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Abstract

The demand.for transparent conductive oxide (TCQ) 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 arare 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-1GZO) 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/1GZO 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



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°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 7.8x10* Q - cm and the
transmittance in the visual region is more than 80% at a substrate temperature of
100°C. Indium-doped ZnO (1ZO) has the lowest resistivity via 8 at.% at a substrate
temperature of 200°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 12O is.1.8x10° Q - cm at a substrate
temperature of 200°C.. These good characteristics of GZO and 1ZO with low
temperature process have high potential for commercial applications.

Next, ZnO active layer is-deposited at a low substrate temperature of 100°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 TET properties. The too.thin channel layer might lead to
a low mobility due to discontinuous-islandstructure.  The channel layer with a
thickness of 35~60nm can obtain ‘a better performance. By incorporating 0.69% O,
into plasma gas, a field-effect mobility of 2.38 cm?/V/s and an lo/lef current ratio of
4.63x10° are obtained. This ZnO with low-temperature process is suitable for flexible
applications.

Finally, we investigate on the effect thermal annealing temperature 200-500°C on
the IGZO TFTs, and then the high-k dielectric aluminum oxide (Al,O5) is integrated
in IGZO TFTs. The results shows switching characteristics is effectively improved the
by thermal annealing. After post annealing in higher than 300 °C, the devices show
clear switching properties. The defects can be repaired effectively by post annealing.
After poster annealing, 1GZO thin film shows an amorphous-like phase, and no
obvious crystallization is observed even at 500 °C. IGZO TFT annealed at 500°C in
N, shows excellent electrical characteristics including a V1 of 6.74 V, a subthreshold
swing of 1.54V/dec, a high mobility of 10.31cm?V-s and a large lon/losf ratio of



3.28x10%. Using the high-k dielectric Al,O5 can effectively reduce the equivalent
oxide thickness (EOT) to achieve a high drive current and a low threshold voltage.
The PE-ALD Al,04/1GZO TFT demonstrated excellent electrical characteristics,
including a low V+ of 0.71 V, small subthreshold swing of 276 mV/dec, a mobility of
8.39 cm?/V-s, and a large lo/lee ratio of 1x10%. The 1GZO 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 diedes’ (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™ Q - cm and stability in various
environments. ZnO, In;Oz and SnO,-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



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 (SiH,) 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) 1I-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-1II 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



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], I1ZO
[1.21]-[1.22] and 1GZO [1.23]-[1.25] have been reported for theactive channel layer.
These oxide-based thin film. transistors offer good electrical properties and high
transparency. Recently, interest/ has arisenvin 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



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.maobility and good uniformity for large-area

applications. The ternary oxide system of 1n;03;, Ga,03; and. ZnO (IGZO) has

presented promising-performance for TET 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 1GZO 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 1GZO system [1.27]. It is

clear that the mobility is primary determined by the fraction of In,O3 content and the



highest value of 40 cm?/V-s is obtained around the samples containing the maximum
In,O3 fraction. The 1GZO 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.



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/1IGZO 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°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 1ZO because of its low
cost, high transparency, and favorable conductivity. In this study, APPJ would be

utilized to develop GZO and 1ZO thin film on glass substrate.



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, 1IGZO TFT was developed by APPJ and effect of annealing
temperature on the properties'of IGZO TFT was discussed. Furthermore, the high-k
Al,O3 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 Al,O3;was expected to achieve a higher performance 1GZO TFT.

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

follows.



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 1ZO 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 1GZO
TFTs and discuss the annealing temperature on the characteristic of IGZO TFTs. In
the chapter 6, high-k PE<ALD Al,O3 is integrated as a gate dielectric with 1IGZO TFTs.
Finally, in the chapter 7, the results-are summarized and organized. Future work will

be presented based.on the result of the thesis.



Table 1-1 Properties of ZnO, SnO, and In,O3 in comparison to that of silicon [1.6].

Property Ina 0y Sny Zn0) Si
Mineral name — cassiterite zincite silicon
Average amount of the metal in the earth’s crust 0.1 40 132 2.58 % 107
(ppm)
Band gap E, (300 K) (eV) 2.7 (indir) 3.6 (dir) 3.4 (dir) 1.12 (indir)
3.75 (dir) 4.18 (dir)
Pressure coefficient dE,/dp (meV kbar ') 233 —1.41
Static dielectric constant &, = [z 9.6 llc: 8.75 1.9
Lo 135 de: T8
Effective electron mass m*/m, 0.35 [[e: 0.23 0.28 0.337
L3

Non-parabolicity parameter a (V') 0.29 0.27

1.04 0.5

Effective conduction band density of stat
(300 K) N (em™)

Extrinsic dopanis 5 Al, Ga. In, B. Al
5 Ga, In
P As Sh
Other phases in the dopan SiBs
(heat of formation ie SiBg
SiP
SiAs
SiAs,
Oy (21.4)
204 (15.3)
Crystal structure cubic,
diamond
Space group (number) Fd3m
(no 227)
Lattice parameter(s) (nm} ar0.474 a: 0.325 a: 0.5431
c: 0.319 c: 0.5207
Density g (g cm ) 7.12 6.99 5.67 2.33
Thermal expansion e (300 K) (1075 K1) 6.7 [z 3.7 lle: 2.92 2.59
le: 4.0 Le: 475
Melting point (*C) 2190 = 1900 2240 1415
Melting point of the metal (*C) 157 232 420 1415
Heat of formation (eV) Q.7 6.0 36 —

*Decomposition into Sn and O at 1500°C.
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Fig. 1-1 A variety of applications of transparent conductive oxide (TCO).

10



covalent semicon. ionic oxide semicon.

crystal

sp3-orbital

amorphous
Fig. 1-2 Schematic orbital drawing of electron pathway (conduction band bottom) in
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[1.26].
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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 In,03-Ga,03-Zn0 system [1.27].
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Fig. 1-4 Photographs of some prototype displays using AOS TFTs [1.28].
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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 (ITQ)_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
Zn0-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-11l 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

17



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].

Zn0: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 J2.21], 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 x
25 cm x 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(NOs3),2, 99% purity) and gallium nitrate (Ga(NOs),, 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 (Gagep) 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 8us. The nitrogen gas (N2) was used as carrier gas and main gas. The
N, 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°C to'300°C.
2.3 Results and discussion

Figure 2-2 shows the optical emission spectra of N, plasma.and N, 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°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°C and Gagop= 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 150scem; 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, T,=100°C and Gagop=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 (p), carrier concentration (n),

and Hall mobility (n) 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 Gagop,=8at.%. Figure 2-10 show the
SEM of GZO deposited different rsubstrate 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 (p), carrier concentration (n), and Hall mobility ()
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°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°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
20 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 (0.62A) is
smaller than Zn (0.74 A). Fig. 2-17 shows the resistivity (p), carrier concentration (n),

and hall mobility (n) 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 inferiorto 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 Jimpurity scattering and more neutral defect
[2.24]-[2.25]. The minimum resistivity of 7.8x10™ Q - cm was obtained in ZnO:Ga
films deposited with 8 at.% gallium dopant at 100°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 7.8x10™ « cm and a transmittance of more

than 80% at a low substrate temperature of 100°C.
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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
Si0O; [3.1], TiO; [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-1II 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 zine oxide thin films were grown.on glass substrates (2.5 cm x
2.5 cm x 0.7 mm) by APPJ. Fordeposition of.indium-doped ZnO films, the zinc nitrate
(Zn(N0O3)2,99% purity) and indium nitrate (In(NOs)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 (N,) 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°C to 300°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°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 1Z0
thin film deposited at 100°C, 200°C and 300°C are 180nm, 270nm, and 286 nm,
respectively. As the substrate temperature rises, the thickness increases, especially
from 100°C to 200°C. Figure 3-2 shows the PL:spectra of 1ZO thin films deposited at
different substrate temperatures. The 100°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 1Z0O
thin film. All the samples shows-a preferred (002) orientation.-The FWHM of 1ZO
thin films deposited 100°C,; 200°C and 300°C are 0.62°,.0.60° and 0.62 °, respectively.
The 200°C sample shows higher crystallinity than 100°C and 300°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 1Z0O
thin films fabricated by APPJ system, the surrounding is air. As the substrate
temperature is 300 °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 2.3x10 Q - cm is obtained at a substrate temperature of 200°C.
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The carrier concentration increases with substrate temperature and decrease at 300°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°C, 200°C and 300°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 1ZO
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°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 (0.81A) is larger than Zn (0.74 &)
[3.11]. Based on the Bragg’s law, the Bragg angle shifts to lower angles, due to the
larger lattice constant induced by JInvincarporation. The crystallite size along (002)
direction is estimated according to t= 0.90/B cos6, where A‘is the x-ray wavelength, 6
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 (p), carrier concentration (n), and
Hall mobility (i) of different In/(Zn+In) atomic ratios. The minimum resistivity of
1.8x10™ Q - 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

47



inexpensive method. 1ZO thin film deposited at 100°C shows a lager of structure
defect due to the high DLE intensity. 1ZO thin film deposited at 300°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°C
shows better properties. Furthermore, 1ZO 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 1.8x10° Q - cm, a carriér concentration of 2.69x10%°1/cm®, a
mobility of 12.86 cm?/\: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.

6 at% 8at% 10at% @12 at%

Optical
bandgap
(eV)

3.28 3.41 3.49 3.51 3.51 3.51 3.47
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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 flatspanel 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 erystal 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 SiO, (110nm) on the silicon
substrate was used as gate insulator. Then, ZnO thin films were deposited on SiO,/Si
by APPJ. For deposition of ZnO films, zinc nitrate (Zn(NO3),-6H,0) dissolved in
pure deionized water was used as the precursor. The concentration of zinc nitrate in
the D.l. 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.(N) 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 andsubstrate temperature fixed at 630 W.and 100°C, respectively.
The pattern on ZnO thin film was obtained by conventional photolithography and wet
etching using the HCI:H,O (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
SiO, (110nm) at 1050°C<en the silicon substrate was adopted as gate insulator. Next,
50-nm ZnO thin films were deposited on SiO,/Si by APPJ. The water-based solution,
zinc nitrate (Zn(NOs),-6H,0) 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 (N) in
the percentage of 0%-1% (O,/N3+0,). The power and substrate temperature were set
at 630 W and 100°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 HCI:H,O (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
ZnOl/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°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 N, and CDA samples. The N,
sample has higher intensity of the (002) plane than CDA, but CDA sample show the
higher (100) and (101) peaks than N,. 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 N, (0.46°) is similar to CDA (0.45°).

Figure 4-3 shows AFM images of ZnO thin films with different carrier gas. CDA
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sample shows a smaller grain size than N,.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 N,
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 N, and
CDA samples in the visible range is more than 80%. Figure 4-5 represents transfer
characteristics of 110-nm-thick channel ZnQ TFTs with different carrier gases. The
channel length and width are 100 pm and 1000 pm. From the figure of N, sample, it
can be observed that high leakage current and the poor lo./log Current ratio. However,
ZnO TFT with CDA as carrier gas improves the off-leakage current about 3 orders of
magnitude than N, sample. It is likely that oxygen species are efficient to repair the
oxygen vacancies. The loi/lof ratio of N, sample and CDA sample were 1.6x10% and

12

2.59x10°, respectively. Figure 4-6 represents Ips? versus Vgs. The field effect

mobility (ure) and Vi were extracted using the following current equation.

lo=(W/2L) Cipee ( Vos-Vr )? (4.1)

where Ci is the capacitance per unit area of the gate insulator and V+ is the
threshold voltage. The pre of Ny sample and CDA sample were 2.3 cm?V™'s™ and 4.9

cm?V*s?. The CDA sample has lower mobility than N,. 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 N, 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 N, 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. 1t is observed that I of N,
sample increase with-Vps at saturation region. Since the N, 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
3.82x10°A and 5.42x10° 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 1.84x10™™* 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 lg./los 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% O, 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% O,

sample, it can be observed that high leakage current and the low lo/lof 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% O,

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 lo/los current ratio is improved about six orders of magnitude by
incorporating 0.69% O, compared with the 0% O, 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% O, sample shows the
lowest SS and the highest lo/lq current ratio.
4.4 Conclusion

In summary, ZnO<films deposited by APPJ were successfully integrated as a
channel layer. The.ZnQ 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 lon/lofCurrent ratio from 1.6x 10% to 2.59%10°. 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?/Vs and an lo/le Current ratio of
4.08x10" 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% O, 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?/Vs and an loy/lef CUrrent

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

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

V; (V) 24 35.6 33.8 31.5 31.1 28.7
SS
2.87 4 3.75 6.33 6.25 6.21
(V/dec.)
Mobility
) 0.05 3.13 3.49 2.33 2.33 3.78
(cm?/V-s)
Ion/loff 5 7 7 5 5 4
ratio 5.56x10 5.92x10° | 4.08x10" ;| 7.06x10 3.34x10 8.4x10

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

0%0, = 034%0,  069% O, 1% O,
Vit (V) 15.9 24.9 26.7 26.4
SS (V/dec.) 14.67 5.74 3.89 478
Mobility
; 2.75 2.67 2.38 2.33
(cm*/V-s)
lon/1
on’ ot 2.71x10° 4.15x107 4.63x10° 8.48x10’
ratio
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Fig. 4-2 Grazing incident X-ray patterns of ZnO films prepared with different

carrier gases.
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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], 1ZO
[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, 1IGZO 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 1GZO
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
SiO, (130nm) on the silicon substrate was. used as. gate insulator. Indium nitrate
(IN(NO3),), gallium_nitrate (Ga(NO3),) and zinc nitrate (Zn(NOs),) 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 1GZO thin films
were deposited on SiO,/Si by APPJ at 200°C and then annealed from 200°C to 500°C
in N, ambient for 30min. IGZO thin films were also deposited on the glass substrate.
The pattern on 1GZO thin film was obtained by conventional photolithography and
wet etching using the HCI:H,O (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 um and 20 um, 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°C to
500°C in N, ambient for 30min. All the samples show a weak broad peak and no
obvious sharp peak. The microstructure of 500°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 1GZO thin
films annealing at different temperatures. After the post annealing, the 1GZO 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°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 1GZO. The 500°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 °C, the devices show clear switching properties. The
threshold voltage (V1) 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°C. After
500°C post annealing, good electrical characteristics were achieved, including a V' of
6.74V, a subthreshold swing (8S)of 1.54 V/dec, a mobility of 10.31 cm?V-s and a
large lon/lofs ratio of 3.28x10%, Table 11 summarizes the €lectrical properties of 1GZO
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 1GZO
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°C, the 1IGZO
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°C the devices show clear switching properties. The
defects can be repaired effectively: by ‘post annealing. 1GZO thin film annealed at
500°C shows an amorphous-like phase and the average transmittance is more than
80% in the visible range. IGZO-TFT annealed at 500°C shows excellent electrical
characteristics including a Vit of 6.74 V, a subthreshold swing of 1.54V/dec, a high

mobility of 10.31cm?/\/s and & large lon/1f ratio of 3.28x 108,
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Table 5-1 The electrical properties of IGZO TFT annealed at different temperatures.

Annealing As-deposited 200°C = 300°C  400°C

v } - -0.571 0.938 6.74
SS
(V/dec.) i - 1.6 1.69 1.54
Mobility
(cm?/V-s) 0.27 0.75 2.6 3.43 10.31
Iﬁ;/tli:)ﬁ 8.99x10' 9.53x10° | 1.88x10°% | 7.63x10 | 3.28x10°

86




Source Drain
(Al, 100nm) (Al, 100nm)

Channel (IGZO, 40nm)

n+ silicon wafer

Fig. 5-1 Schematic structure of the bottom-gate TFT test structure.
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Fig. 5-2 GIXRD spectra of IGZO thin film annealed from 200°C to 500°C in N,

ambient for 30min.
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Fig. 5-3 High-resolution TEM-croess-section image of 1GZO thin film annealed at

500 °C for 30min.

88



£ RS S
15.0kV 13.0mm x50.0k SE(U)

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

300°C (d) 400°C (e) 500°C.
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Chapter 6
Characterizations of IGZO TFT Prepared by
AP-PECVD Using PE-ALD Al,O; 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 1GZO 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 SiO, [6.10], ZnO [6.11],
and 1ZO [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 1IGZO TFT achieved using APPJ. Furthermore, the high-k Al,O3 is a
promising gate dielectric because of its low leakage current and excellent
compatibility with the 1GZO 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 °C during the deposition process. First, the PE-ALD 30-nm-thick
Al,O3 gate dielectric was directly deposited on heavily doped n-type Si wafers, which
served as the gate electrode. Indium nitrate (In(NO3),), gallium nitrate (Ga(NO3),) and

zinc nitrate (Zn(NO3),) 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 Al,Os/n+ Si at a substrate temperature of 200 °C by APPJ. In the chapter 5, the
optimized condition of post thermal annealing was 500°C. As a result, the
as-deposited 1IGZO films were placed into a furnace and subsequently thermally
annealed for 30 min at 500 °C in nitrogen ambient to improve the quality of 1GZO
film. The pattern on IGZO thin film was obtained by conventional photolithography
and wet etching by using the HCI:H,O (1:200). Finally, 100-nm-thick Al source/drain
(S/D) layers were patterned by lift-off technigue. The channel width (W) and length
(L) were 200 pm and 20 pm, respectively. The Al/AlOs/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 1IGZO 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/Al,03/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 Al,O3 thin films, and an interfacial layer is observed between
Al,Os/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 1IGZO
thin film. The C-V and J-V characteristics of the Al/Al;Os/n+ gate capacitor are
shown in Fig. 6-4. The measured capacitance density. of 2.15 fF/um? 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 m\. and a low leakage
current of 1.62x10® Afem? at 1 MV/cm. Fig. 6-5 shows the transfer characteristics
(ID-VG) of the PE-ALD AIl;03/IGZO “TFT. The field effect mobility (ure) and
threshold voltage (VT) were extracted from Ipsy» versus Vgs Plot. This device
exhibited a low SS of 276 mV/dec, a V1 of 0.71 V, an excellent pre of 8.39 cm?/V-s,
and an lon/logr as high as 1x108. A low V7 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 1IGZO thin film deposited by APPJ.
6.4 Conclusion

In summary, we demonstrated 1GZO thin films prepared by non-vacuum APPJ
and characterized the 1IGZO TFT by wusing the'PE-ALD Al,O3 as the gate dielectric.
The IGZO thin films exhibited a high transmittance with a nanocrystalline phase. The
PE-ALD Al,O3/IGZO TFT demonstrated excellent electrical characteristics, including
a low V1 of 0.71 .V, small subthreshold swing of 276 mV/dec, a mobility of 8.39
cm?/V-s, and a large don/los ratio-of 1x10°. 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 Post Vr Mobility SS lon/ ot
method treatment V) (cm?/V-s)  (V/dec.) ratio
APPJ 500 °C g
_ _ 0.71 8.39 0.276 1x10
This Work for 30min
Spin coating laser .
: - 7.65 - 2.88X10
[6.17] annealing
Spin coatin 500 °C
P J 2 2 15 >10’
[6.7] for 1h
Ink-jet printing 500 °C 7
1 1.41 0.38 4.3x10
[6.18] for1lh
Spin coatin 95 °C
P! 9 _ 0.9 2.3 - >10°
[6.6] for 10min
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Fig. 6-1 A schematic cross.view of the bottom-gate/top-contact IGZO TFT.
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Fig. 6-2 Optical transmission spectra and GIXRD patterns of IGZO films.
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Fig. 6-3 High-resolution TEM cross-section image (a) 1GZO/Al,Os/n+ Si (b)

AlLOs/n+ Si () IGZO.
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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- ~Al,Q3 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™ Q - cm and a transmittance of
more than 80 % at a low substrate temperature of 100°C.

In chapter 3, we have demonstrated that indium-doped ZnO films deposited on
glass utilizing atmospheric pressure plasma jet. 1ZO thin film deposited at 100°C
shows a lager of structure defect due to the high DLE intensity. 1ZO thin film
deposited at 300°C presents the degradation of electrical properties which can be
attributed to the absorption of oxygen: Furthermore, 1Z0 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° Q - cm, a carrier concentration of
2.69x10°1/cm®, a mobility. of 12.86 cm?/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 lon/los current ratio from
1.6x10% to 2.59x10°. 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?/Vs and an lo/los current ratio of 4.08x10” 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% O, 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?/Vs and an loy/lf CUrrent
ratio of 4.63x10° were obtained.

In chapter 5, we have studied the impacts of thermal annealing on the properties
of 1IGZO 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°C.annealing, the IGZO shows an excellent switching
properties with depletion-mode operation and the low mobility. On the other hand,
500°C sample operates in enhancement mode, and exhibit higher mobility compared
to 300°C sample. IGZO TFT annealed at 500°C shows excellent electrical
characteristics including a V1 of 6.74 V, a subthreshold swing of 1.54V/dec, a high
mobility of 10.31cm?/V-s and a large lon/lofr ratio of 3.28x10°%,

In chapter 6, we have integrated PE-ALD Al,O3 as a gate dielectric into 1GZO

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 Al,O3/IGZO TFT demonstrated
excellent electrical characteristics, including a low V+ of 0.71 V, small subthreshold
swing of 276 mV/dec, a mobility of 8.39 cm?/V-s, and a large lon/loss ratio of 1x108,
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 1GZO
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 SiO, by APPJ. In this

dissertation, we develop the transparent electrodes and oxide-based TFT. We can
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integrate the result and fabricate the transparent thin film transistor by APPJ.
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