightly lager transmittance than as-deposited sample. This can be attributed 

to reduction of the defects by thermal annealing. The average transmittance in the 
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visible range is larger than 80%.  

Figure 5-7 depicts transfer characteristics of IGZO TFTs annealing at different 

temperatures. The as-deposited sample shows poor switching properties, but after post 

annealing in higher than 300
 o

C, the devices show clear switching properties. The 

threshold voltage (VT) shifting more positive after post annealing means that free 

electron carriers are reduced. The free carriers maybe result from oxygen vacancy or 

H-related species, and the carrier concentration was reduced effectively by post 

annealing. As a result, the switching behavior was improved. The IGZO TFTs operate 

in enhancement mode when the annealing temperature is high than 400
o
C. After 

500
o
C post annealing, good electrical characteristics were achieved, including a VT of 

6.74V, a subthreshold swing (SS) of 1.54 V/dec, a mobility of 10.31 cm
2
/V-s and a 

large Ion/Ioff ratio of 3.28×10
8
. Table II summarizes the electrical properties of IGZO 

TFT annealed at different temperatures. Annealing at high temperature showing a 

higher mobility indicates the IGZO thin film quality was improved, and intrinsic 

defects were be repaired. The interface properties between gate insulator and IGZO 

were also improved, since the subthreshold swing also was reduced by post annealing. 

Figures 5-8(a) and 5-8(b) show the output characteristics of IGZO TFT. As-deposited 

sample shows a depletion mode property and the current increases with drain voltage. 

It indicates that the bulk have external current path due to high carrier concentration. 
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As a result, saturation region is not obvious. After post annealing at 500
o
C, the IGZO 

TFT exhibits excellent linear/saturation behavior and shows an enhancement mode 

property. 

5.4 Conclusion 

In summary, IGZO TFTs were successfully fabricated by APPJ system. After 

post annealing in higher than 300
o
C the devices show clear switching properties. The 

defects can be repaired effectively by post annealing. IGZO thin film annealed at 

500
o
C shows an amorphous-like phase and the average transmittance is more than 

80% in the visible range. IGZO TFT annealed at 500
o
C shows excellent electrical 

characteristics including a VT of 6.74 V, a subthreshold swing of 1.54V/dec, a high 

mobility of 10.31cm
2
/V-s and a large Ion/Ioff ratio of 3.28×10

8
. 
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Table 5-1 The electrical properties of IGZO TFT annealed at different temperatures. 

 

Annealing As-deposited 200
o
C 300

o
C 400

o
C 500

o
C 

VT 
- - -0.571 0.938 6.74 

SS 

(V/dec.) 
- - 1.6 1.69 1.54 

Mobility 

(cm
2
/V-s) 

0.27 0.75 2.6 3.43 10.31 

Ion/Ioff 

ratio 
8.99x10

1
 9.53x10

3
 1.88x10

8
 7.63x10

7
 3.28x10

8
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Fig. 5-1  Schematic structure of the bottom-gate TFT test structure. 

 

 

 

 

 

 

 

 

 

Fig. 5-2  GIXRD spectra of IGZO thin film annealed from 200
o
C to 500

o
C in N2 

ambient for 30min.  
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Fig. 5-3  High-resolution TEM cross-section image of IGZO thin film annealed at 

500 
o
C for 30min. 
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(a)                            (b) 

 

 

(c)                           (d) 

 

 
 (e) 

Fig. 5-4  Top-view SEM images of IGZO thin films (a) as-deposited (b) 200
o
C (c) 

300
o
C (d) 400

o
C (e) 500

o
C.  
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(a)                       (b) 

 

(c)                       (d) 

 

(e) 

Fig. 5-5  AFM images of IGZO thin films (a) as-deposited (Rms=15.48nm) (b) 

200
o
C (Rms=8.37nm) (c) 300

o
C (Rms=6.18nm) (d) 400

o
C (Rms=6.74nm) 

(e) 500
o
C (Rms=6.67nm). 
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Fig. 5-6  Optical transmission spectra of IGZO thin film deposited on glass. 

 

 

 

 

 

 

 

 

 

Fig. 5-7  Transfer characteristics of IGZO TFTs annealing at various temperatures. 
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Fig. 5-8  Output characteristics of IGZO TFT (a) as-deposited (b) 500
o
C. 
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Chapter 6 

Characterizations of IGZO TFT Prepared by 

AP-PECVD Using PE-ALD Al2O3 Gate Dielectric 

 

6.1 Introduction 

Recently, indium-gallium-zinc oxide (IGZO) was widely studied for 

active-channel material, and exhibited high potential in AMOLED and AMLCD 

applications [6.1]-[6.2]. The superior properties of IGZO thin films include wide 

bandgap, high transparency, and high mobility, even in the amorphous phase [6.3]. To 

prepare IGZO thin films, various deposition methods were developed, including 

RF/DC magnetron sputtering [6.4], pulsed laser deposition (PLD) [6.5], and solution 

process [6.6]-[6.7]. Most active-channel layers are fabricated using conventional 

vacuum techniques because vacuum-processed devices exhibit excellent performance 

and reliability. However, a non-vacuum process offers competitive advantages, such 

as low cost, high throughput, and excellent suitability for large-area applications. 

Atmospheric pressure plasma jet (APPJ) is a recent technology in plasma processing 

applications [6.8]-[6.9] and is used in several industrial applications, such as surface 

modification, etching, cleaning, and thin-film coating [6.10]. Considerable progress 

has been achieved in atmospheric pressure plasma technology for thin-film coating, 
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and several thin-film coatings were demonstrated, including SiO2 [6.10], ZnO [6.11], 

and IZO [6.12]. The main benefit of APPJ is the high potential for in-line production 

without an expensive and complex vacuum system. To our knowledge, this is the first 

report of IGZO TFT achieved using APPJ. Furthermore, the high-k Al2O3 is a 

promising gate dielectric because of its low leakage current and excellent 

compatibility with the IGZO thin film [6.13]. The plasma-enhanced ALD (PE-ALD) 

method was assumed to increase reactivity, reduce impurities, widen the process 

window, and increase the film density compared with conventional ALD [6.14]. In 

this study, an environmentally friendly water-based solution precursor was used to 

deposit the IGZO active layer, and we achieved superior performance of IGZO TFT 

compared with other non-vacuum process. 

6.2 Experimental procedure 

Trimethylaluminum (TMA) was used as the precursors, and oxygen plasma 

reactants were used as the oxidants. The inductively coupled plasma (ICP) source 

with an operating power of 300 W was used, and the substrate temperature was 

maintained at 250 
o
C during the deposition process. First, the PE-ALD 30-nm-thick 

Al2O3 gate dielectric was directly deposited on heavily doped n-type Si wafers, which 

served as the gate electrode. Indium nitrate (In(NO3)2), gallium nitrate (Ga(NO3)2) and 

zinc nitrate (Zn(NO3)2) were used as the precursor, and pure deionized water was used 
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as a solvent. The concentration of the IGZO solution was 0.2 M with an atomic ratio 

of In:Ga:Zn=1:1:1. Subsequently, the 40-nm-thick IGZO thin films were deposited on 

the Al2O3/n+ Si at a substrate temperature of 200 °C by APPJ. In the chapter 5, the 

optimized condition of post thermal annealing was 500
o
C. As a result, the 

as-deposited IGZO films were placed into a furnace and subsequently thermally 

annealed for 30 min at 500 °C in nitrogen ambient to improve the quality of IGZO 

film. The pattern on IGZO thin film was obtained by conventional photolithography 

and wet etching by using the HCl:H2O (1:200). Finally, 100-nm-thick Al source/drain 

(S/D) layers were patterned by lift-off technique. The channel width (W) and length 

(L) were 200 μm and 20 μm, respectively. The Al/Al2O3/n
+
 Si capacitors were also 

fabricated to analyze the dielectric properties. 

6.3 Results and discussion 

A schematic cross-view of the bottom-gate/top-contact IGZO TFT is shown in 

Fig. 6-1. Fig. 6-2 shows the optical transmission spectra of IGZO films deposited on 

glass. The average transmittance in the visible region is higher than 85%. The optical 

band gap was estimated by extrapolating the square of absorption coefficient versus 

the photon energy curve [6.15]. The optical band gap of 3.39 eV indicates that the 

IGZO thin film is transparent in visible light. The inset graph shows the GIXRD 

pattern and demonstrates a weak broad (008) peak [6.16], indicating the formation of 
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an amorphous-like phase. High-resolution TEM cross-section image of 

IGZO/Al2O3/n
+
 Si is shown in Fig.6-3. Fig 6-3(a) shows 35.87 nm-thick of IGZO as 

well as 30.48 nm-thick Al2O3 thin films, and an interfacial layer is observed between 

Al2O3/n+ Si. 

A 1.67nm-thick interfacial layer is shown in Fig. 6-3(b). Fig. 6-3(c) presents low 

density nanocrystals about 5nm in IGZO thin film. The low density nanocrystals 

exhibit a broaden peak in GIXRD pattern and show an amorphous-like phase of IGZO 

thin film. The C-V and J-V characteristics of the Al/Al2O3/n+ gate capacitor are 

shown in Fig. 6-4. The measured capacitance density of 2.15 fF/μm
2
 produced a 

capacitance equivalent thickness (CET) of 16 nm and a high k value of 7.29. The 

PE-ALD gate dielectric exhibits a low C-V hysteresis of 8 mV and a low leakage 

current of 1.62×10
-8 

A/cm
2
 at 1 MV/cm. Fig. 6-5 shows the transfer characteristics 

(ID-VG) of the PE-ALD Al2O3/IGZO TFT. The field effect mobility (μFE) and 

threshold voltage (VT) were extracted from IDS1/2 versus VGS Plot. This device 

exhibited a low SS of 276 mV/dec, a VT of 0.71 V, an excellent μFE of 8.39 cm
2
/V-s, 

and an Ion/Ioff as high as 1×10
8
. A low VT and low SS were attributed to the high 

capacitor density and are suitable for low-voltage operations. Fig. 6-6 shows the 

output characteristics (IDVD) of IGZO TFT. The IGZO TFT operates in enhancement 

mode and exhibits excellent linear/saturation behavior. We compared important 
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device parameters of IGZO TFT deposited by non-vacuum process, as shown in Table 

6-1. The performance of our IGZO TFT is comparable with that of other devices. Our 

device exhibited excellent performance compared with the solution-process and may 

obtain a high quality IGZO thin film deposited by APPJ. 

6.4 Conclusion 

In summary, we demonstrated IGZO thin films prepared by non-vacuum APPJ 

and characterized the IGZO TFT by using the PE-ALD Al2O3 as the gate dielectric. 

The IGZO thin films exhibited a high transmittance with a nanocrystalline phase. The 

PE-ALD Al2O3/IGZO TFT demonstrated excellent electrical characteristics, including 

a low VT of 0.71 V, small subthreshold swing of 276 mV/dec, a mobility of 8.39 

cm
2
/V-s, and a large Ion/Ioff ratio of 1×10

8
. This device is suitable for low cost and 

low-operation voltage applications. 
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Table 6-1 Comparison of IGZO TFTs deposited by non-vacuum process. 

 

 

 

 

 

 

 

 

 

 

Fabrication 

method 

Post 

treatment 

VT 

(V) 

Mobility 

(cm
2
/V-s) 

SS 

(V/dec.) 

Ion/Ioff 

ratio 

APPJ 

This Work 

500 °C 

for 30min 
0.71 8.39 0.276 1×10

8
 

Spin coating  

[6.17] 

laser 

annealing 
- 7.65 - 2.88X10

7
 

Spin coating 

[6.7] 

500 °C 

for 1h 
2 2 1.5 >10

7
 

Ink-jet printing  

[6.18] 

500 °C 

for 1 h 
1 1.41 0.38 4.3×10

7
 

Spin coating  

[6.6] 

95 °C 

for 10min 
0.9 2.3 - >10

6
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Fig. 6-1  A schematic cross view of the bottom-gate/top-contact IGZO TFT. 

 

 

 

 

 

 

 

 

 

Fig. 6-2  Optical transmission spectra and GIXRD patterns of IGZO films. 
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                                (a) 

 

                                (b) 

 

                                 (c) 

Fig. 6-3  High-resolution TEM cross-section image (a) IGZO/Al2O3/n+ Si (b) 

Al2O3/n+ Si (c) IGZO. 



 

 103 

-3 -2 -1 0 1 2 3 4 5

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

Gate Voltage, V
GS

 (V)

D
r
a

in
 C

u
r
r
e
n

t,
 I

D
S

 (
A

) VDS = 5 V
W/L= 200 m/ 20 m

S.S. = 279 mV/dec.


FE
= 8.39 cm2/V-s

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

VT= 0.71 V

A
B

S
 (ID

S
) 1

/2
 (A

) 1
/2

IDS

IG

I
on

/Ioff = 1x10
8

 

 

 

 

 

 

 

 

Fig. 6-4  J-V and C-V(inset graph) characteristics of the Al/Al2O3/n+ capacitors. 

 

 

 

 

 

 

 

 

Fig. 6-5  Transfer characteristics (ID-VG) of the IGZO TFT with PE-ALD Al2O3 

gate dielectric. 
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Fig. 6-6  Output characteristics (IDVD) of the IGZO TFT with PE-ALD Al2O3 gate 

dielectric. 
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Chapter 7 

Conclusions and Future Work 

 

In this dissertation, ZnO-based transparent electrodes and ZnO/IGZO thin film 

transistors prepared by AP-PECVD were studied. For ZnO-based transparent 

electrodes, we have successfully fabricated ZnO:Ga/ZnO:In thin films with  

excellent opto-electrical properties at low-temperature. For ZnO TFT, we have 

studied the oxygen species and channel thickness on the performance of ZnO TFTs 

and got excellent performance at low growth temperature. For IGZO TFT, we have 

studied the impacts of thermal annealing on the properties of IGZO TFTs and also got 

excellent switching properties with an amorphous-like phase. Finally, we have 

integrated a high-  Al2O3 dielectric into IGZO TFTs and achieved excellent TFT 

performance. Several important results are obtained and summarized as follows: 

In chapter 2, we had successfully used APPECVD to fabricate GZO thin films. 

Gas phase nucleation reaction depends on the process condition of gap distance and 

carrier flow rate. The concentration of precursor in the plasma region must be well 

controlled. The abnormal phenomenon of degradation in electrical properties with 

increasing Ts is attributed to the adsorption of oxygen from air. Since the AP-PECVD 

operated under air, the effect of environment must be considered when deposited at 

high substrate temperature. A minimum resistivity was achieved via 8 at% doping. 
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The GZO thin film presents a resistivity of 7.8x10
-4

 Ω‧cm and a transmittance of 

more than 80 % at a low substrate temperature of 100
o
C. 

In chapter 3, we have demonstrated that indium-doped ZnO films deposited on 

glass utilizing atmospheric pressure plasma jet. IZO thin film deposited at 100
o
C 

shows a lager of structure defect due to the high DLE intensity. IZO thin film 

deposited at 300
o
C presents the degradation of electrical properties which can be 

attributed to the absorption of oxygen. Furthermore, IZO thin films are polycrystalline 

with a preferred orientation along (002) plane and grain size tend to decrease as 

doping concentration increases. The films show needlelike geometry from 6at% to 

10at% resulting in the rougher surface. The films prepared with 8at% indium-doped 

zinc oxide show a low resistivity of 1.8x10
-3 

Ω．cm, a carrier concentration of 

2.69x10
20

1/cm
3
, a mobility of 12.86 cm

2
/V-s, a band gap of 3.51eV and a 

transmittance of about 80% in the visible range. 

In chapter 4, we have studied the effect of channel thickness and oxygen 

species on the properties of ZnO TFT. During deposition, using CDA as carrier gas 

can effectively reduce oxygen vacancies and improve the Ion/Ioff current ratio from 

1.6×10
2
 to 2.59×10

5
. Reducing the thickness can increase the channel resistance and 

reduce the undesired current flow. Using CDA as a carrier gas and reducing the 

channel thickness to 55nm, a subthreshold swing of 3.75V/decade, a field-effect 
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mobility of 3.49 cm
2
/Vs and an Ion/Ioff current ratio of 4.08×10

7
 were obtained. With 

increasing oxygen partial pressure, the gas phase nucleation particle increases and 

ZnO thin films show a rough surface. PL spectra show that the oxygen vacancies 

could be repaired effectively by incorporating oxygen into plasma gas. By 

incorporating 0.69% O2 into plasma gas, a threshold voltage of 26.7 V, a subthreshold 

swing of 3.89 V/decade, a field-effect mobility of 2.38 cm
2
/Vs and an Ion/Ioff current 

ratio of 4.63x10
9
 were obtained. 

In chapter 5, we have studied the impacts of thermal annealing on the properties 

of IGZO TFT. As-deposited sample shows a high conductivity and poor switching 

properties. The high carrier concentration may be due to oxygen vacancies and H 

species. The post annealing is necessary to repair the defects and reduce the carrier 

concentration. After 300
o
C annealing, the IGZO shows an excellent switching 

properties with depletion-mode operation and the low mobility. On the other hand, 

500
o
C sample operates in enhancement mode, and exhibit higher mobility compared 

to 300
o
C sample. IGZO TFT annealed at 500

o
C shows excellent electrical 

characteristics including a VT of 6.74 V, a subthreshold swing of 1.54V/dec, a high 

mobility of 10.31cm
2
/V-s and a large Ion/Ioff ratio of 3.28x10

8
. 

In chapter 6, we have integrated PE-ALD Al2O3 as a gate dielectric into IGZO 

TFTs. Good TFT performance was achieved, such as a high drive current, low 
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threshold voltage and sub-threshold slope, as well as an excellent on/off current ratio. 

The good performance is related to the high gate capacitance density and small EOT 

provided by the high-k dielectric. The PE-ALD Al2O3/IGZO TFT demonstrated 

excellent electrical characteristics, including a low VT of 0.71 V, small subthreshold 

swing of 276 mV/dec, a mobility of 8.39 cm
2
/V-s, and a large Ion/Ioff ratio of 1x10

8
. 

This device is suitable for low cost and low-operation voltage applications. 

Although many topics including GZO/IZO transparent electrodes and 

ZnO/IGZO TFTs have been covered in this study, there are still several works that 

could be introduced for further study. 

At first, for commercial application of TCOs, the high temperature and high 

humidity test is necessary. Furthermore, the post annealing also can be performed to 

improve the performance and reliability.  

Secondly, for the TFT application, the passivation layer is necessary. Different 

passivation layers, such as SiNx and SiOx, can be employed and studied.   

Third, we can discuss different In:Ga:Zn ratios on the performance of IGZO 

TFTs since the composition of IGZO affects the TFT properties significantly. The 

different ratio of IGZO precursor must be discussed.    

Finally, previous work in our lab has developed the SiO2 by APPJ. In this 

dissertation, we develop the transparent electrodes and oxide-based TFT. We can 



 

 111 

integrate the result and fabricate the transparent thin film transistor by APPJ.  
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