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Summary 

In this dissertation, the growth and characterization of Group III-doped zinc 

oxide as well as its applications are presented. The first part focused on optimizing the 

room temperature growth of gallium-doped zinc oxide (GZO) and aluminum-doped 

zinc oxide (AZO) on low-cost substrates, such as glass and polyethylene terephthalate 

(PET), using the pulsed laser deposition (PLD) technique. It was found that a 

desirable amount of oxygen can reduce defect related scattering which enhances 

carrier mobility of the GZO and AZO films. The second part focused on application 

of these films. 

 

 The structural, surface morphology, optical and electrical property of the 

room temperature and high temperature deposited GZO films were examined. A 

figure-of-merit was introduced to correlate the optical and electrical property of 

transparent conducting oxides (TCOs) based on a normalized transparency index 

(TIN), thereby giving a standardized method of evaluating the transparency and 

electrical property simultaneously. The TIN clearly showed the dependence on oxygen 

pressure, carrier concentration and band gap changes which can affect the quality of 

TCOs. For the room temperature GZO films, an excellent resistivity of ~3.9 × 10−4 

Ω-cm and an electron mobility of ~19.2 cm2/V-s with a TIN of 0.84 (84% of total 

solar spectrum transmitted) was achieved.  

 

For AZO thin films, the study was focused on deposition onto glass and PET 

substrates by varying the oxygen pressure and thicknesses of the films. An 

appropriate thickness of good quality films is important as it is directly related to the 

cost of material needed. For a ~115 nm thick AZO on PET, a low resistivity of ~6.6 × 
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10−4 Ω-cm was achieved with carrier mobility of ~15.4 cm2/Vs, carrier concentration 

of ~6.2 × 1020 cm−3 and a TIN of 0.9 in the visible region. This shows that both room 

temperature GZO and AZO films are suitable electrodes for use in photovoltaic and 

organic devices. 

 

Next, indium-free multilayer structures, such as silver (Ag)/GZO and 

GZO/Ag/GZO structures, deposited by electron beam evaporation and PLD, were 

investigated. The effect of an additional germanium (Ge) buffer layer prior to Ag 

deposition was also investigated and results show that this can reduce surface 

roughness of the film, improve electrical properties and also enhance transparency in 

the ultraviolet and near infrared (NIR) regions. In addition to the single-layer 

sandwich structure of GZO, the optical and electrical properties of multilayered 

sandwich structures of AZO/Ag/Ge/AZO were also examined. The latter showed 

better electrical properties than the single AZO layer and offer control on the NIR 

transparency. 

 

To demonstrate the potential applications of TCOs for photovoltaic devices, 

sensors and thin film transistors (TFT), room temperature growth of p-type cuprous 

oxide (Cu2O), undoped zinc oxide (ZnO) and indium-tin oxide (ITO) films were also 

optimized. P-type single phase Cu2O and undoped ZnO were obtained by the 

magnetron sputtering technique by precise control of oxygen. For photovoltaic 

application, the focus of investigation is on the band alignment of Cu2O with GZO 

(potential electrode or n-type layer). To demonstrate the effect of using transparent 

and non-transparent electrodes on a photo-sensing ZnO device, a comparative study 

on photoconductivity using different electrodes such as gold, AZO and ITO was 
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performed. For TFT application, the band alignment of hafnium oxide deposited on 

ZnO substrates was investigated and a TFT using ZnO film as channel material and 

hafnium oxide gate dielectric was fabricated and examined. 
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core-level and the valence band maximum for 4 nm thick HfO2 
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Figure 6.12 Schematic diagram showing the band alignment of the HfO2/ZnO 
heterojunction. The VBOs can be obtained from the core-level 
measurements as can be seen from the diagram. The CBOs are 
obtained with the measured values of the respective band gaps of 
the films 
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Figure 6.13 Schematic of the thin film transistor structure 
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Figure 6.14 Capacitance-voltage plot of HfO2 film on p-type silicon at 100 
kHz frequency after anneal at 950 °C in oxygen pressure of 5 
mTorr for 30 min. The measured capacitance in accumulation is 
4.3 × 10-10 F 
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Figure 6.15 Output characteristics of HfO2/ZnO TFT annealed at 950 °C in 
oxygen pressure of 5 mTorr for 30 min 
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Figure 6.16 Simplified operation model of the TFT 
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Figure 6.17 Plot of corrected drain current as a function of drain voltage 
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Chapter 1 Introduction 
 

 

Transparent conducting oxides (TCOs) have gained increasing importance as 

key components in the daily lives of individuals, especially for applications such as 

flat panel display technology, optoelectronic devices, photovoltaic devices and 

electrochromic devices.[1-5] Most of these films are fabricated with polycrystalline or 

amorphous microstructures. For the above-mentioned applications, the TCO thin 

films generally have to exhibit a resistivity of the order of at least ~10-3 Ω-cm, for 

efficient carrier transport, and have an average transmittance that is larger than 80 % 

in the visible region for suitable use as a transparent electrode.[6]  

 

1.1 Background 

Generally, transparent materials are insulators (absorbing little light), while 

metallic or semiconducting materials normally appear black or reflective (absorbing 

most frequencies of visible light). The coexistence of high transparency with excellent 

conductivity is uncommon. However, there are two classes of materials which possess 

such a combination of transparency and conductivity. The first group is formed by 

extremely thin metal films (~10 nm) such as gold, silver, chromium and copper with 

transmittance of up to 50 %.[7] However, as these films are metallic in nature, they 

are not very stable in air and there is also an adhesion problem onto substrates, 

especially on low-cost substrates such as glass.[8] These materials, such as silver and 

gold, are widely used in-between other film layers to reflect heat and provide thermal 

insulation.[9] The second group of materials consist of wide band gap oxide 

semiconductors. As early as 1907, cadmium oxide was formed using thermal 

oxidation; it was reported that both good electrical conductivity and optical 
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transmittance were obtained.[10] Over the years, TCOs have gained great interest for 

their potential industrial applications. Over the last thirty to forty years, other than 

indium oxide, tin oxide, indium tin oxide (ITO) and zinc oxide (ZnO) were also 

recognized as materials with high conductivity, comparable to metallic materials, 

while possessing very large optical band gaps of greater than 3 eV. This opened a new 

era of transparent conducting oxides with ITO currently dominating the present 

industry standard for use as electrical electrodes in solar cells, flat panel displays and 

other optoelectronic applications.  

 

Zinc oxide is one of the compound semiconducting materials that has been 

investigated as early as 1930-40s for electrical conductivity at different 

temperatures.[11,12] Having a wide band gap of ~3.4 eV and high transparency, ZnO 

has wide usage in terms of applications in transistor devices and as a photovoltaic 

layer. Throughout the years, many researches have been done on ZnO as evidenced 

by the various reviews published.[13-17] Intrinsic ZnO is a n-type material; it is 

transparent and fairly conducting. However, as compared to ITO, undoped ZnO has a 

much higher resistivity. Therefore, in order to make ZnO attractive as a transparent 

conducting oxide, doping is necessary as it reduces its resistivity. Controllable n-type 

doping of ZnO can be readily achieved by substituting the Zn2+ ions with group III 

elements which release excess electrons to reduce its resistivity.  

 

1.2 Motivation 

Conventional Si-based and III-V-based electronics are non-transparent and 

their basic device structure consists of semiconductor junctions and transistors.[18] 

However, one current trend in the electronics industry is the usage of transparent 
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substrates in the device structure. The advantage of transparent electronics is that it 

allows electronic devices to be integrated (stacked) and embedded into large area like 

windows, shop displays and even wall partitions to small item like items such as 

refrigerators, ovens, etc. It allows the traditional transparent panels to become 

functional, thus giving it a more spacious and eye-catching look. To realize 

transparent electronics, one will first think of using a low cost transparent substrate 

such as glass. However, glass by itself is non-conducting and hence thin film coatings 

with circuitries are required to transform glass into useful transparent devices. In 

addition, the building blocks of the transparent electronics have to be transparent in 

the visible range, meaning that the semiconductor layers, the electrodes and 

dielectric/passivation layers now have to be transparent. One big challenge is that not 

all semiconductors and electrodes have high transparency in the visible region. In 

terms of conducting electrodes, currently ITO has been the primary transparent 

conductive oxide for most applications, especially in large-area applications such as 

displays.[19] However, the supply of indium has become inconsistent during the last 

20 years, resulting in great fluctuations in indium prices and thus affecting the 

manufacturing cost.[20,21] With the rapidly expanding flat panel display market, 

alternative materials are sought and much research is being conducted on seeking 

alternative candidates to replace ITO, such as carbon nanotube films, graphene films, 

metal nanowire gratings, fluorinated tin oxide and doped ZnO.[22-27] Moreover, the 

toxicity of indium compounds is also a concern in both the manufacturing and usage 

of the devices.[28] Therefore, there is an urgent need to seek cheaper alternative 

materials to replace ITO due to cost and toxicity considerations.[29,30] Furthermore, 

ITO thin films are not the ideal choice for organic devices. One of the reasons is the 

need for a moderate heat treatment (>300 °C) to obtain the desired transparency and 
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resistivity for ITO.[31,32] This means that using ITO as a top electrode material, the 

elevated processing temperature can cause unwanted modifications to the underlying 

plastic materials, since the latter typically has a lower glass transition 

temperature.[33] As a bottom electrode material, the heat treatment of ITO can cause 

roughening of the film surface, which can affect the quality of subsequent film 

coating or deposition.[34-37] It is therefore necessary to seek alternative TCOs that 

can achieve the desired characteristics at low growth or processing temperatures for 

applications in organic electronics as well as flexible displays.[38-42] 

 

In terms of thin film deposition, ZnO is a potential candidate with a wide 

direct band gap and high transparency. In addition, it is also non-toxic, abundant and 

most importantly inexpensive. Doping different materials into ZnO can give many 

interesting results. Doped zinc oxide can be used as contact electrodes for many 

applications. It can also be used as channel materials for transparent transistors, light-

emitting diodes, sensors as well as photovoltaic devices. The electrical and optical 

performances are, to a large extent, determined by fundamental properties such as 

structure and composition, which can be tuned and manipulated in the deposition and 

post-deposition processes.  

 

Other than TCO thin films to realize transparent electronics, this work is also 

motivated by the increasing need for applications on low-cost, light-weight substrates 

and even flexible ones.[2,43] Flexible electronics is an emerging and significant 

market. Due to the advantage of light weight, small size and cost effectiveness of the 

substrates, it offers a new era for device engineering. However, in terms of process, 

the manufacturing temperature of TCO materials on polymers is restricted by the low 
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melting point of polymers, which negatively influences their performance.[44] The 

process conditions of TCOs on polymeric substrates need to be adjusted to avoid 

substrate damages. Under these circumstances, it is important to understand the 

fundamental properties of the materials and optimize their performance in order to 

meet the technological requirements. The deposition techniques to be used have to 

allow precise control of the fundamental properties, which assist the research of high-

performance TCOs on polymeric substrates.   

 

1.3 Research Objectives 

The primary aim of the work reported in this thesis is the fabrication of cost-

effective zinc oxide-based TCOs on economical substrates with electrical and optical 

properties comparable to ITO. Taking into consideration the constraint of thermal 

budget when polymeric substrates are used, the desired growth condition of these 

TCOs is targeted to be performed at room temperature while maintaining the high 

quality of the TCO films. The second objective is to integrate these films for potential 

applications in photovoltaic structures, sensors and thin film transistors. 

 

In this work, pulsed laser deposition and magnetron sputtering are used to 

deposit zinc oxide-based TCO films onto low-cost glass substrates and polymeric 

substrates. Investigations on the electrical, structural, optical and morphology 

properties of the TCO films are performed. Extensive analysis is conducted using 

various characterization techniques to study relevant properties in order to optimize 

the performance of these TCOs films. To demonstrate some applications of the TCOs, 

other oxide materials such as cuprous oxide, cupric oxide and hafnium oxide are also 

investigated using magnetron sputtering. 
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1.4 Organization of Thesis  

Following the presentation of the background, motivation and objectives of 

this work in Chapter 1, a brief overview of the fundamental aspects of TCOs was 

provided in Chapter 2. Among the various TCOs, the background and relevant 

literature survey of doped zinc oxides were presented. The basic concepts and the 

fundamental properties of doped zinc oxide were discussed. Other oxide materials 

used in the demonstration of the TCO applications were also discussed. 

 

In Chapter 3, the growth techniques employed for the preparation of doped 

zinc oxide thin films, other oxide materials and metallic films were summarized. The 

working principle of the various characterization techniques was also briefly 

discussed. 

 

There are three main chapters which discussed the experimental findings. In 

Chapter 4, the experimental procedures for obtaining gallium-doped zinc oxide 

(GZO) were discussed. In this work, the GZO films were first deposited at room 

temperature by varying the oxygen pressure. Next, the growth condition of the 

optimized GZO film was chosen and then varied with higher substrate temperature. 

The correlation between the oxygen pressure with the structural, electrical, optical and 

surface morphology properties of deposited films was discussed. In addition, the 

growth of GZO films, with a sandwiched thin metallic layer, was also investigated. 

The variation of the thicknesses of the metallic layers was examined together with 

investigation on the effect of an additional buffer layer prior to depositing the metallic 
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layer. In this work, the surface morphology, electrical and optical properties of GZO 

multilayer films were discussed. 

 
 

In Chapter 5, the experimental procedures of another Group III-doped ZnO, 

that is aluminum zinc oxide (AZO), on glass and polymeric substrates were presented. 

In this work, the oxygen pressure was first varied to optimize the AZO thin films. 

Then, the optimized AZO films were examined at different thicknesses and their 

electrical and optical properties were discussed. Next, the optical property was further 

examined by measuring the refractive index of AZO thin film. In this work, electrical 

and optical properties of single, double and triple multilayered sandwich structures of 

AZO/Ag/Ge/AZO were also examined. 

 

In Chapter 6, some potential applications of these TCOs were demonstrated. 

Here, the growth of cuprous oxide (Cu2O) for the photovoltaic applications was 

studied and the band alignment of GZO/Cu2O was discussed. Next, the AZO thin film 

was used as contact electrode for a potential optical sensor. Then, the band alignment 

of hafnium oxide on zinc oxide for thin film transistor application was discussed. A 

high-k dielectric transistor was also demonstrated using zinc oxide as the channel 

layer. 

 

Lastly, in Chapter 7, the research findings and the important results of this 

work were summarized and some possible directions for future works were also 

provided. 
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Chapter 2 Literature Review 
 

 

In this chapter, some background information on transparent conducting 

oxides (TCOs), such as zinc oxide (ZnO) and cuprous oxide (Cu2O), is presented. 

Some potential applications of these TCOs, such as in solar cells and in thin film 

transistors, are also discussed.  

 

2.1 Zinc Oxide and Doped Zinc Oxide 

Zinc oxide (ZnO) is a compound semiconductor with a wide band gap of 

~3.4 eV at room temperature.[14] Naturally, ZnO has a hexagonal wurtzite structure. 

There are two other phases which are known to exist, namely the zincblende structure 

and rock salt structure. Zincblende ZnO is stable only by growing on cubic 

structures.[45,46] For rock salt ZnO, it is formed under high pressure of about 10 GPa 

at room temperature or above 6 GPa at 1200 K, and cannot be epitaxially 

stabilized.[47,48] 

 

Zinc oxide single crystals have been widely grown using pressurized melt 

growth, seeded sublimation growth and hydrothermal solution growth.[49-52] Good 

quality ZnO single crystals have been obtained using the hydrothermal growth 

method with a growth rate about 0.2 mm per day.[51] Zinc oxide epitaxial thin films 

have been grown using molecular beam epitaxy (MBE) [53,54], pulsed laser 

deposition (PLD) [55], magnetron sputtering [56], metal-organic chemical vapour 

deposition (MOCVD) [57] and other methods. Polycrystalline ZnO films can also be 
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grown on low cost substrates, such as glass and flexible polymeric substrates, at low 

temperature. 

 

Zinc oxide is naturally a n-type semiconductor due to its deviation from 

stoichiometry related to the presence of intrinsic defects such as oxygen vacancies and 

zinc interstitials.[14] In undoped ZnO, the electrical conductivity is not high enough 

for practical application. The conductivity of ZnO can be increased either by doping 

with group III elements, such as Boron (B), Aluminum (Al), Gallium (Ga) and Indium 

(In) to replace zinc (Zn) atoms, or by doping with group VII elements, such as 

fluorine (F) to substitute oxygen (O) atoms.[58,59] Other metal oxides, with three or 

more valence electrons, can also be used to increase the conductivity of ZnO. In this 

work, the focus is on doping with Group III elements as these elements can be doped 

into intrinsic ZnO to enhance its electrical property. Table 2.1 shows the atomic 

radius, ionic radius, covalent radius and the abundance of various Group III elements 

and the elements comprising ZnO. Aluminum-, Ga- and In-doped ZnO (i.e., AZO, 

GZO and IZO) semiconductors are some promising alternatives to ITO for thin film 

transparent electrode applications, whereas B has a much smaller ionic diameter than 

Zn and Thallium is highly toxic.[60-63] Although IZO still uses Indium which is 

scarce, the weighted percentage of indium needed in the target is greatly reduced from 

a commonly used 90% (in ITO) to 1-2% (in IZO). Among the group III elements, Al 

and Ga are the two of the most abundant elements. Figure 2.1 shows the comparison 

between the variation in resistivity with film thickness from other independent reports 

of GZO and AZO film are shown.[30,43,64-89] These values are categorized by room 

temperature growth and non-room temperature growth. In terms of room temperature 

growth, the AZO and GZO films give similar resistivity at smaller film thicknesses. It 
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was observed that for non-room-temperature grown GZO films, the resistivity of the 

film is lower for most thicknesses. For non-room-temperature AZO films, there is no 

obvious trend that the AZO film has better resistivity due to higher substrate 

temperature growth or post annealing. 

 

Table 2.1   Atomic radius, ionic radius and covalent radius of  
Group III and ZnO elements and their abundance in the Earth’s crust [90,91] 

 

Elements 
Atom 
radius  

(Å) 

Ionic 
radius  

(Å) 

Covalent 
radius  

(Å) 

Abundance in 
Earth’s Crust of 
the element (%)* 

Boron 0.85 0.41 0.82 0.00086 
Aluminum 1.25 0.68 1.18 8.1 
Gallium 1.30 0.76 1.26 0.0019  
Indium 1.55 0.94 1.44 0.000016 
Thallium 1.90 1.03 1.48 0.000053 
Zinc 1.35 0.88 1.31 0.0078 
Oxygen 0.60 1.24 0.73 46 

*Data are provided by Mathematica’s Element Data function from Wolfram Research, Inc. 

0 200 400 600 800 1000 1200 1400 1600

10
-4

10
-3

10
-2

10
-1

10
0

 

 

  GZO Room temperature samples

R
e
s
is
ti
v
it
y
 (

Ω
-c
m
)

Film Thickness (nm)

  GZO Non room temperature samples
  AZO Room temperature samples
  AZO Non room temperatures samples

 
Figure 2.1 Comparison between the variation in resistivity with film thickness 
from other independent reports of GZO and AZO film are shown.[30,43,64-89] These 
values are categorized by room temperature growth and non-room temperature 
growth.   
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2.1.1 Crystallographic Structure of ZnO 

 
At room temperature and atmospheric pressure, ZnO has a wurtzite (B4 type) 

structure as shown in Figure 2.2. Zinc oxide has a hexagonal lattice, belonging to the 

space group of P63mc.[92] In this structure, each zinc cation (Zn2+) is surrounded by 

four oxygen anions (O2-) at the corners of a tetrahedron, and vice versa. In other 

words, the ZnO crystal structure is composed of alternating planes of Zn2+ and O2- 

ions stacking along the c-axis.[93] The lattice constants are a = 3.2498Å and c = 

5.2066Å.[94] 

 

 
 

Figure 2.2   Wurtzite structure of ZnO. The smaller cyan coloured balls represent zinc 
cations while the larger white coloured balls represent oxygen anions. 

 

2.1.2 Band Structure of ZnO 

 
Zinc oxide (a II-VI material) has a direct wide band gap of ~3.4 eV and is an 

optoelectronic semiconductor in competition with GaN.[14] The schematic energy 

band diagram of ZnO is shown in Figure 2.3.[95] By doping with group III elements 

(for example, Ga, Al or In), the Group III element will act as a shallow donor when 

substituted on the Zn site. The shallow donors will release electrons to make doped 

ZnO a n-type semiconductor. If ZnO is doped with group VII elements such as 
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fluorine (F), the F atom will act as a shallow donor when it occupies the oxygen site 

and release one electron.[96] By alloying with cadmium oxide (with band gap, Eg = 

2.2 eV), the band gap of ZnO can be narrowed while by alloying with magnesium 

oxide (Eg = 7.8 eV), the band gap of ZnO can be widened.[97,98] 

 

 

 
 

Figure 2.3 Schematic band diagram of ZnO 
 

2.1.3 Electrical Properties of ZnO  

 
Electrical resistivity (ρ) depends on the carrier concentration (n) and carrier 

mobility (µ) and their relationship is given by  

µ
ρ

qn

1
=                    (2.1) 

where q is the electron charge.[99] For a thin film of uniform thickness d, the 

resistivity of the film can be expressed in terms of the sheet resistance Rs as follows: 

 
d

Rs

ρ
=      (2.2) 
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Other than the thickness, the sheet resistance is independent of the film dimensions. 

From equation (2.1), to decrease the resistivity, one can increase the carrier 

concentration by doping, whereby these dopants can occupy the substitutional sites, 

fill the interstitials sites or create vacancies. The type of dopants will determine 

whether the film material will be p-type or n-type. If the dopants are donors and 

donate electrons, the material will become n-type. If the dopants are acceptors and 

accept electrons, the material will become p-type.  

 

Another way to reduce resistivity is to increase the carrier mobility. However, 

carrier mobility is dependent on scattering and cannot be controlled directly. To 

further examine mobility, the expression of the mobility of charge carrier, as seen 

below, was examined:  

*m

q τ
µ =        (2.3) 

where τ  is the average relaxation time and m* is the effective mass of the charge 

carrier. The average relaxation time depends on the drift velocity and the mean free 

path of the charge carriers, which in turn depends on various scattering events such as 

lattice scattering, electron-electron scattering, electron-impurity scattering, ionized 

impurity scattering, neutral impurity scattering, and grain boundary scattering.[100] 

Therefore, the total carrier mobility ( totµ ) can be expressed as the summation of the 

mobilities which are in turn influenced by various scattering mechanisms as follows: 

∑=
i itot µµ

11
     (2.4) 

where the mobility iµ is related with the i scattering mechanism.  
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Lattice scattering is the scattering of conducting electrons by the thermal 

vibration of atoms in a lattice. This effect can be qualitatively understood as phonons 

colliding with charge carriers.[101] As lattice scattering, electron-electron scattering 

and electron-impurity scattering exist in most materials, there is difficulty in 

influencing these individual scattering events to increase mobility directly.[102-104] 

In the following part, neutral impurity scattering, ionized impurity scattering and 

grain boundary scattering are discussed. 

 

Neutral impurity scattering can be expressed as  

3

3*

20 hNro

N
n

qm

εε
µ =      (2.5) 

where m* is the effective mass of the carriers, εo is the permittivity of free space, εr is 

the relative permittivity of the material, h is the reduced Planck’s constant (h/2π) and 

Nn  is the concentration of neutral impurities.[105] Yang et al. has reported that for an 

undoped material, the neutral-impurity scattering is more significant compared to a 

doped material.[106] For doped materials, ionized impurity scattering is one of the 

major factors affecting the carrier mobility. 

 

Ionized impurity scattering is the scattering of charge carriers by impurity ions 

in the lattice. This scattering is significant in highly degenerate semiconductors 

because the electrostatic field due to such impurities (present in a high concentration) 

remains effective even at a great distance. Ionized impurity scattering can be 

expressed as [96] 

3/2
3/1

3

4 −






= n
h

q
IIS

π
µ      (2.6) 



 

Zinc oxide-based thin film electronics 

 15

From equations (2.1) and (2.6), it can be observed that there is a trade-off between 

low resistivity, carrier concentration and mobility because the relationship between 

the carrier concentration and mobility is governed by 
IISµ  ∝ n-2/3. 

 

Grain boundary scattering is an important scattering mechanism in 

polycrystalline films, especially those with small grain size. At the grain boundaries, 

there are many defect states, such as foreign impurities, self-interstitial-type atoms, 

voids, vacancies and dangling bonds, which can trap free carriers from the bulk 

material.[107] Petritz’s model (equation (2.7) below) has been commonly used to 

explain the transport phenomenon in polycrystalline films: 








 Φ
−=

TkB

b
og expµµ      (2.7) 

where 
2/1

*

22

2 







=

Tkm

qL

B

o π
µ , Φb is the grain boundary potential, L is the grain size, kB is 

the Boltzmann constant and T is temperature. The grain boundary scattering will have 

a significant effect on the carrier mobility if the grain size is of similar order as the 

mean free path of the charge carrier. 

 

2.1.4 Optical Property of ZnO  

ZnO is a well-known transparent conducting oxide (TCO). It has controllable 

electrical property by doping with different materials. ZnO also has selective 

transmitting behaviour in terms of optical property. In the visible and near-infrared 

region, ZnO is transparent while in the thermal infrared region, it is reflective.[108] A 

typical transmission spectrum of a TCO is shown in Figure 2.4.  
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Figure 2.4 Spectral dependence of a transparent conducting oxide (diagram adapted 
from [108]) 

 
 

At short wavelengths (below the band gap absorption wavelength, λbandgap), the 

absorption is due to the fundamental band gap. One can estimate the value of the band 

gap (Eg) of the direct band gap material by using the relationship between the 

absorption coefficient (α) and photon energy (hυ) as expressed in equation (2.8): 

z

gEEAE )( −=α               (2.8) 

where α is the absorption coefficient, E is the energy of the photon, Eg is the band gap 

and z = 2 for a direct band gap material while z = 1/2 for an indirect band gap 

material. By plotting (αhυ)2 against the photon energy (hυ), the optical Eg can be 

obtained by extrapolating the linear portion of the curve to intersect the horizontal 

axis whereby (αhυ)2 = 0. For direct wide band gap materials like ZnO, the absorbing 

edge of the energy band was found to be ~3.2 to 3.5 eV. At larger wavelengths (above 

the free electron plasma absorption wavelength, λplasma), little light is transmitted due 

to free electron absorption. This will be discussed further in the next section. 
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The refractive index of the thin film is also an importance optical factor as it 

determines the direction of the light path after it passes through from one medium to 

another medium. The angle of the refracted path is governed by Snell’s law as 

expressed in Eq. (2.9).[109] As the light passes from a denser medium to a less dense 

medium, the light will be refracted. If the incidence angle is greater to the critical 

angle, total internal reflection will occur. For light refraction, it can be shown that  

rrii nn θθ sinsin =        (2.9) 

where ni and nr are the refractive indices of the two different media while θi and θr are 

the incident angle and refracted angle respectively at the interface of the two media. 

  

In additional, the extinction coefficient (k) is also related to the absorption 

coefficient by Eq. (2.10).[110] 

λ
π

α
k4

=       (2.10) 

where α is the absorption coefficient and λ is the wavelength. For example, to use a 

TCO in a light-emitting diode (LED), there is a need to consider the refractive index 

of the material. The photons generated in a semiconductor may encounter three 

different kinds of losses namely, photon absorption within the semiconductor, Fresnel 

loss and critical angle loss. Fresnel loss occurs when photons pass from one medium 

to another medium while critical angle loss is caused by the overall internal reflection 

of photons incident to the surface at angles greater than the critical angle defined by 

Snell’s law. The effect of Fresnel loss can be represented by the reflection coefficient 

(Γ): [111] 

2

12

12









+

−
=Γ

nn
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Zinc oxide-based thin film electronics 

 18

where Γ is the reflection coefficient which is the fraction of incident photons that are 

reflected back into the semiconductor and n1 and n2 are the refractive index of the two 

media respectively. Therefore, there is a need to take these optical properties when 

applying the TCO as a contact electrode in a device. Jeong et al. have reported that 

using ITO as a channel layer increased the output power of their GaN-based LEDs by 

~20 % at 100 mA, compared to LEDs using silicon dioxide layers, due to the higher 

refractive index of ITO.[112] Kuo et al. also reported that higher refractive indices of 

AZO and ITO films do provide higher output powers to their GaN-based LEDs.[113] 

 

2.1.5 Correlation between Optical and Electrical Properties 

The free carrier absorption phenomenon can be described by the classical 

Drude free electron theory for free electrons in metals, where the permittivity (ε) can 

be expressed as [114]  

2)( iknop −=ε       (2.12) 

where nop is the refractive index and k is the extinction coefficient.  

 

The permittivity can be expressed as the real part and complex part as follows: 
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where τ is the relaxation time, which is assumed to be independent of frequency and 

related to the carrier mobility (see equation (2.3)) that in turn influences the electrical 

property of the material. 
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The plasma resonance frequency ωp is given by 
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where n is the carrier concentration, oε is the permittivity of free space, rε  is the 

dielectric constant of the material and *
em is the effective mass of the charge carriers. 

The values of both the refractive index (nop) and extinction coefficient (k) determine 

whether the material reflect or absorb at the surface.  

 

In the infrared region, the absorption coefficient falls rapidly and ω2τ2 > 1, 

resulting in the real part of the permittivity to be negative. This will result in the 

refractive index and extinction coefficient in this region as follows: 
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where pω is the plasma resonance frequency, rε  is the dielectric constant of the 

material and τ is the relaxation time. 

 

For degenerate semiconductors, as the carrier concentration increases, there is 

a shift of the band gap and absorption edge towards higher energy, which is known as 

Burstein-Moss effect.[115] In such highly doped semiconductors, most of the lowest 

states in the conduction band are filled.[116] Hence, an electron transition from the 

valence band to the conduction band cannot take place into these filled states.  

Therefore, the filling of states occurs near (but not at) the bottom of the conduction 
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band, leading to an apparent band gap with an increased energy value.[117] The shift 

in band gap is related to the carrier concentration as follows:[118] 

( ) 3/22
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=∆      (2.18) 

where ∆Eg denotes the optical band gap shift, ħ (= h/2π) is the reduced Planck’s 

constant, m
* is the reduced effective mass (

***

111

cv mmm
+= ), *

vm is valence band 

effective mass, *
cm is the conduction band effective mass and n is the carrier 

concentration.[119] 

 

 

2.2 Other Transparent Conducting Oxides 

Zinc oxide and doped ZnO have many potential applications. By integrating 

them with other materials, their area of applications can increase greatly. One other 

material investigated in this work (as an integrated structure with ZnO) is cuprous 

oxide (Cu2O). The optical, structural and electrical properties of Cu2O were also 

examined. Currently, the most widely used TCO is ITO; therefore, ITO film is also 

deposited for property comparison between doped ZnO and ITO. 

 

2.2.1 Cuprous Oxide (Cu2O) 

Cuprous oxide (Cu2O), also known as copper (I) oxide, has a cuprite structure, 

of space group Pn-3 with unit cell parameter a = 4.27Å.[120] Copper has two oxygen 

neighbours while the oxygen has four copper neighbours as shown in Figure 2.5.  
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Figure 2.5  Cuprite structure of cuprous oxide. The cyan coloured balls represent 
copper cations while the white coloured balls represent oxygen anions. 

 

Cu2O is a direct-gap semiconductor with a band gap of 2.1 eV, a high 

absorption coefficient in the visible region and is one of the promising materials for 

photovoltaic applications.[121,122] It is also non-toxic, inexpensive and abundant. 

Cu2O is a p-type semiconductor due to copper vacancies and probably interstitial 

oxygen.[123,124] It can be formed by high temperature thermal oxidation, low 

temperature thermal oxidation, electrodeposition, anodic oxidation, chemical 

oxidation, reactive sputtering, or pulsed laser deposition.[125] 

 

In 2000, Ishizuka et al. reported p-type Cu2O deposited on glass, using 

reactive radio-frequency magnetron sputtering at a substrate temperature of 500 °C, 

with a hole concentration of ~1015 cm-3 and a Hall mobility of 60 cm2/V-s.[126] 

However, in 2006, Chu et al. reported that the p-type cuprous oxide thin films can 

only be deposited by DC reactive magnetron sputtering within a narrow oxygen 

partial pressure.[127] They observed that copper oxide initially change from n-type to 

p-type and then back to n-type with respect to different oxygen partial pressures, 
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which correspond to variations in Cu, Cu+ and Cu2+ concentrations. Ogwu et al. 

reported that reactive sputtering power and oxygen partial pressure have an influence 

on the dominant phase of whether the films deposited are CuO-rich or Cu2O-

rich.[128] They demonstrated that at lower sputtering power, Cu2O-rich films 

dominate but the effect of oxygen flow rate has a less significant effect on the optical 

transmittance compared to the sputtering power. In order to tune the band gap to the 

desired energy, Ishizuka et al. investigated nitrogen doping into cuprous oxide as 

nitrogen is widely accepted as a non-toxic, inexpensive and abundant material. They 

observed that with an increase in nitrogen flow during deposition, the resistivity 

decreases and there is a blue shift in the absorption edge.[129] In 2009, Nakano et al. 

demonstrated p-type Cu2O film, prepared using nitrogen doping and reactive 

magnetron sputtering at 400 °C, which caused a blue shift in the optical band gap 

from 2.1 eV to 2.5 eV.[130] 

 

2.2.2 Indium Tin Oxide (ITO) 

Indium tin oxide (ITO) has been widely used as a contact electrode for 

transparent devices due to its high conductivity and high transparency.[131-133] ITO 

is indium oxide doped with 10 % tin by weight which is a widely accepted 

combination.[44] ITO films formed under different processing conditions can exhibit 

a wide range of electrical properties.[134-141]These processing conditions include the 

deposition technique, oxygen partial pressure, film thickness, doping and substrate 

temperature. Generally, a heat treatment at ~300 °C is required to achieve high quality 

ITO films. An example is the commercially available ITO film on glass which 

undergo heat treatment of ~300 °C with a measured resistivity (Hall effect) of ~1.7 × 

10-4 Ω.cm.[142] However, the heat treatment is not desired for polymeric substrate. In 
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addition, using heat-treated ITO as the top electrode might degrade the preceding 

layers of the device. In this work, for a better comparison between ITO films and 

doped ZnO films, the ITO thin films are fabricated by varying the oxygen partial 

pressure at room temperature, similar to the doped ZnO process. The fabricated ITO 

films have a resistivity of the order of ~10-4 Ω-cm which is similar to the commercial 

ones. 

 

 

2.3 Potential Applications 

In this section, some potential applications of TCOs will be introduced, with 

emphasis on photovoltaic, sensing and thin film transistor applications. Some recent 

TCOs reported for these applications are also presented. 

 

2.3.1 Photovoltaic Applications  

Photovoltaic means converting solar energy into electricity. This process 

consists of three steps. The absorption of light first causes a transition in the absorbing 

material from the ground state to an excited state. Then, the excited state generates 

electron-hole pairs. Next, the generated electrons and holes are then separated by the 

structure of the solar device, which means that negative-charge carriers will move to 

cathode and the resulting free positive-charge carriers to move to anode, hence 

producing electricity.[143] 

 

A conventional photovoltaic device makes use of p-type and n-type silicon 

(Si) semiconductor junction in the first generation solar cells device. Recently, 

considerations of cost have made thin film solar cells an important alternative and Si-



 

Zinc oxide-based thin film electronics 

 24

based devices have shown remarkable promise.[144,145] However, Si-based solar 

cells still suffer from a relatively high cost and poor absorption efficiencies and thus it 

is important to investigate new materials for thin film solar cells.[146] The ideal 

material will have to be a compromise among low cost, non-toxicity, relative 

abundance and high efficiency. One such material is semiconductor oxide materials 

which can be doped with other materials to become p-type or n-type and they are 

stable. However, there are limited p-type materials such as CuAlO2, SrCu2O2, Cu2O 

and CdS which are used for photovoltaic applications.[147] Cu2O thin film is a 

promising material as it is low cost, non-toxic and has high absorption coefficient. 

ZnO thin films are n-type material with good conductivity.[148,149] Although zinc 

oxide (ZnO) and cuprous oxide (Cu2O) are increasingly popular materials due to their 

favourable properties, homojunctions are hard to form for both ZnO and Cu2O type 

materials. A stable p-type ZnO with a sufficient density of holes remains elusive 

while there is difficulty in forming stable n-type Cu2O due to its copper 

vacancies.[150-152] Therefore, combining ZnO and Cu2O into a p-n heterojunction is 

currently being investigated.[153-156] 

 

2.3.2 Sensing Applications  

ZnO has broad applications in terms of sensing. It is an important piezoelectric 

material which is used in micro- and nano-electromechanical systems (MEMS and 

NEMS) due to its large piezoelectric constants.[158] This is due to its low symmetry 

of the wurtzite crystal structure combined with a large electromechanical 

coupling.[15] ZnO is also used in biological sensing as Zn is an essential element for 

enzyme functioning.[159] In addition, ZnO is also used in gas and chemical sensing 

due to its strong sensitivity of surface conductivity to the presence of the adsorbed 
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species.[15] It has been demonstrated that ZnO has good gas and chemical sensing 

properties such as for hydrogen sensing, CO sensing, ozone sensing and even pH 

sensing.[160-164] In addition, ZnO is also a good ultraviolet (UV) sensor due to its 

wide band gap of ~3.4 eV and large exciton energy of ~60 meV.[165] Here, the focus 

of discussion is on UV sensors. 

 

In the past, UV detection is performed using photomultiplier tubes which are 

fragile, bulky, heavy and costly. Subsequently, silicon-based UV photodiodes were 

used as they are lightweight, low cost, have good sensitivity and show high speed 

operation.[166] However, these detectors require band filters to block the visible solar 

radiation as they have low tolerance of high temperature and has lower 

efficiency.[16,167] In the past few years, GaN-based UV detectors are developed but 

they are fabricated using epitaxial growth on lattice-match substrates and hence high 

cost is incurred.[168] ZnO is a low cost material with strong radiation hardness, high 

chemical stability and a large band gap of ~3.4 eV at room temperature.[169] In 

addition, ZnO can be doped with Mg element which can adjust the band gap and the 

UV sensing at different cut-off wavelengths.[170] Moreover, ZnO also can fabricated 

as thin films or nanostructures depending on the usage of the devices.[171] ZnO-

based sensors can be categorized into mainly nanostructures and thin films. ZnO 

nanostructures such as nano-rods, crossed nano-rods and nanowires have been 

fabricated as UV sensors with good sensing property.[163,172,173] Basak et al. has 

reported on a ZnO thin film UV detector fabricated by sol-gel deposition and using 

gold electrode. They demonstrated a photoresponsivity as high as 0.0040 A/W at a 

wavelength of 350 nm.[167] Liang et al. have demonstrated a ZnO Schottky UV 

sensor using epitaxial ZnO films on R-sapphire with aluminum and silver electrodes 
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to form ohmic and Schottky contacts. Their sensor has a photoresponsivity of 

1.5A/W, leakage current of ~1 nA at 5V bias and a fast photoresponse component 

with rise time of 12 ns and a fall time of 50 ns.[174] Recently, ZnO-based UV sensor 

has been achieved on paper substrates using water-ZnO powder suspension with 

pencil-drawn graphite lines as electrodes.[175] 

 

2.3.3 Thin Film Transistors 

Thin film transistors (TFTs) are used as switching components in many 

electronics applications, especially in the display industry. At present, amorphous 

silicon (Si) is used as the channel material in TFTs. However, due to the low carrier 

mobility (< 1 cm2/V-s) and high process temperature (350 °C), amorphous Si-TFTs 

are not suitable for flexible substrates. Organic TFTs have very low carrier mobility 

(< 1 cm2/V-s) and may have reliability concerns.[176] Therefore, compared to 

amorphous Si-TFTs and organic TFTs, oxide-based TFTs may have advantages as 

metal oxides can be deposited at room temperature and oxide-based TFTs have at 

least one order higher carrier mobility (>10 cm2/V-s) than Si-TFTs and organic 

TFTs.[129] The oxide-based TFTs have a great potential to replace the current 

amorphous Si-TFTs for more compact electronics. Due to the low process deposition 

temperature, amorphous oxide films are more suitable than crystalline films for 

flexible electronics, in addition to the low compressive stress and ability to obtain 

large area uniform deposition by sputtering.[177,178] Many research groups have 

reported oxide-based TFTs using ZnO, tin-doped ZnO, indium-doped ZnO, indium-

gallium doped ZnO (IGZO), tin oxide and indium oxide as channel layers fabricated 

on glass substrates.[132,133,135,169,179,180] Some research group have even 
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demonstrated functional transistors with surprisingly high carrier mobilities of 

~10 cm2 /V-s, even for amorphous films at room temperature.[181,182]  

 

To work towards the transparent electronics trend, full transparent TFTs are 

necessary. By using TCOs, transparent substrates, oxide channels and dielectrics, full 

transparent transistors can be achieved.[133,183] Recently, an enhancement-mode 

transparent TFT using IGZO as the channel layer and Y2O3 as the gate dielectric 

fabricated on a polyethylene terephthalate (PET) substrate was reported.[128] This 

TFT has a field effect mobility of ~10 cm2/Vs, threshold voltage of 1.4 V, on-off ratio 

of >108, sub-threshold voltage swing of ~0.2 V/decade and which has better 

performance than amorphous-Si TFTs in terms of electrical properties, optical 

properties, ease of processing, and even cost. Therefore, oxide-based TFTs can find 

new applications such as in wind shields, advertising panels on glass panels of 

buildings, light weight electronic books, flexible roll-type computers for consumers, 

light-weight rollable military electronics and can eventually revolutionize the whole 

display industry. In addition, to fulfill such vast applications, the oxide layer and 

channel layer of the oxide-based TFTs need to be thin to increase flexibility. As thin 

films are more likely to experience electrical leakage problems, there is a need to 

study the leakage problem. 
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Chapter 3 Experimental Techniques 

 

All the thin films are obtained by physical vapour deposition using material 

targets such as ceramic targets, single crystal targets and metallic targets. Thermal 

evaporation and electron-beam evaporation are also used to deposit metallic thin 

films. These thin films are then characterized to optimize their growth parameters. 

 

3.1 Thin Film Deposition Techniques 

The growth techniques used in this work are classified as physical vapour 

deposition techniques namely, pulsed laser deposition (PLD), magnetron sputtering, 

thermal evaporation and election beam (e-beam) evaporation. More is elaborated in 

the following sections. 

 

3.1.1 Pulsed Laser Deposition (PLD) 

Pulsed laser deposition (PLD) has been used for epitaxial growth of thin films 

and deposition of multilayers/superlattices of complex materials. In 1987, T. 

Venketesan used PLD to successfully deposit high-temperature superconducting thin 

films.[184] In a typical PLD system, a high energy pulsed laser is used to ablate the 

target and evaporate the target material without changing the target composition. The 

generated highly energetic particles then interact with the background gas and emit 

photons, resulting in the characteristic luminous plasma plume. The surrounding gas 

pressure influences the mean free path of the species in the plume, and determines 

their energy. By adjusting the background gas pressure, the kinetic energy of the 

ablated species can be controlled. These ablated species will then arrive at the 
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unheated/heated substrate and result in film growth. As a result, films with the desired 

stoichiometry, similar to the target, can be obtained using PLD. The PLD technique 

has many advantages for depositing oxide films with high melting points and 

complicated stoichiometries, some of which cannot be achieved by using other growth 

techniques such as molecular beam epitaxy (MBE) or metalorganic chemical vapour 

deposition (MOCVD). PLD also has a high deposition rate of up to 1Å/pulse. The 

actual growth rate of the film can be determined by varying the laser frequency.[185] 

 

 

 

Figure 3.1 Schematic of the pulsed laser deposition system 

 

The schematic of the pulsed laser deposition system used in this work is 

shown in Figure 3.1. The laser used here is a KrF (wavelength λ = 248 nm) excimer 

laser (Lambda Physic, Compex 205) which is capable of delivering a maximum pulse 

energy of up to 700 mJ, measured at low pulse repetition rate with a pulse duration of 
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25 ns. The pulse repetition rate ranges from 1 to 50 Hz and the average power is 

30 W. Using a series of optical lenses, the laser beam is focused to a spot size of 

~1 mm2. This laser beam will then raster along a horizontal distance on the target 

while the target is in constant rotation at 10 rpm. The substrate is loaded with the 

sample surface facing down. The substrate holder is equipped with a silicon carbide 

heater which can heat up from room temperature up to 950 °C and cooled at a 

constant rate. The heater stage is able to move together with the substrate holder, 

allowing an adjustable target-to-substrate distance. A maximum of three targets can 

be mounted together in the system. Multi-layer film deposition can be performed 

without breaking the vacuum. Prior to deposition, the vacuum chamber is pumped 

down to a base pressure of the order of 10-8 Torr. Oxygen is used as a deposition gas 

with a flow rate of up to 20 sccm. The operating pressure during deposition is 

controlled by the combination of oxygen flow rate and the pumping speed using a 

control valve. This allows the deposition pressure to be adjusted between 0.01 - 100 

mTorr with an accuracy of 0.1 mTorr. 

 

A PLD system also has the advantage of deposition in oxygen and other 

reactive gas ambience, room temperature deposition and ease of thickness control. In 

terms of large area deposition, current PLD systems are able to support up to 200 mm 

size wafer.[186] However, like any other deposition techniques, PLD does have some 

drawbacks such as splashing, uniformity and particulates problem. These could be 

minimized using target surface improvement (polishing target), rastering of the laser 

and off-axis deposition.[187] In addition, high start-up cost of the laser system may 

deter its commercialization process depending on the requirement of the high quality 

film in the industry. Therefore, to maximise the benefits of the PLD and other 
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techniques, several other deposition methods such as sputtering and evaporation are 

also employed in this work.  

 

3.1.2 Magnetron Sputtering  

Sputtering is an extensively employed thin film deposition technique which 

uses highly energetic particles (typically argon ions) to bombard a sputter target. The 

ion bombardment causes inelastic collisions on the target surface that can dislodge 

target atoms which are then accelerated to the substrate. As more and more target 

atoms reach the substrate, they nucleate and form a thin film. Sputtering is performed 

in vacuum with pressure typically ranging from 1 mTorr to 50 mTorr. At a lower 

pressure, the mean free path of the ions increases which allows them to accelerate to a 

higher energy, resulting in dislodged target atoms having more energy to diffuse 

along the substrate surface to find the lowest energy state.[188] The schematic of the 

sputtering system used in this work consists of a radio frequency (RF) sputtering 

cathode and a direct current (DC) sputtering cathode as shown in Figure 3.2. Prior to 

deposition, the base pressure of the chamber is pumped down to less than 3 × 10-6 

Torr. The substrate is loaded with the sample surface facing downwards and the 

substrate holder is rotated at a constant speed of 4 rpm. The target-to-substrate 

distance is set to be 14 cm. The sputtering gas used is argon with gas flow rate of up 

to 50 sccm. Oxygen and nitrogen can be used as the operating gas with a gas flow rate 

of up to 20 sccm. 
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Figure 3.2 Schematic of the sputter system 

 

3.1.3 Thermal Evaporation  

Deposition using thermal evaporation is achieved by heating up the desired 

material to be deposited to a high enough temperature in a vacuum chamber until the 

material vaporizes. The material vapours finally condense onto the cold surface of the 

substrate and also onto the vacuum chamber walls. This process is usually performed 

at a low pressure of <10-5 Torr to avoid reaction between the vapours and the 

atmosphere. The dimension of the vacuum chamber is usually designed according to 

the same order of the mean free path of the vapour atoms, so that these particles will 

travel in straight lines from the evaporation source towards the substrate. After many 

cycles of evaporation and condensation, a thin layer of the desired material is formed 

on the substrate.[189]  

 

The thermal evaporator used in this work is the Edwards Auto 306 Thermal 

Evaporator which consists of two thermal evaporation sources. This technique is used 

to deposit Ti/Au, Cr/Au or aluminum onto the deposited film sample through a 

shadow mask to form the metallic electrode of the devices being tested. 
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3.1.4 Electron-Beam Evaporation 

In this work, the Denton Explorer Thin Film electron-beam deposition system, 

as shown in Figure 3.3 and consisting of 6 crucible sources, is used for various metal 

depositions. The material sources currently used are chromium, silver, gold, nickel, 

titanium and germanium.  

 

Figure 3.3 Electron beam thin film deposition system 

For evaporation to occur, the substrate and source material (pellet form) are 

first brought to a very low pressure in the range of at least 5 x 10-5 Torr. At this low 

pressure, an electron beam is focused onto the crucible containing the source material 

until the material begins to evaporate. As the material in the crucible evaporates, its 

vapours will begin to coat the substrate. The substrate is cooled by a chiller and the 

temperature of the substrate is maintained at about 30 °C throughout the process. The 

base pressure of this chamber can be pumped down to 2 x 10-7 Torr. There are also 

two shutters in the system: one shutter is at the source material side and functions to 
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block the electron beam from hitting the deposition material until the system is ready 

for the deposition; the other shutter is at the substrate side to block the unwanted 

vaporized materials until a steady evaporation rate is achieved. This system is 

equipped with a quartz crystal monitor to accurately display the thickness and rate of 

the deposition. The thickness of material deposited has been calibrated using atomic 

force microscopy and the error is less than 10 %. 

 

3.2 Thin Film Characterization 

Various measurement techniques were utilized for the characterization of the 

thin films and devices fabricated. In this section, the techniques used for electrical, 

optical, structural, compositional and surface characterization are elaborated. 

 

3.2.1 Electrical Characterization 

For electrical characterization, the Hall effect, current-voltage (IV) and 

capacitance–voltage (CV) measurements of the films, as well as devices, were carried 

out. In the following sections, these techniques are briefly elaborated. 

 

3.2.1.1 Hall Effect 

Resistivity (ρ), Hall mobility (µ) and carrier concentration (n) of the thin films 

were characterized with room temperature Hall effect measurements using a standard 

van der Pauw method, which is a four-point probe technique.[190] Figure 3.4 shows 

the setup of the resistivity measurement. The current source (I12) is applied to contacts 

1 and 2 and the voltage (V43) across contacts 3 and 4 is measured. Then, the current 

source (I14) is applied to contacts 1 and 4 and the voltage (V23) across contacts 2 and 3 

is measured. The resistivity (ρ) is obtained using equation (3.1) as follows:  
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where d is the thickness of the active layer, F is the correction factor and Q is the 

symmetry factor. If the thickness of the active layer is unknown, the sheet resistivity 

(Rs) can defined as Rs = ρ/d (see equation (2.2)) with units of Ω.□-1. 

 
Figure 3.4 Resistivity measurement in Hall effect setup 

 

To measure the carrier concentration and mobility, the Hall effect setup used 

is shown in Figure 3.5. A constant current I is applied across the two non-adjacent 

contacts with a magnetic field applied perpendicular to the sample surface. The 

difference between the potential is measured at the remaining two contacts.  

 
Figure 3.5 Carrier concentration and mobility measurements in Hall effect setup 
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By balancing the magnetic and electrostatic forces acting on a mobile charge 

as follows [191] 

[ ] 0=×+= BEqF υ      (3.2) 

Equation (3.2) can be rewritten as 

BqEq ... υ=      (3.3) 
 

where E is the electric field along the plane, B is the magnetic field perpendicular to 

the sample, ν is the carrier velocity and q is the electron charge The induced electrical 

field along the plane is called the Hall field. The Hall field produces a voltage across 

the sample which is called the Hall voltage (VH). 

 

  After obtaining ν from equation (3.3), the current I can be expressed as  

ν.... WdNqI =       (3.4)  

where N is the carrier density, d is the thickness of the film, W is the separation 

between the two contacts. Equation (3.4) assumes a constant carrier distribution and 

velocity through the film layer which is assumed to be isotropic. In a real sample, the 

contacts arrangement is chosen such that the current I is perpendicular to the electric 

field E and magnetic field B. Having measured the current I and ν, the sheet Hall 

coefficient (RH) can be expressed as 

H
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dNq
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...

1
 (m3/C)    (3.5) 

where VH is the Hall voltage and d is the thickness of the film. 

 

When the thickness of the film is unknown, the sheet Hall coefficient can be 

defined as: 
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The bulk carrier density Nb is then obtained using equation (3.7) as follows: 
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The hall mobility is calculated using the sheet Hall coefficient divided by the 

sheet resistivity. The Hall effect can be used to determine whether the sample is 

p-type or n-type according to the polarity of the Hall voltage. The contact points on 

the thin films were patterned either by evaporation through a shadow mask, direct 

soldering of contacts or directly pressed onto the film surface. These contact points 

were attached to the outermost corner of the square samples to obtain the best 

results.[192-195] The Hall measurement is performed using a Bio-rad HL5500PC Hall 

Effect Measurement System ,which is capable of measuring sheet resistivity up to a 

few MΩ.□-1. The magnetic field used was 0.32 T and the current bias was 0.1 mA.The 

resistivity of the film can be calculated by multiplying the known thickness of the film 

measured by atomic force microscopy. 

 

3.2.1.2 Current-Voltage Analysis 

Current–voltage (IV) characterizations are performed using the Keithley 236 

source measure unit and HP 4140B pA meter/DC voltage source. The solar simulator 

Air Mass (AM) 1.5 is used in the work and it is installed in a dark enclosure. The 

lamp is first warmed up for 20 minutes (min) before measurements are performed. 

During measurements, the samples is placed in an enclosure for the dark measurement 

while in the light measurement, the samples are illuminated for about 1 min for it to 

reach saturation. 
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The electrical characterization performed for the transistor measurement work 

was performed using the HP 4285A precision LCR meter and HP 4156C parameter 

analyzer. The contact electrode for the source/drain is Ti (5 nm)/Au (100 nm), which 

is obtained by evaporation.  

 

3.2.2 Optical Characterization 

Optical transparency is a crucial parameter for a transparent conducting oxide. 

Therefore, it is essential to study the optical properties using various optical 

equipment. 

 

3.2.2.1 UV-VIS-NIR Spectrophotometery 

Spectrophotometery involves the quantitative measurement of transmission 

properties and light absorption by a sample as a function of wavelength. UV-VIS-NIR 

spectrophotometers are able to measure the absorption of light in the near ultraviolet 

(UV) region (200 – 400 nm), the visible range (400 – 700 nm) as well as the near 

infrared (IR) region (700 to 3300 nm).  

Optical transmission of the thin films was recorded using the double beam, 

double monochromators design Perkin-Elmer Lambda 750 UV-VIS-NIR 

spectrophotometer in the wavelength range of 190 to 3300 nm.[196] The system uses 

deuterium and tungsten halogen light sources. The scanning operation is chosen to use 

the auto-sampling mode which will optimize the slit width at different wavelength 

ranges. In the experiments, a wavelength interval of 1 nm was used. A baseline was 

first recorded in order to synchronise the two beams. During the measurements, the 

spectrum was adjusted for baseline absorption in a single measurement, where the 

film sample was placed in the path of the measuring beam, and a blank reference 
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substrate in the path of the reference beam. The resulting signal directly records the 

difference between the sample and the baseline, thus obtaining the spectrum of the 

film itself. 

 

Optical reflectance was measured using the Craic QDI 2010 UV-Visible-NIR 

range micro-spectrophotometer in the wavelength range of 200 nm to 1700 nm.[197] 

The measured area can be selected using different apertures for square area sizes with 

sides of 1.8 to 31 µm. In the experiments, a reference scan is performed on a reference 

sample, then the actual sample is scanned. The resulting signal shown is the 

difference between the sample and the reference sample. For the reflectance 

measurement, absolute reflectance can be obtained using the built-in gold reference. 

 

3.2.2.2 Variable Angle Spectroscopic Ellipsometery (VASE) 

VASE is an optical characterization technique which can be used to determine 

the thickness of thin film and optical constants.[198] It is a non-destructive technique 

that uses a model-fit method to analyze the measured data and determine the optical 

properties of the films. The spectral range of the VASE used is 190 to 1700 nm, with 

absorption band around 1340 − 1450 nm which cannot be used in this spectral region.  

 

The VASE uses a monochromatic light source and measures the change in 

polarization state of light reflected from (or transmitted through) the surface of a 

sample. The measured values are expressed as psi (Ψ) and delta (∆), whereby the 

values are related to the ratio of Fresnel reflection coefficients (ρop), pR
~

and sR
~

, for the 

p-polarized and s-polarized light respectively as shown in equation (3.8) as follows:  
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∆== i

s

p

op e
R

R
)tan(ψρ     (3.8) 

As ellipsometry does not measure the absolute intensity of the light reflected, but 

rather the ratio of these two values, therefore, it is more accurate than intensity 

reflectance. For ellipsometry to work best, the thickness of the film should not be too 

much smaller or larger than the wavelength of the light used in the measurement. 

Surface roughness of the sample should be less than ~10 % of the probe beam 

wavelength for ellipsometry to be valid. Variable angle of incidence allows 

measurements at multiple angles, which can be used to optimize measurement 

sensitivity to unknown parameters 

 

In this work, the optical constants of AZO and ITO films were measured using 

VASE. Ellipsometry measurements were carried out at room temperature at three 

different angles of 65°, 70° and 75° in the wavelength range of 270 to 1700 nm using 

a computer-controlled Woollam variable angle spectroscopic ellipsometer as shown in 

Figure 3.6. The experimented data acquired at different angles were fitted using 

models simultaneously to minimize instrumental errors. 
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Figure 3.6 Variable angle spectroscopic ellipsometer 

 

3.2.3 Structural and Composition Characterization  

Structural characterization of the thin films was performed using a general 

area detector X-ray-diffraction (XRD) system (GADDS) equipped with Cu Kα 

radiation. The monochromatic X-ray beam generated from the Cu X-ray tube was 

focused with a flat graphite monochromator to obtain the single Kα beam wavelength 

of 1.5418Å. A double pin-hole collimator was used to control the beam size and 

divergence. The D8 goniometer was installed in a horizontal θ-2θ geometry with 

driving step size of 0.001o. The XRD system uses a HI-STAR area detector which 

consists of a two-dimensional multi-wire proportional counter.[199] 

 

Microstructure observation was carried out using the JEOL 2100 (LaB6) 

transmission electron microscope (TEM) with scanning TEM (STEM) and energy 

dispersive X-ray (EDX) analysis. The maximum acceleration voltage is 200 kV with 
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point-to-point resolution of 0.10 nm. Diffraction patterns can be imaged to determine 

the crystalline nature of the samples. 

 

3.2.4 Electronic Property Characterization 

 X-ray photoelectron spectroscopy (XPS) was performed using a VG ESCA 

LAB-220i XL XPS with a monochromatic Al Kα (1486.6 eV) X-ray source. Survey 

spectra were recorded with a pass energy of 100 eV and a step width of 1 eV. The 

valence band maximum high-resolution spectra were recorded with a pass energy of 

20 eV and step width of 0.1 eV. The XPS instrument is also able to produce elemental 

mapping with a spatial resolution of 20 to 50 µm, depending on the element to be 

mapped. The measured results were fitted using Shirley-type background subtraction 

peak-fitting provided by the Thermo Avantage software. 

 

3.2.5 Surface Morphology Characterization 

The morphology and thickness of the thin films were measured using a multi 

mode scanning probe microscope (Veeco Digital Instruments), capable of performing 

a full range of atomic force microscopy (AFM) and scanning tunneling microscopy. 

In this work, the tapping mode AFM is employed using silicon cantilevers at room 

temperature. All AFM images were taken on a scanned size of 1 µm × 1 µm and the 

root-mean-square (rms) roughness was calculated using the AFM software.  

 

Scanning Electron Microscopy (SEM) surface analysis was carried out with a 

JEOL JSM-6700F field emission SEM with 1 nm resolution at an acceleration voltage 

of 15 kV and 2.2 nm resolution at an acceleration voltage of 1 kV. The magnification 

of the SEM used can be up to 650,000 times. The images shown in this work are 
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obtained using the secondary electron image (SEI) mode. The sample is contacted 

using carbon tape and copper tape. The system is capable of imaging the topography 

by secondary electrons and backscattered electrons. It is also equipped with an 

Oxford/LINK EDS (Energy Dispersive X-ray Spectrometer) for elemental 

composition on a sample surface.  
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Chapter 4 Gallium-Doped Zinc Oxide (GZO) 

 

One of the reasons that transparent conducting oxides (TCOs) has been 

heavily researched on is the potential to realise fully transparent electronics using low 

cost materials. In order to obtain fully transparent electronics, a high quality 

transparent electrode is essential. In this work, Group III-doped zinc oxide (ZnO) thin 

films were investigated as an alternative to replace the widely used indium tin oxide 

(ITO) material. Ga-doped ZnO (GZO) was explored in this chapter as GZO fulfils the 

high transparency, low resistivity and low cost criteria. Single layers and 

metal/semiconductor multilayers of GZO thin films were also examined. 

 

4.1 Introduction 

Zinc oxide (ZnO) is a promising substitute for ITO since it is non-toxic, 

abundant, inexpensive and has a wide direct band gap (Eg) of ~3.4 eV with high 

transparency in the visible region. However, as compared to ITO, undoped ZnO has a 

higher resistivity. Controllable n-type doping enhancement can be achieved by 

substituting the Zn2+ ions with group III elements (electron doping).[200-202] Among 

the group III elements investigated, gallium (Ga) is attractive because Ga-O has 

similar ionic (0.76 Å vs. 0.88 Å) and covalent (1.26 Å vs. 1.31 Å) radii as compared 

to Zn-O.[67,90,94] This means that gallium-doped ZnO (GZO) can possibly be 

achieved without substantial ZnO lattice deformation.[200] Indeed, low resistivities of 

GZO are possible and improvements in the electrical properties of devices employing 

GZO as a TCO have also been demonstrated.[203-210] However, better transparency 

and reduced resistivities are shown only for higher temperature processed GZO thin 
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films.[202,203,211,212] As discussed, a low temperature process is typically required 

for organic electronics application and in this aspect, this has made the 

aforementioned higher temperature processed GZO less appealing. More 

investigations are also required, especially with regards to the transmission property 

of GZO. At room temperature, the oxygen pressure variation during film deposition 

can critically affect the electrical properties and influence the transmission property of 

the thin films.[14] Complications are also possible from structural changes occurring 

in the films with variations in the oxygen content and thus a detailed correlation with 

transparency is required.[213,214] It is important to understand the nature of these 

influences, especially to correlate growth conditions with the optical properties. More 

details about the influence of oxygen pressure on properties of the thin films are 

discussed in section 4.2. Since the solid solubility limit allows for the substitution of 

~2.7 % of the total Zn atoms by Ga, the key to better electrical properties may lie in a 

good understanding of the role of oxygen in this material system, especially for room 

temperature deposition.[215] Therefore, in this work, the effects of room temperature 

deposition under different oxygen growth pressures were examined carefully and the 

variations with elevated substrate temperatures were also investigated to discuss the 

contributing factors in affecting the transmission property of GZO thin films. 

 

Other than single-layer TCO (GZO) films, multilayer TCO film structures 

have held much interest for investigating both high conductivity and good optical 

properties in recent years. As mentioned in Section 1.1, single layer metals are not 

very stable in air and there is adhesion problem onto low cost glass substrates.[8] 

Hence, single ultra thin layer of thin metal as transparent oxide is not feasible. In 

addition, single layer TCO (GZO) does not give much control on the transparency in 
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the UV-VIS-NIR range. Therefore, multilayer TCO film structures are investigated 

for both high conductivity and good control of optical properties. Homogenous 

multilayers, such as Aluminum-doped zinc oxide multilayers, have been reported with 

electrical resistivity of ~7.08 × 10-3 Ω-cm and a high transmittance of over 80 % in 

the visible region.[216] In addition, oxide/metal/oxide multilayers have been 

investigated for improvement of conductivity, whereby the oxide used can be 

undoped and doped ZnO. Alford et al. have reported an undoped ZnO/Cu/ZnO 

multilayer structure with optimum resistivity of ~6.9 × 10−5 Ω-cm and with average 

transparency of ~70 % over the 400 to 800 nm wavelength range.[217] Lee et al. have 

reported an indium-doped zinc oxide (IZO)/Al/GZO/ZnO/glass multilayer structure 

with resistivity of ~2.2 × 10-3 Ω-cm and higher than 75 % transmission over the 400 

to 800 nm wavelength range.[218] Park et al. reported a GZO/silver (Ag)/GZO 

multilayer and compared the effect with and without 500 °C annealing; the 

unannealed sample yields a resistivity of ~5.53 × 10−5 Ω-cm with transmittance of 87 

% at 550 nm.[42] Cheng et al. demonstrated a GZO/Pt/GZO multilayer structure 

which showed that platinum (Pt) does improve the conductivity of the multilayer film. 

However, there is a drastic drop in transparency and also an increase in surface 

roughness as thickness of the Pt layer increases.[219] Valkoenen et. al. has studied the 

optical reflection and transmission of thin metal layers (Ag, Au, Cu and Al) at various 

thicknesses.[220] From their studies, among the various metals, thin Ag film has an 

advantage in optical property as other metals exhibit unwanted short wavelength 

absorption at a wavelength of < 500 nm for copper and gold. Although Aluminum 

does not exhibit unwanted short wavelength absorption in the visible range, it has 

absorption at ~800 nm. Copper gives a high solar transmittance but its optical 

property degrades over time when its surface oxidizes. Therefore, Ag has an 
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advantage among these metals and it is also more cost effective as compared to gold 

and platinum. Other than metals, semiconductor such as Germanium is also 

investigated. Saif Islam et. al. has reported that ultrasmooth silver thin film can be 

obtained by prior deposition of a Germanium seeding layer.[221] Hence, in this work, 

metal/TCO, TCO/metal/TCO, metal/Ge/TCO and TCO/metal/Ge/TCO multilayer 

structures are fabricated on glass. As most studies focused on the optical property 

only in the ultraviolet (UV) to visible (VIS) wavelength range, the optical 

transmission and reflectance in the near infrared (NIR) wavelength range are also 

investigated in this work. 

 

4.2 Gallium-Doped Zinc Oxide (GZO) Thin Films 

 
GZO thin films grown on borosilicate glass by PLD at various oxygen 

pressures and various substrate temperatures were investigated here. In the following 

sections, the growth parameters and results were discussed. 

 

4.2.1 Fabrication of GZO Thin Film 

 
GZO thin films were deposited on borosilicate glass by PLD using a ceramic 

ZnO/Ga2O3 (0.98:0.02) target (99.99% purity). The KrF excimer laser (248 nm 

wavelength and 25 ns pulse width) was operated at a repetition rate of 20 Hz and with 

a total energy of 300 mJ.  Borosilicate glass substrates were ultrasonically cleaned in 

both acetone and ethanol before being rinsed in deionized water. The substrates were 

then blown dry using compressed air before loading into the deposition chamber that 

was subsequently evacuated to a base pressure of the orders of ~10-8 Torr. The 

deposition duration was 30 minutes and the target-to-substrate distance was kept at 6 

cm. In the first series of experiments, the deposition was performed at room 
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temperature with varying oxygen pressure from 2 × 10-5 to 5 × 10-2 Torr. In the 

following experiments, the optimum oxygen pressure condition of the thin film 

samples was selected to investigate the effect of deposition temperature. During these 

tests, the heated samples are cooled down to room temperature in a similar oxygen 

ambience where they are deposited. This is to prevent annealing in a higher vacuum 

as it may have a desorption effect. 

 

 

4.2.2 Electrical Characterization 

 
The effects of varying the oxygen pressure on the electrical properties of the 

GZO films, achieved through PLD, are shown in Figure 4.1(a). There are three 

significant regimes that show different reactions to oxygen pressures. In the low 

oxygen pressure regime (10−6 to 10−4 Torr), a reduction in the electrical resistivity was 

observed despite almost similar carrier concentrations from 7.1 × 1020 to 8.2 × 1020 

cm−3. The smaller resistivity with increasing pressure above 10−6 Torr can be 

attributed to the increase in carrier mobility as shown in Figure 4.1(a). In this oxygen 

deficient environment, oxygen vacancies represent the most stable defect 

formation.[222] Although Zn antisites or Zn interstitials can also be present as donor 

type defects, their formation energies are higher than those of oxygen vacancies.[223] 

Therefore, for room temperature deposition, the oxygen vacancies in the grown films 

are typically deep-level donor defects.[224] This means that their absence or presence 

should not play a significant role in influencing the free-carrier concentration. 

However, a charged oxygen defect state can be present, with the 2+ state being more 

stable than the 1+ state; a consequence of the larger relaxation energy for the former 

charge state.[225,226] Since there is no significant change in the carrier 
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concentrations, but an improvement in the carrier mobility, this is consistent with the 

picture that increasing oxygen pressure removes deep-level oxygen vacancy charged 

defects (2+ state). The improved carrier mobility can thus be attributed to reduced 

ionized defect scattering centers in the bulk film although grain boundaries 

passivation by oxygen can also be a possible reason. A simple conversion of the 

carrier concentrations into atomic percentage shows that the thin films fabricated in 

this work consist of 2 ± 0.2% of Ga substituting for Zn in the GZO. This is in 

excellent agreement with the expected doping of Ga from the 2% doped target giving 

additional proof that Ga atoms occupy the substitution sites and that oxygen does not 

play a major role in affecting the free-carrier concentration in this regime. 
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Figure 4.1 Electrical resistivity (ρ), carrier concentration (n), and Hall mobility 
(µ) of the GZO films plotted as a function of (a) oxygen pressure, during deposition at 
room temperature, and  (b) substrate temperature 
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In the mid-oxygen pressure regime of 1 × 10−4 to 5 × 10−3 Torr, there is a 

slight decrease in both the carrier concentration and mobility with increasing oxygen 

pressure. In this regime, the aforementioned observation can be attributed to the 

formation of oxygen interstitials as they have low formation energies, especially in a 

higher oxidizing ambient.[227] Typically, oxygen interstitials can occupy the 

octahedral, tetrahedral, or the split interstitial sites.[222] When the octahedral sites are 

occupied, they tend to introduce states in the lower part of the band gap and these 

states can accept two electrons, therefore acting as compensation centers.[222] This 

can explain the decrease in the free carrier (electron) concentration with increasing 

oxygen pressure. As for oxygen interstitials occupying split sites (the tetrahedral site 

is unstable), the sharing of the lattice site with one of the nearest neighbours can 

produce a charge state of 1+.[228] The increase in ionized scattering through these 

defect centers then lowers the mobility of the conduction electrons.  

 

In the high oxygen partial pressure regime above 5 × 10−3 Torr, there is a 

drastic decrease in carrier mobility even though the overall carrier concentration 

remains roughly constant. This causes a large increase in the resistivity as observed in 

the plot in Figure 4.1(a). The decrease in carrier mobility at high oxygen pressure is 

quite commonly observed.[207,214] Although oxygen interstitials can similarly 

account for the reduced carrier mobility, such a drastic decrease observed in this work 

points to the presence of other influencing variations, such as ionized impurity 

scattering and grain boundary scattering. 

 

Figure 4.1(b) shows the electrical properties of the GZO films as a function of 

substrate temperature. As the substrate temperature increases from 30 to 500 oC, the 
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carrier concentration decreases but the carrier mobility increases as grain boundary 

scattering decreases, since the grain size is larger as seen later in the AFM plot of 

Figure 4.6(b). The overall effect is that the resistivity of the GZO remains 

approximately constant, at the same order of 10-4 Ω-cm, despite changes in the 

substrate temperature.  

 

4.2.3 Structural Characterization  

 
The XRD spectra in Figure 4.2(a) show the diffraction peaks of the GZO films 

obtained under different oxygen pressures at room temperature. Although only a 

single peak is obtained, the large area diffraction maps in Figures 4.2(b) to 4.2(d) 

show that the GZO films are not of single crystal. The films deposited at a low 

oxygen pressure regime show the hexagonal wurtzite structure as evidenced from the 

peak at 34.0°. This is close to but slightly smaller than the ZnO (002) diffraction peak 

at 34.42°.[229] This phenomenon can be attributed to the strong in-plane alignment 

and the close packing of the crystal grains in the material that gives a highly textured 

and strongly oriented thin film as can be observed in the large area diffraction map for 

the low pressure regime (1 × 10−6 Torr) shown. In the low and mid-oxygen pressure 

regimes, the diffraction peak remains at similar positions. However, at an oxygen 

pressure of ≥ 5 × 10−3 Torr, a shift is observed in the diffraction peak to 34.51° at 5 × 

10−2 Torr. The larger 2-θ angle can be associated with a decrease in the out-of-plane 

(c-axis) lattice constant of the same crystal structure. The diffraction peak is closer to 

the expected peak position of ZnO, thereby suggesting randomness in the in-plane 

alignment and thus a loss of the close packing phenomenon observed for lower 

oxygen pressures. This is also shown in the large area diffraction map by the loss of 

the preferred orientation diffraction when compared with the lower oxygen pressure 
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regime. Since no other diffraction peaks are observed with the accompanying peak 

shift, the film has remained highly oriented in the c-axis with a loss of alignment only 

in the in-plane configuration. This means that the presence of highly disordered 

rotation of the crystal grains of the ZnO forms additional grain boundaries with poorer 

passivation and interfaces. These are sources for significant grain boundary scattering 

that can explain the drastic decrease in the carrier mobility. The reason for the loss in 

alignment at higher oxygen pressure during the growth of ZnO can be attributed to a 

reduction in the diffusion path length for the adatoms. The adatoms, having a smaller 

diffusion path length at higher oxygen pressures, will have less time to adopt a 

preferred in-plane orientation. Understandably, this reduction in surface adatom 

mobility can also lead to rougher surfaces. This agrees with the increase in the root-

mean-square (rms) roughness at higher oxygen pressures as measured with the AFM 

and shown later in Figure 4.5. In addition, although multiple rotated grains are formed 

at these higher oxygen pressures, surface free energy still governs the c-axis growth 

and there is no observation of significant variations in the size of the crystal grains 

normal to the reflecting planes using the Scherrer’s formula: [230] 

θ
λ

cos

9.0

w

x
cg

B
t =       (4.1) 

where tcg is the average dimension of the crystallites normal to the reflecting planes, 

λx is wavelength of the X-ray, Bw is the width at the full-width at half-maximum 

(FWHM) of the observed peak. It should be noted that the calculated grain sizes (out-

of plane) range from 16.8 nm to 20.9 nm at the varying oxygen pressure while the 

AFM micrographs estimates similar lateral grain sizes of ~25 nm. The above 

structural evolution can then explain the significant loss in carrier mobility through 

grain boundary scattering even with similar carrier concentrations measured. 

Columnar polycrystalline grain growth is observed in this work as shown from the 
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TEM micrograph in Figure 4.3(a) of GZO films deposited at room temperature 

(oxygen pressure of 1 × 10-4 Torr). However, since the selected area diffraction 

(SAD) (Figure 4.3(b)) and XRD do not show the presence of other diffraction planes, 

the columnar grains are highly oriented.  
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Figure 4.2 (a) X-ray diffraction spectra of GZO thin films on borosilicate glass 
deposited at room temperature with various oxygen pressures (unit is in Torr). The 
images below are the large area diffraction maps for the indicated oxygen pressure at 
(b) 1 × 10-6 Torr, (c) 5 × 10-3 Torr and (d) 5 × 10-2 Torr 
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Figure 4.3  (a) Cross-section TEM images of GZO films deposited at room 
temperature (oxygen pressure of 1×10-4 Torr). (b) TEM image at a higher 
magnification showing the columnar grains. The inset in (b) is the selected area 
electron diffraction pattern of the sample 

 
 

Figure 4.4 shows the XRD spectra of GZO deposited at various substrate 

temperatures of 30 °C, 300 °C and 500 °C. The inset is the large area diffraction map 

for the GZO sample deposited at 500 °C. In the case of varying substrate temperature, 

as the growth temperature increased from room temperature to 500 oC, the FWHM 

values decreased from 0.53o to 0.38o. This shows that higher growth temperature can 

improve the crystallinity of GZO as the small crystallites come together to form larger 

crystallites, thus forming less grain boundaries, as seen later in the AFM result in 

Figure 4.6(b), and an increase in the carrier mobility as seen in Figure 4.1(b). These 

results are similar to that reported by Park et al. whereby GZO is deposited on quartz 

and Hirata et al. whereby GZO is deposited on glass.[231,232] 
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Figure 4.4  X-ray diffraction spectra of GZO thin films on borosilicate glass 
deposited at 1 × 10-4 Torr and at various substrate temperatures of 30 °C, 300 °C and 
500 °C.  The inset is the large area diffraction map for the GZO sample deposited at 
500 °C 
 
 

4.2.4 Surface Morphology  

 
The thickness, surface morphology and root mean square (rms) roughness of 

the various GZO films obtained in this experiment were investigated by AFM, SEM 

and cross-sectional TEM. The root-mean-square (rms) roughness of the GZO films 

obtained at various oxygen pressures is shown in Figure 4.5. For GZO deposited at 

low oxygen pressure, the surface is observed to be relatively flat, with rms roughness 

of less than 1 nm while at higher oxygen partial pressures above 10 mTorr, the rms 

roughness is greater than 1 nm. Figure 4.6 shows the AFM image of a GZO film 
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deposited at 1 x 10-4 Torr at (a) room temperature (30 oC) and (b) 500 oC. The rms 

roughness and grain size of GZO deposited at 30 oC are found to be 0.53 nm and 

~20 nm in diameter respectively. The AFM measured grain size is close to the 

calculated grain size of ~18 nm obtained from the XRD data. The differences in the 

surface roughness for GZO films grown at different oxygen pressures can be 

attributed to the change in kinetic energy of atoms in the plasma plume at different 

oxygen pressures. At low oxygen pressure, the collisions between atoms in the plasma 

plume may be weak; hence surface adatoms have high kinetic energy, giving a flatter 

surface. At higher oxygen pressure, the surface mobility of the adatoms is greatly 

reduced due to excess oxygen, resulting in a film with higher roughness.[233,234] As 

the substrate temperature increases, an increasing trend in rms roughness is observed. 

Park et al. also reported a similar trend in rms roughness with increasing substrate 

temperature.[207]  Based on the AFM results, the surface roughness of the GZO films 

depends more on the variation in oxygen pressure than on the substrate temperature 

whereas the grain size of GZO depends more on the variation in substrate 

temperature. Figure 4.7 shows the SEM image of a GZO film that was deposited at 

room temperature and an oxygen pressure of 1×10-4 Torr. This shows that the GZO 

thin film deposited at room temperature has a smooth surface and free of voids. 
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Figure 4.5 AFM rms roughness of the room temperature deposited GZO film 
plotted as a function of oxygen pressure 

 
 
 

 

 
 

Figure 4.6 AFM image of the GZO film deposited at (a) room temperature and (b) 
500 °C; both at an oxygen pressure of 1×10-4 Torr . The size of scanned area in both 
plots is 1 µm × 1 µm respectively 
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Figure 4.7 SEM image of a GZO film deposited at room temperature and at an 
oxygen pressure of 1×10-4 Torr 
 
 

4.2.5 Optical Characterization  

 
For TCOs, high transmittance in the desired spectral region is a crucial 

requirement. In this section, a method to better examine the transparency of the 

deposited thin films is introduced. In doing so, it provides a better quantification for 

the transparency of the thin film material. The quantification of transparency varies 

from different reports and there are no standards in reporting and hence comparing 

them. The most conventional representation gives an average transmission percentage 

over the visible region while some reports just use the highest transmission 

figure.[211,235-237] Recently, an index that can be used as a figure of merit was 
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proposed by our research group.[238] This index is simply a measure of how 

transparent the thin film is either relatively (with competing materials such as glass, 

ITO or even different processing conditions) or absolutely (simply compared against 

perfect transmission). The index can thus be meaningfully defined for comparisons 

between different structures. In the straight-forward scenario, for instance the use of 

transparent conducting electrodes in devices such as light emitting diodes, 

quantification of transmission is required only in the visible region or at a certain 

narrow range of wavelengths. In this case, an absolute index against perfect 

transmission will simply reflect the total measured transmission across the required 

spectrum and meaningful comparisons can be made across different samples. More 

considerations are needed if the transparent electrode is to be used for photovoltaic 

device applications. Not only should the transmission be considered across a larger 

range of wavelengths, it is also important to factor in the intensity distribution of the 

solar spectrum. One way to accomplish the above is to examine the total transmitted 

intensity of an Air Mass (AM) 1.5 spectrum as our group have previously proposed. 

[239] In this way, the transmitted intensity of the AM 1.5 incident spectrum by the 

TCO can be computed and meaningful comparison of transparency for use in 

photovoltaics can then be achieved. The average transparency index for photovoltaic 

application can be computed as follows: 
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                                             (4.2) 

where nΓ (%) is the measured transmittance at the wavelength n (nm) and nΙ  is the 

intensity of the spectrum with a unit of Wm-2nm-1(as from ref. [239]). Equation (4.2) 

is a discretized representation and only wavelengths up to 1700 nm are considered. 
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Theoretically, continuous integration over the entire spectrum gives the technically 

precise index but for practical purposes, the above representation is more than 

sufficient. The computed index will be very useful to show the absolute fraction of the 

solar spectrum transmitted. This is much better than just an average figure for 

transmission since performance of the transparency is proportionally represented in 

different regions of the spectrum according to the power density.  Factoring in ‘dips’, 

such as water absorption in the solar spectrum, is also useful in giving a more realistic 

and practical representation of the overall transparency of the electrode. The proposed 

index is demonstrated to show how it can be useful for comparing different regions of 

the spectra depending on the choice of summation.  

 

For comparing samples with drastically different thickness, a normalized 

index TIN is introduced here that is important for factoring in changes of the 

absorption due to changes in thicknesses and equation (4.2) can be modified as 

follows: 
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       (4.3) 

where x  is an arbitrary choice of normalization film thickness suitable for the specific 

application (for example, x  = 200 nm), d is the actual thickness of the film in the 

transmittance measurement and nα  is the absorption coefficient at the particular 

wavelength. The derivation of equation (4.3) assumes that the reflection of the thin 

film is identical for samples of different thickness and this condition is usually 

fulfilled. In this work, although the thicknesses of the films fabricated here do not 

vary greatly, equation (4.3) has been used to give a more accurate transparency index. 
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The normalization thickness of 200 nm was used and the absorption coefficient was 

obtained from the transmittance at different wavelengths. 

 

A summary of the computed normalized transparency index for the thin films 

measured in this work is shown in Figure 4.8. Correlation was made between the 

optical data and the resistivity (obtained from section 4.2.2) for the room temperature 

samples in Figure 4.8. As a reference, the deposited undoped ZnO thin film 

(resistivity of 1.2 × 10-2 Ω-cm) results in a transparency index of 0.87. As mentioned, 

the index is a fair figure of merit representing the fraction of the total solar spectrum 

power intensity, over the wavelength range of 280 to 1700 nm, transmitted through 

the thin film (normalized for the 200 nm film thickness in this case). It can be seen 

that the normalized transparency index first increases with increasing oxygen 

pressure. It peaks at an oxygen pressure of 10-2 Torr and decreases at higher oxygen 

pressures. It is important to note that above an oxygen pressure of 10-4 Torr, the 

increase in transparency comes at the expense of higher film resistivity. Using the 

values obtained from equation (4.3), the resulting data were carefully analyzed on 

how the different oxygen pressures affect the transparency.  
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Figure 4.8 Normalized transparency index of GZO (solid square symbol) as a 
function of oxygen pressure for deposition at room temperature. Also included are the 
transparency index for GZO films deposited at higher substrate temperatures at an 
oxygen pressure of 1×10-4 Torr. The resistivity (ρ) of the films (solid circle symbol) is 
also shown for easy comparison 
 
 
 
 

The absolute transmitted intensity spectra for films deposited at different 

representative oxygen pressures is shown in Figures 4.9(a) and 4.9(b), with three 

important ranges (A, B and C) of wavelengths indicated. Figures 4.9(a) and 4.9(b) 

show that with increasing oxygen pressure from low (10-6 Torr) to mid pressure (10-4 

Torr), there is an appreciable increase in transmittance in the visible wavelength range 

(range B in Figure 4.9(a)). Previously, it was also shown in Figure 4.1(a) that for 

oxygen pressures from 10-6 to 10-4 Torr, the carrier concentration of the GZO is not 

greatly affected even though the carrier mobility is increasing. This shows that the 

increase in transmittance in the visible region can be attributed to removal of deep 
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level oxygen defects as mentioned previously in section 4.2.2. This allows for 

improvements in the carrier mobility without significant variations in the carrier 

concentration and is consistent with the defect transition levels in the optical range 

from 490 to 515 nm.[240,241] The higher transparency indices for the higher oxygen 

pressure regime actually result from improved transmission in the near and far 

infrared regimes due to a reduction in free-carrier absorption. This agrees with the 

formation of oxygen interstitials at higher oxygen pressures as discussed previously. 

This analysis also notes that the measured carrier mobility shows no distinct 

relationship with the carrier concentration, showing little influence by carrier–carrier 

scattering, at least in the free-carrier concentration range of 1020 to 1021 cm−3. This 

result again shows emphasis on the importance of considering ionized defects and 

grain boundary scattering in limiting the carrier mobility in TCOs.  

 

Figure 4.8 also shows the transparency of samples deposited at a substrate 

temperature of 500 °C at an oxygen pressure of 10-4 Torr. A better transparency is 

obtained without any drastic changes in the overall resistivity. The transmittance in 

Figure 4.9(a) shows even better transmitted intensity and with the increase in the 

carrier mobility, this suggests the possible role of both bulk and boundary defects. 

From the AFM results (Figure 4.6(b)) in section 4.2.4, the significant growth in grain 

sizes can be clearly seen with the increase in deposition substrate temperature. The 

increase in grain sizes can serve to reduce grain boundary defects and this therefore 

adds to the improvement in transparency in the optical region.  
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Figure 4.9 Absolute transmitted intensity of the solar spectrum for GZO films 
deposited at the indicated oxygen pressures and also with the film deposited at 500°C 
at an oxygen pressure of 1×10-4 Torr for the wavelength ranging from (a) 300nm to 
950nm and (b) 950nm to 1700nm. The actual AM 1.5 spectrum together with the 
transmitted intensity of the undoped ZnO is included in the plot for reference. The 
plot is a representation of the total transmitted intensity through the TCO from solar 
irradiation. The plots are subdivided into regions A, B and C according to the 
wavelength range 
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In the infrared regime shown as range C in Figure 4.9(b), the highly conductive doped 

ZnO generally has a lower transmittance due to free-carrier absorption. This can 

explain the increasing trend of higher transparency index for the samples deposited at 

oxygen pressures above 10-4 Torr as they generally have a lower free-carrier 

concentration due to compensational effects from the oxygen interstitials which was 

mentioned in section 4.2.2. This explanation agrees well with the increase in 

resistivity with improvements in the transparency at higher oxygen pressures. Part of 

the contribution to the increase of the overall transparency index can be seen over 

range A in Figure 4.9(a). This can be directly related to the variations in the bandgap 

of the GZO thin films. First, the band gap effect was observed if the variations at 

different pressures or temperatures are predominantly due to the Burstein-Moss effect. 

The absorption coefficient was computed from the Beer-Lambert’s attenuation 

equation using film thickness measured from the AFM and cross-sectional TEM.[242] 

The optical band gap (Eg) are calculated based on the method mentioned in section 

2.1.4. The obtained spectrum for the onset of transmission is plotted in Figures 

4.10(a) and 4.10(b) while the insets in both figures show the general relationship of Eg 

with the varying oxygen pressure and substrate temperature. The measured optical Eg 

ranges from ~3.49 to 3.77 eV over the range of oxygen pressure shown in the inset of 

Figure 4.10(a) while the measured optical Eg, over different substrate temperatures, 

ranges from ~3.63 to 3.74 eV (inset in Figure 4.10(b)).  
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Figure 4.10 Plot of (αE)2 as a function of photon energy for films deposited at 
different (a) oxygen pressures (room temperature) and (b) substrate temperatures 
(oxygen pressure of 1×10-4 Torr). The insets in (a) and (b) show the trend of the band 
gap values, measured from the linear extrapolation of the plot, against the oxygen 
pressure and substrate temperature respectively 
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If the Burstein-Moss effect is dominant, a plot of the change in Eg as a function of the 

2/3 power of carrier concentration should show an approximate linear relationship. 

This is because according to the Burstein-Moss relationship, red shifts in the 

absorption edge, and thereby shifts in the band gap are related to the carrier 

concentration as shown in equation (2.18). Figure 4.11 demonstrates the obtained 

relationship showing a reasonable correlation of the observed Eg measurements to 

carrier concentration.  However, it should be noted that structural effects such as 

changes in lattice constant, and hence strain, can affect the resultant band gap and this 

can be part of the reason for the lack of a better fit. The XRD peak shifts to higher 

2-theta values, while retaining the high orientation along the c-axis, is a sign of a 

change in the in-plane configuration and thus reflects a change in the lattice 

strain.[233] If this consideration is factored in, by omitting the data with big 

variations in the structural data (filled or solid circles in Figure 4.11), one can obtain a 

better straight line fit with reasonable effective mass showing the dominance of the 

Burstein-Moss effect. 

 

The above discussion shows three dominant effects that influence the 

transparency of the thin film, namely the band gap, free-carrier absorption and 

defects. Since the aforementioned effects typically affect absorption at different 

wavelength regions, one can more clearly observe the role they play if one looks at 

the transparency index at different wavelength regimes. Figures 4.12(a), 4.12(b) and 

4.12(c) show the normalized transparency index in the UV, visible and infrared region 

plotted individually against Eg, oxygen pressure and carrier concentration 

respectively. It is useful to look at variations with the selected effect as this will allow 

one to disregard other changes and target directly at the original cause of the 
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transmittance changes. For example, different oxygen pressure or varying substrate 

temperature conditions can result in different carrier concentrations. A plot in the 

infrared range against the oxygen pressure may not give meaningful relationships 

since the free-carrier absorption is the dominant parameter that really changes the 

transparency index in this region. Therefore, by just examining the variations of 

transparency in the infrared range with carrier concentrations (across deposition 

conditions) as shown in Figure 4.12(c), a linear relationship was obtained in the log-

linear plot. The linearity is expected from the Drude free-carrier model whereby the 

slope in the plot is proportional to the scattering time of the free carriers.[243] 

 

 
 
Figure 4.11 Change in the optical band gap plotted against the 2/3 power of carrier 
concentration (n2/3). The solid circles are data from films grown at higher oxygen 
pressure that resulted in structural changes (relaxation) as observed from the XRD 
data 
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Figure 4.12 Plot of normalized transparency index as a function of (a) optical band 
gap in the UV range, (b) logarithmic scale of oxygen pressure in the visible range, and 
(c) logarithmic scale of carrier concentration in the infrared range. The linear 
relationships in (a) and (c) are from a best-fit function while the big arrow in (b) is 
included as a guide for the eye. The index values for (b) and (c) are indicated by the 
axis on the right 
 

Similarly, in Figure 4.12(a), the increase in the transparency index in the UV 

range is shown to follow well with changes in the optical band gap. The plot also 

shows that the transparency index in the UV range is generally low and this is 

expected given the band gap property of ZnO.  

 

In the visible range shown in Figure 4.12(b), the use of the transparency index 

clearly demonstrates the effects of different oxygen pressure and the role which the 

defects play. At lower oxygen pressures, the transparency index increases with larger 

oxygen pressure and this agrees with the analysis of passivation of bulk or boundary 
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defects. The transparency index, however, saturates to values of ~0.9 at oxygen 

pressures greater than 10-3 Torr as shown in Figure 4.12(b). This can thus be 

understood that the visible transparency is not improved with higher oxygen pressures 

and the increase in the overall transparency index as shown in Figure 4.8 is due to 

variations of the free carrier absorption in the infrared region as discussed. Values of 

~0.9 for GZO probably represent the maximum achievable transparency at the 

selected normalization thickness for the room temperature deposited thin films. 

Understandably, this figure of merit can be higher with a thinner GZO and vice versa. 

The normalized index is thus extremely useful to extrapolate any experimentally 

measured values to different desired thickness (with requirement for different devices) 

for meaningful comparisons. Conversely, if a known transparency is demanded for a 

particular application, equation (4.3) can also be a good estimation of the thickness 

required at the selected deposition conditions. The use of the normalized transparency 

index is therefore a versatile standard and the above demonstrates how examination of 

different wavelength regions of the transparency index gives a much clearer picture of 

the influence of different parameters on the transmission. 

 

4.2.6 Concluding Remarks 

In summary, the optical and electrical properties of GZO thin films deposited 

by pulsed laser ablation at various oxygen pressures are discussed. The influence of 

oxygen pressure on the oxygen vacancy and interstitial is found to be dominant in the 

lower and mid-oxygen pressure regimes. At higher oxygen pressure, the effects on the 

in-plane orientation of the grains can explain for the variations in the carrier 

concentration and mobility. In understanding this, there is a balance between too 

much (oxygen interstitials) and too little (oxygen vacancies) oxygen during deposition 
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at room temperature. The important role of grain boundary scattering is demonstrated 

by samples deposited at higher oxygen pressures and this is affirmed by samples 

deposited at higher temperatures. A transparency index was also introduced in this 

work that takes into account the different intensity of the practical Air Mass (AM) 1.5 

solar spectrum. In doing so, an absolute value of the total transmitted solar spectrum 

that is normalized against film thickness can be accurately reflected in the index, 

making the normalized transparency index a versatile and useful standard for 

comparison. The normalized index was used in this work to examine the transparency 

at different wavelength regimes, which can clearly demonstrate the influence of 

oxygen pressure, carrier concentration and band gap changes. This allows for a clear 

understanding of factors that affect the transmittance of the thin film, which will be 

important for obtaining good quality transparent electrodes. In this work, for room 

temperature deposition, an excellent resistivity of ~3.9 × 10-4 Ω-cm in GZO was 

obtained with a transparency index of ~0.84 at an oxygen pressure of 1 × 10-4 Torr. 

This makes it a potential candidate for use as a transparent electrode material in 

plastic electronics or photovoltaic applications. 

 

4.3 Metal/GZO Single and Multilayers 

In the following sections, metal/GZO layers and GZO/metal/GZO layers were 

investigated. The effect of Ag thickness variation on the surface morphology, 

electrical and optical properties of indium-free Ag/GZO and GZO/Ag/GZO 

multilayers, under room temperature deposition condition, were compared. In 

addition, the effect of an additional germanium (Ge) buffer layer prior to the Ag layer 

deposition was also investigated in terms of surface morphology, electrical and optical 

properties. Transparent conductors are generally thin metal films or oxide films.[244] 
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However, single layer metals are highly conducting but they are neither highly 

transparent nor durable.[245]  TCOs are more durable and more transparent but their 

conductivity is slightly lower than thin metal films. TCOs generally exhibit resistivity 

of less than 10-3 Ω-cm and have an average transmittance exceeding 80% in the 

visible region, with ITO currently being the most commonly used TCO. [6,246,247] 

Due to the various issues affecting ITO as mentioned in section 1.2, there is an urgent 

need to seek alternative TCOs to replace ITO, with doped ZnO being a potential 

substitute. In addition to the previous section which concentrated on examining a 

single layer GZO thin film, the focus in this section is on metal/GZO single and 

multilayers and its optical transmission and reflectance in the near infrared (NIR) 

wavelength range. 

 

 

4.3.1 Fabrication of Metal/GZO Single and Multilayers 

GZO thin films were deposited on borosilicate glass by pulsed laser deposition 

(PLD) using a ceramic ZnO/Ga2O3 (0.98:0.02) target (99.99% purity). The optimized 

GZO of thickness ~77.4 nm is used as a base layer on the substrate. Details on the 

growth of optimized GZO layers are reported in section 4.2.1. In the first series of 

experiments, the Ag layer is deposited at a rate of 0.1 nm/s using electron beam 

(e-beam) evaporation technique at room temperature. Prior to deposition, the e-beam 

evaporation chamber is pumped down to at least 5 × 10-6 Torr. The thickness of the 

Ag layers is varied from 1 nm to 10 nm using a quartz crystal controller to monitor 

the thickness during the deposition process. The thickness of Ag has been calibrated 

previously and the error is less than 10%. For the multilayered samples, a subsequent 

GZO layer (~38.6 nm) is then deposited using PLD. In the second series of 
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experiments, a 0.5 nm Ge buffer layer is introduced prior to the Ag deposition in the 

same evaporation chamber using a deposition rate of ~0.1 nm/s. During all the 

evaporation process, the substrate holder is water-cooled to around 30°C to prevent 

possible annealing in a reducing atmosphere. In summary, there are four groups of 

samples in this work, namely Ag/GZO/bg, Ag/Ge/GZO/bg, GZO/Ag/GZO/bg and 

GZO/Ag/Ge/GZO/bg, where “bg” denotes borosilicate glass.   

 

4.3.2 Surface Morphology 

 
To investigate the surface morphology of the Ag layer deposited on GZO 

layer, AFM was performed on each sample. Figure 4.13 shows the AFM image of 

Ag/GZO and Ag/Ge/GZO multilayer, an uncoated GZO/glass is included for 

comparison. All the scanned images have a scanned area of 1 µm × 1 µm and a 

vertical height scale of 20 nm per division. It can be seen that for the case of Ag (1 

nm) in Figure 4.13(b), the surface is very hilly as the metallic layer might have 

aggregated, forming Ag islands.[236] As the thickness of the Ag layer increases (see 

Figures 4.13(d) and 4.13(f)), the film surface becomes smoother as a continuous Ag 

film forms; the root mean square roughness (r.m.s.) is also evidence of a smoother 

surface as shown in Figure 4.14 which is explained further below.  
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(a) GZO/glass 

 
(b) Ag(1 nm)/GZO/glass 

 
(c) Ag(1 nm)/Ge(0.5 nm)/GZO/glass 

 
(d) Ag(5 nm)/GZO/glass 

 
(e) Ag(5 nm)/Ge(0.5 nm)/GZO/glass 

 
(f) Ag(10 nm)/GZO/glass 

 
(g) Ag(10 nm)/Ge(0.5 nm)/GZO/glass 

 
Figure 4.13 AFM images of the metal/GZO multilayer film. (a) as-deposited 
GZO/glass, (b) Ag(1 nm)/ GZO/ glass, (c) Ag(1 nm)/ Ge(0.5 nm)/ GZO/ glass, (d) 
Ag(5 nm)/ GZO/ glass, (e) Ag(5 nm)/ Ge(0.5 nm)/ GZO/ glass , (f) Ag(10 nm)/ GZO/ 
glass and (g) Ag(10 nm)/ Ge(0.5 nm)/ GZO/ glass. The scanned area and vertical 
height scale in all images are 1 µm × 1 µm and 20 nm per division respectively 
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Figure 4.14 shows the plot of r.m.s roughness for Ag/GZO samples, with and 

without a Ge buffer layer (0.5 nm thickness), as a function of the thickness of the Ag 

layer. The blue line indicates the r.m.s. roughness of the uncoated reference 

GZO/glass at ~1.79 nm. With the addition of a Ge buffer layer, it is observed that the 

overall roughness for all thicknesses of silver decreases; the results agree with the 

findings in another study which reported that a Ge seed layer decreases the surface 

roughness of a subsequent metal layer.[248] It is to be noted that as the Ag thickness 

increases, the r.m.s roughness decreases as a continuous metallic Ag layer is usually 

smoother. Figure 4.15 shows the surface morphology of GZO/Ag/GZO and 

GZO/Ag/Ge/GZO multilayers. Similar to the metal/oxide samples, as the thickness of 

the Ag increases, the surface is smoother due to formation of a continuous Ag film. 
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Figure 4.14 Plot of root mean square roughness of Ag/GZO and Ag/Ge/GZO as a 
function of thickness of the Ag thin film. The root mean square of GZO/glass (i.e., 
GZO/bg) is shown for reference 
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(a) GZO/Ag(1nm)/GZO/glass 

 
(b) GZO/Ag(1nm)/Ge(0.5nm)GZO /glass 

 
(c) GZO/Ag(5nm)/GZO /glass 

 
(d) GZO/Ag(5nm)/Ge(0.5nm)GZO /glass 

 
(e) GZO/Ag(10nm)/GZO/glass  

 
(f) GZO/Ag(10nm)/Ge(0.5nm)GZO/glass 

 
 
Figure 4.15 AFM images of the GZO/metal/GZO multilayer film. (a) GZO/ 
Ag(1 nm)/ GZO/ glass, (b) GZO/ Ag(1 nm)/ Ge(0.5 nm)/ GZO/ glass, (c) GZO/ 
Ag(5 nm)/ GZO/ glass, (d) GZO/ Ag(5 nm)/ Ge(0.5 nm)/ GZO/ glass, (e) GZO/ 
Ag(10 nm)/ GZO/ glass, (f) GZO/ Ag(10 nm)/Ge (0.5 nm)/ GZO/ glass. The scanned 
area and vertical height scale in all images are 1 µm × 1 µm and 20 nm per division 
respectively 
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The r.m.s roughness also decreases for all samples with the inclusion of a Ge 

buffer layer (0.5 nm thickness) as seen in Figure 4.16. On the whole, the 

GZO/Ag/GZO/glass and GZO/Ag/Ge/GZO/glass multilayers have slightly higher 

r.m.s. roughness compared to the single layer uncoated GZO/glass. 
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Figure 4.16 Plot of root mean square roughness of GZO/Ag/GZO and 
GZO/Ag/Ge/GZO as a function of thickness of the Ag thin film 
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4.3.3 Electrical Characterization 

 
For the Ag/GZO films, as the thickness of the Ag layer increases, there is no 

significant improvement in the electrical resistivity, which is still of the order of 10-4 

Ω-cm that is similar to the as-deposited GZO/glass (i.e., the sample with zero 

thickness of Ag layer) as seen in Figure 4.17(a). The erratic change in carrier mobility 

and carrier concentration in the Ag/GZO films with increase in Ag layer thickness is 

likely attributed to the discontinuous Ag islands aggregated on the GZO. Figure 

4.17(b) shows the effect of the addition of a Ge buffer layer (0.5 nm thickness) on the 

electrical properties of the Ag/Ge/GZO films. The work function for Ag, Ge, ZnO and 

GZO are ~4.35 eV, ~4.75 eV, ~5.4 eV and ~4.23 eV respectively.[249-252] Hence, 

there is an ohmic contact at the metal oxide interface which accumulates majority 

carrier electrons in the GZO layer. At low Ag thickness (< 5 nm), the carrier mobility 

decreases as compared to an uncoated GZO film, implying that the Ag islands are 

acting as discontinuous scattering centers, thus reducing the carrier mobility. As the 

thickness of Ag increases, the layer becomes more and more continuous as evidenced 

by an increase in carrier concentration and mobility. Hence, when the thickness of Ag 

is greater than 5 nm, the resistivity starts to decrease, indicating that the thin Ge buffer 

layer indeed enhances the formation of a continuous Ag layer. For the Ag(10 

nm)/Ge/GZO/glass sample, there is one order improvement in the resistivity to ~8.1 × 

10-5 Ω-cm. This is in agreement as a thicker Ag layer will give a lower resistivity.[42]  
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Figure 4.17  Electrical resistivity (ρ), carrier concentration (n) and Hall mobility (µ) 
of the Ag/GZO films plotted as a function of Ag thickness layer for samples (a) 
without Ge buffer layer and (b) with Ge buffer layer 
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Figure 4.18(a) shows the electrical properties of the GZO/Ag/GZO films. As 

mentioned in Figure 4.17(a), there is no significant change in resistivity even for a 

thicker Ag layer as the Ag layer has yet to form a continuous film. However, due to 

the GZO top layer enveloping the Ag islands, a mixture layer of GZO and Ag is 

formed. Therefore, even at low Ag thickness, the carrier concentration is high. As the 

thickness of Ag increases, the roughness of this Ag layer also decreases. The GZO top 

layer is likely to cover the Ag layer more completely, leading to a decrease in carrier 

concentration. Comparing between the GZO/Ag/GZO and GZO/Ag/Ge/GZO films in 

Figure 4.18, there is also a half order improvement in the electrical resistivity. 
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Figure 4.18  Electrical resistivity (ρ), carrier concentration (n) and Hall mobility (µ) 
of the GZO/Ag/GZO films plotted as a function of the Ag layer thickness for samples 
(a) without Ge buffer layer and (b) with Ge buffer layer 
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4.3.4 Optical Characterization 

 
For TCOs, low resistivity usually is a tradeoff for high transparency. 

Therefore, it is necessary to examine the optical properties of the films. In this 

section, the optical properties of the films are examined in the ultraviolet-visible (UV-

Vis) and near infrared (NIR) ranges. Figure 4.19(a) shows the transmission spectra in 

the UV-Vis wavelength range for Ag/GZO and Ag/Ge/GZO multilayers. It is 

observed that with the addition of a thin (0.5 nm) Ge buffer layer, the transmission is 

generally higher at ~70 % compared to the Ag/GZO samples in the visible region 

using plain borosilicate glass substrate as a reference. At lower wavelengths close to 

UV, the transmission of the Ag/GZO films is mainly affected by light absorption due 

to the interband electronic transition.[244] Silver (Ag) is a metallic layer, so it will 

have a higher carrier concentration compared to Ge which is a semiconductor. 

Therefore, Ag/GZO has a much lower transmission in the visible region compared to 

Ag/Ge/GZO. For the Ag/Ge/GZO, as the thickness of Ag increases, the carrier 

concentration increases, leading to a slight decrease in transmission in the 

Ag(10 nm)/Ge/GZO sample as compared to the Ag(1 nm)/Ge/GZO sample. This is 

similar for the case for GZO/Ag/GZO and GZO/Ag/Ge/GZO multilayers as shown in 

Figure 4.19(b). Figure 4.20(a) shows the transmission spectra in the NIR region of 

Ag/GZO and Ag/Ge/GZO. The drastic drop in transmission in Ag/Ge/GZO as 

compared to Ag/GZO is associated with free carrier absorption, which corresponds to 

the increase in carrier concentration as seen in Figure 4.17(b), especially as the 

thickness of Ag layer increases. GZO/Ag/GZO films and GZO/Ag/Ge/GZO films also 

show a similar trend as shown in Figure 4.20(b). 
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Figure 4.19  Plot of transmission in the UV-Vis region as a function of wavelength 
for (a) various thicknesses of Ag in Ag/GZO/glass and Ag/Ge/GZO/glass and (b) 
various thickness of Ag in GZO/Ag/GZO/glass and GZO/Ag/Ge/GZO/glass 
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Figure 4.20  Plot of transmission in the NIR region as a function of wavelength for 
(a) various thicknesses of Ag in Ag/GZO/glass and Ag/Ge/GZO/glass and (b) various 
thicknesses of Ag in GZO/Ag/GZO/glass and GZO/Ag/Ge/GZO/glass 
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Figure 4.21 shows the relative reflectance of Ag/GZO and Ag/Ge/GZO films 

with respect to gold/glass. The artifact peak at around 1350-1450 nm is due to the OH 

absorbance from the measurement system. For the Ag/GZO film, when the r.m.s. 

roughness is higher, meaning it has more scattering, the relative reflectance of the 

film is lower as shown in the Figure 4.21. In addition, lower r.m.s roughness for a 

thicker Ag layer gives a higher reflectance in the visible and NIR range. The infrared 

(IR) reflective property of the film is related to the plasma frequency 2
pω  which has a 

relation as follows:[253]  

( )2**

2
2

/)1( µεε
ω

eeo

p

mqm

nq

−−
=

∞

       (4.4) 

where n is the carrier concentration, q is the electronic charge, εo is the permittivity of 

free space, ε∞ = 3.85 is the dielectric constant at very high frequency, *
em =0.38me, and 

µ is carrier mobility. As the thickness of Ag increases in the Ag/Ge/GZO films and 

GZO/Ag/Ge/GZO films, the carrier mobility and carrier concentration increases, 

leading to an improvement in the NIR reflectance, according to equation (4.4),  of the 

thin films as shown in Figures 4.21 and 4.22. This finding is in agreement with the 

results reported by Gong et al. [253] 
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Figure 4.21  Plot of reflectance in the UV-Vis-NIR region as a function of 
wavelength for various thicknesses of Ag in (a) Ag/GZO/glass and (b) 
Ag/Ge/GZO/glass 
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Figure 4.22  Plot of reflectance in the UV-Vis-NIR region as a function of 
wavelength for various thicknesses of Ag in (a) GZO/Ag/GZO/glass and (b) 
GZO/Ag/Ge/GZO/glass 
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4.3.5 Concluding Remarks 

 

High quality transparent conductive Ag/GZO, Ag/Ge/GZO, GZO/Ag/GZO 

and GZO/Ag/Ge/GZO thin films grown by pulsed laser deposition and e-beam 

evaporation on low cost borosilicate glass substrate were investigated as a function of 

thickness of Ag and the addition of a Ge buffer layer. With the addition of a thin (0.5 

nm) Ge buffer layer, the surface morphology of Ag/GZO and Ag/Ge/GZO films were 

improved with lower r.m.s. roughness value for all thicknesses of Ag. In addition, the 

electrical resistivity has also improved by one order for the Ag/Ge/GZO films and 

half an order for the GZO/Ag/Ge/GZO films. As the thickness of Ag increases in the 

Ag/Ge/GZO films and GZO/Ag/Ge/GZO films, the carrier mobility and carrier 

concentration increase, leading to an improvement in the NIR reflectance. 

Furthermore, with the addition of Ge buffer layer, there is an increase in transmission 

to ~70 % in the visible region and there is a drastic decrease in transmission in the 

NIR region due to free carrier absorption. 
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Chapter 5 Aluminum-doped zinc oxide (AZO) 

 

Among group III doped zinc oxides, besides GZO, aluminum-doped zinc 

oxide (AZO) is also another potential candidate for replacing ITO as mentioned in 

section 2.1. In this chapter, AZO deposited on low-cost borosilicate glass and flexible 

polyethylene terephthalate (PET) substrates were examined. Multilayers of AZO thin 

films were also investigated in terms of their electrical and optical properties. 

 

5.1 Introduction 

Transparent conducting oxides (TCOs) deposited on polymeric substrates are 

subjects of extensive research efforts to enable the development of electronic devices 

for applications in photovoltaics, displays, transistors and electrochromics on flexible 

substrates.[1,133,254-256] Indium tin oxide (ITO) is currently the most commonly 

used TCO in many applications of electronic and optical 

devices.[204,245,246,257,258] However, ITO films need a heat treatment of over 

300 °C to achieve the desired high transparency and low resistivity, making it difficult 

for applications using polymeric-based materials.[31,32] Therefore, there is an urgent 

need to seek alternative materials that can effectively substitute the use of ITO at 

lower process temperature to advance the development of electronic or optical devices 

on plastic substrates which is the future trend of electronics.[29,30,39-42] A lower 

process temperature also allows for potential usage of TCOs as the top electrode and 

even the middle electrode of the device, which greatly adds flexibility in the usage of 

TCOs in polymeric-based devices without possible device degradation due to heat 

treatment.[1,259] 
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The development of applications on polymer substrates has many advantages. 

A typical glass substrate suffers from being brittle, difficulty in deforming and being 

excessively heavy, especially for large area displays. Hence, glass is unsuitable for 

applications where flexibility, weight, and safety issues are important such as in touch 

screens, PDAs (personal digital assistants) and mobile phones. Development of 

transparent electrodes on flexible plastic substrates provides realistic solutions for a 

flexible, lightweight, robust and cost-effective starting substrate that can be of great 

importance to portable, large area or niche devices.[99] Moreover, TCO films on 

polymer substrates can inherit the numerous merits of the flexible substrates and be 

used in flexible electronic devices.[92,108] 

 

In the design of a transparent electrode on polymeric substrates using thin film 

technology, the film thickness of the TCO is of great importance since it is directly 

related to the strain that it can withstand. Hence, a thinner TCO results in greater 

flexibility since the critical radius of a thin film is proportional to the film thickness. 

[260] Unfortunately, it is generally reported that thinner TCOs results in films of 

lower conductivity.[107] Thus far, it is a challenge to produce thin oxide layers with 

suitably low resistivity. For example, the lowest resistivity reported for gallium-doped 

zinc oxide deposited on polyethylene terephthalate (PET) substrates at room 

temperature is ~7.8 × 10-4 Ω-cm but this is for a relatively thick 800 nm film.[40] 

However, in order to target smaller critical thicknesses, TCO of less than 100 nm 

thickness will be beneficial. At such a thickness range, the lowest resistivity is 

reported by Gadre et al. with a value of ~ 4 x 10-3 Ω-cm for a 85 nm thick indium 

gallium zinc oxide film on polyethylene naphthalate substrates, and this is only 

achievable after a 150°C post-deposition anneal.[261] The nature of the dependence 
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of resistivity, or even transparency, on film thickness is not widely reported and it is 

therefore important to conduct more investigations to understand the dependency. In 

this study, aluminum doped zinc oxide (AZO) thin films were deposited on 

polyethylene terephthalate (PET) and borosilicate glass substrates at room 

temperature using pulsed laser deposition (PLD) without any post high temperature 

process. The first part of the experiment was to examine the structural, optical and 

electrical properties of these films as a function of oxygen pressure to optimize the 

deposited film properties. At the optimized growth condition, the film thicknesses of 

the deposited AZO film on PET substrates were varied and the effects on resistivity 

and transparency were discussed. 

 

After examining the single AZO layers, multilayered sandwich structure of 

AZO were also examined. Unlike the multilayered structures mentioned in section 

4.3, the work in this section was focused on the repeated stack of multilayered 

sandwich with semiconductor/metal/semiconductor structure. Few works have been 

carried out on investigating the multilayer structure of similar 

semiconductor/metal/semiconductor sandwich structure.[42,217-219] Therefore, after 

examining the effect of TCO multilayers, with and without the Ag metal layer, and 

also the effect of the additional Ge layer in section 4.3, further examination on the 

electrical and optical properties of these repeated stack of AZO multilayer sandwich 

structures were carried out.  

 

5.2 Aluminum-Doped Zinc Oxide (AZO) Thin Films 
 

Room temperature deposited AZO thin films grown on PET and borosilicate 

glass by PLD at various oxygen pressures and various films thicknesses were 
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investigated here. In the following sections, the growth parameters and results were 

discussed. 

 

5.2.1 Fabrication of AZO Thin Films 

AZO thin were deposited on borosilicate glass and 125 µm thick polymeric 

PET substrates by the PLD technique using a ZnO:Al (1.5 wt.% Al2O3) ceramic target 

of purity 99.999%. The PLD uses a KrF excimer laser (wavelength λ = 248 nm and 

25 ns pulse width) operating at a repetition rate of 20 Hz with a total energy of 300 

mJ. The deposition chamber was subsequently evacuated to a base pressure of 1 x 

10−8 Torr. The target-substrate distance was maintained at 6 cm during the deposition 

while the oxygen pressure was varied from 2 x 10−5 to 1 x 10−2 Torr. The entire 

deposition process was performed at room temperature and typical thickness of the 

films was about 110 ± 10 nm. In the second part of the experiments, at a chosen 

oxygen pressure (which gives optimum results), the deposition processes was 

repeated for different duration to achieve different film thicknesses and investigation 

on its property dependence with respect to film thickness was performed. 

 

5.2.2 Structural Characterization 

Figure 5.1 shows the XRD spectrum of the AZO film on PET substrates 

obtained under various oxygen pressures and varying film thickness. The most 

prominent peak of these films is at 34.4° which corresponds to the ZnO (002) 

diffraction peak (ICDD ZnO pattern 00-036-1451), implying that the films are 

polycrystalline with a hexagonal wurtzite structure and highly oriented along the c-

axis.[103,229]  The absence of the crystal phases, such as metallic Zn and Al2O3 

phase and their compounds in the XRD spectra suggests Al atoms have substituted Zn 
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in the hexagonal lattice or Al ions may occupy the interstitial sites of ZnO. Using the 

Scherrer’s formula, the calculated grain sizes obtained ranges from 14.6 to 17.6 nm 

for the various oxygen pressures. A plot of the mobility and overall resistivity for the 

different calculated grain sizes in Figure 5.2 showed no clear trends. This shows that 

such small changes in grain sizes may not be significant in affecting the transport 

properties, and other scattering mechanism (besides grain size) is probably affecting 

the carrier mobility.  

 

As the thickness increases, the intensity of the peak is higher but there is no 

obvious peak shift (The peaks shown in the XRD spectrum for various thicknesses are 

not normalized). These results are similar to those reported by Hao et al. for AZO on 

propylene adipate (PPA) and polyisocyanate (PI) organic substrates.[262] For the 

small thickness of ~29 nm, there is a small peak of Al2O3 at 43.5° which corresponds 

to the Al2O3 (113) peak at 43.4°, perhaps this is reason of higher resistivity for the 

films as seen in the later section. The XRD peaks show the dominant ZnO (002) peak 

for all thicknesses, with a difference in intensity due to the differences in thickness. 

The full width at half maximum (FWHM) of the AZO films decreases as the film 

thickness increases, implying there is an improvement in the crystallinity. The grain 

size, as computed from the full width at half maximum (FWHM) of the observed 

peak, increases slightly from 12.2 nm to 16.8 nm with film thicknesses. A plot of the 

variation in mobility with grain size is shown in Figure 5.3. Unlike our previous 

observation at different oxygen pressures (shown again in Figure 5.3 for clarity), the 

trend of higher mobility for larger grain sizes can be observed for the case of different 

film thicknesses. Part of the reason may be that once the film growth is optimized in 

reducing defect related scattering, the effect of grain size can be more easily observed. 
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On closer examination, it is noted that the larger improvements in mobility is 

observed when the film thickness is increased from <50 nm to 100 nm. When film 

thicknesses are comparable to grain sizes, film thickness may perhaps affect the 

growth of the grains which is shown in this finding that the thinnest sample has a 

much smaller grain size compared to the thicker samples. From the XRD results on 

grain size, the grain size of the >100 nm thick films saturate to about 16 nm as the 

film thickness increases. The increase in film thickness showed substantial increase in 

carrier concentration and mobility (Figure 5.12(b)). If such variation of grain sizes is 

not responsible as was discussed, additional mechanisms are needed to account for the 

observations. 
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Figure 5.1 X-ray diffraction spectra of AZO thin films deposited on PET 
substrates at room temperature for various (a) oxygen pressures and (b) film 
thicknesses 
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Figure 5.2 Plot of spread in mobility and resistivity for different grain sizes for the 
AZO/PET substrates. The thin films were deposited at various oxygen pressures at 
room temperature  
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Figure 5.3  Plot of spread in mobility and resistivity for different film thicknesses 
deposited at an optimized oxygen pressure. Included in the plot are values of 
mobilities and resistivities at various grain sizes for thin films deposited under non-
optimized conditions 



 

Zinc oxide-based thin film electronics 

 98

5.2.3 Optical Properties 

 
For TCOs, high transmittance in the desired spectral region is a crucial 

requirement. For example, as a contact electrode in LEDS, high transmittance is 

needed at least in the visible region while for photovoltaics application, the desired 

high transmittance is preferred across the entire solar spectrum. Therefore, there is a 

need to examine the optical properties of the TCO (AZO in this case) thin films. 

Figure 5.4 shows the transmission plots of the AZO film on PET substrate as a 

function of (a) varying oxygen pressure and (b) varying film thicknesses. The 

transmission plots of uncoated PET substrate and undoped ZnO film were also 

included for comparison. For the undoped ZnO, in the near infrared region, the 

transmission is much higher than the doped AZO as there is less free carrier 

absorption (carrier concentration of ZnO is 3.9 × 1019 cm-3) compared to ~1020 cm-3 

for all doped AZO films. It was also observed that as the oxygen pressure decreases to 

1 × 10-4 Torr, there is an increasing trend in the carrier concentration due to free 

carrier absorption, which is shown in Figure 5.4(a).[263] Due to this inverse 

relationship between resistivity and transparency, there is a strong need to optimize 

both these properties of AZO. In Figure 5.4(b), thicker films do have a lower 

transmission in the visible range and near infra-red range which is expected. In the 

short wavelength infra-red range (1.4 - 3 µm), the transmission of the film drastically 

decreases to less than 20 %, especially for the 463 nm case which has a trend which 

looks similar to that the GZO multilayer structure as mentioned in section 4.3.3. 

However, it is noted that the GZO multilayer structure has a better tuneable control on 

the transparency in the NIR and short wavelength infra-red ranges compared to the 

single thick doped ZnO film. Moreover, thick doped ZnO films not only use more 
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material and require longer deposition time, they also have a lower critical strain 

tolerance.[260]  
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Figure 5.4 Transmission plots of AZO thin films as a function of (a) varying 
oxygen pressure and (b) varying film thicknesses  
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A summary of the optical properties, together with the measured resistivity of AZO 

films deposited at room temperature, is shown in Figure 5.5. The plot shows the 

measured resistivities and normalized transparency indices at different oxygen 

pressures. The normalized transparency indices represent the fraction of transmission 

at various indicated spectral ranges after accounting for variations in film thickness. 

An arbitrary normalization thickness of 100 nm was selected and the absorption 

coefficient was obtained from the transmittance at different wavelengths. Details of 

the calculation are reported in section 4.2.5. Thickness normalization in this aspect is 

critical to understand the optical properties of the film itself. Different thicknesses 

give variations in transmittance and this should be corrected in order to understand the 

film properties at each deposition condition. The use of the normalized index can also 

be useful for applications in different devices and separation into different wavelength 

regions can help the understanding of film properties.[238] Figure 5.5 shows that for 

the visible wavelength range, an oxygen pressure of above 10-5 Torr will be sufficient 

to result in a film with transmittance of greater than 80 %, with the transmittance 

saturating at higher oxygen pressure. The overall normalized transparency appears to 

gradually increase with oxygen pressure, with a high transmittance of ~90 % at 

oxygen pressures of 10-4 Torr or larger. The corresponding resistivity, however, 

shows optimum values in the mid-oxygen pressure regime, with higher resistivities 

measured at both lower and higher oxygen pressures. The large decrease in carrier 

concentration should increase the infrared transmittance and our transparency index in 

the infrared range, shown in Figure 5.5, agrees with this interpretation. The smaller 

increase, or similar overall transparency, can be explained by the accompanying 

reduction of transmittance in the ultra-violet region by variation of the band gap 

through the Burstein Moss effect. This competing factor can be shown by 
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examination of the measured band gap variations. The band gap (Eg) of the AZO film 

on PET substrate is found using the method mentioned in section 2.1.4. Figure 5.6 

shows the plot of (αhυ)2 and photon energy (hυ), which yields an optical Eg ranging 

from ~3.49 to 3.7 eV. Since there is no observation of any significant structural 

variations from the XRD (see Figure 5.1(a)), the effective change in band gap is likely 

related to the attenuation in electron density. As band gap is related to the optical 

absorption in the electronic band structure, when the carrier concentration increases 

and with the filling of electrons at the lower band region (Burstein Moss effect), the 

electrons have to move to a higher band region, leading to an effective change in band 

gap. Figure 5.7 shows the plot of 2/3 power of carrier concentration as a function of a 

change in the optical band gap according to equation (2.18), where the optical band 

gap of 3.29 eV used was measured from our undoped ZnO film as the reference. The 

good linear relationship through the origin observed from the plot shows that the 

variation in the band gap can indeed be attributed to the Burstein effect.[116] There is 

therefore a decrease in transparency in the UV region when the oxygen pressure is 

increased as the carrier concentration is lowered. 



 

Zinc oxide-based thin film electronics 

 102

10
-6

10
-5

10
-4

10
-3

10
-2

0.0

0.2

0.4

0.6

0.8

1.0

10
-4

10
-3

10
-2

10
-1

 

N
o
rm

a
liz
e
d
 t
ra
n
s
p
a
re
n
c
y
 i
n
d
e
x

Oxygen pressure (Torr)

 Visible Range(400-700nm)

 Near infrared Range (700-3300nm)

 Overall Range  (280-3300 nm)

 R
e
s
is
ti
v
it
y
 (

Ω
-c
m
)

 Resistivity

 
 
Figure 5.5  Normalized transparency index of AZO films at different indicated 
wavelength ranges as a function of oxygen pressure during deposition at room 
temperature. The corresponding measured resistivities of the films are also included 
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Figure 5.6   Plot of (αE)2 as a function of photon energy for AZO films deposited 
at different oxygen pressures (room temperature) 
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Figure 5.7   Variation of the optical band gap plotted against the 2/3 power of 
carrier concentration (n2/3). Dotted line shows the best fit data through the origin   
 
 
 

Since refractive index and extinction coefficient are important optical 

parameters as mentioned in section 2.1.4, these properties of the AZO thin films were 

also examined using VASE. The refractive index and extinction coefficient of AZO 

thin films were measured and shown in Figures 5.8(a) and 5.8(b). A refractive index 

of ~1.75 at a wavelength of 600 nm was obtained which is similar to a commercial 

733 nm thick AZO coating obtained by magnetron sputtering on glass with refractive 

index of ~1.86.[264] For comparison, the refractive index and extinction coefficient 

of ITO films were also provided in Figures 5.9(a) and 5.9(b). At 600 nm wavelength, 

the ITO film also has a similar refractive index as the AZO film of ~1.76. This means 

the AZO film can serve as a potential electrode alternative to replace ITO in light 

emitting as well as light absorbing applications.[265] 
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Shown in Figure 5.10, as the film thickness increases from 29 nm to 460 nm, 

the optical band gap increases from ~3.38 to 3.75 eV. As the optical band gap 

increases with an increase in carrier concentration (Figure 5.12(b)), therefore our 

AZO films followed the expected prediction of equation (2.18) mentioned in section 

2.1.5. The transparency of the films at different thicknesses is also compared after 

normalization, as similarly shown in Figure 5.11. The normalization ensures that one 

is primarily comparing film properties. Expectedly, there are not much changes in the 

transparency indices as observed since the films are grown under the same condition. 

The visible transparency shows comparable values while the decrease in the infrared 

transmittance is due to the decrease in mobile carriers as discussed above.  From these 

observations, one can conclude that optical properties of the films in the visible range 

are not greatly affected by different thicknesses. Decreasing transparency is a direct 

result of thickness dependent absorption and not a reflection of true optical property 

changes. 
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Figure 5.8 (a) Refractive index and (b) extinction coefficient of AZO on glass 
(115 nm thickness) as a function of wavelength 
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Figure 5.9 (a) Refractive index and (b) extinction coefficient of ITO on glass as a 
function of wavelength 
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Figure 5.10 Plot of (αE)2 as a function of photon energy for AZO films deposited 
at different various film thicknesses (oxygen pressure of 1×10-4 Torr) 
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Figure 5.11 Normalized transparency index at different wavelength ranges as a 
function of film thickness for films deposited at an oxygen pressure of 1 × 10-4 Torr at 
room temperature. Also included are the corresponding carrier concentration and 
optical band gap of the AZO films 
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5.2.4 Electrical Properties 

 
As seen in equation (2.1), to obtain low resistivity, high carrier concentration 

and high mobility of free carriers have to be achieved.[135] Figures 5.12(a) and 

5.12(b) show the variation of resistivity, Hall mobility and carrier density as a 

function of oxygen pressure and AZO film thickness respectively. As oxygen pressure 

increases from 1 × 10−6 Torr to 1 × 10−4 Torr, the improvement (decrease) in 

resistivity for lower oxygen partial pressure can be observed to be due to the 

significant increase in carrier mobility. This can be due to a reduction in deep-level 

defects that can improve the carrier mobility by reducing scattering. This agrees with 

the concomitant improvements in transparency since a reduction of these defects will 

improve transmittance in the visible range and this is similarly observed in Figure 5.5. 

This also means that, while defect scattering is dominant, grain boundary scattering 

may play a less significant role as was discussed before. Kim et al. observed a similar 

trend of a decrease in carrier concentration and increase in mobility with increasing 

oxygen pressure for AZO film deposited at room temperature. They associated this 

decrease in resistivity to a reduction in oxygen deficiencies, which consequently 

reduce the mobility of carriers.[214] The large increase in resistivity at higher oxygen 

partial pressures (greater than 1 × 10−4 Torr) in Figure 5.12(a) can be attributed to 

both a decrease in carrier concentration and mobility. This is likely due to the fact that 

at higher oxygen pressure, there is an increase in oxygen interstitials which acts as 

electron trapping centres and increases ionized scattering, giving a higher 

resistivity.[214] However, Lorenz et. al. associated this phenomenon to the increase in 

oxygen corporation and compensation of carriers when the oxygen pressure increases. 

[266] All these results suggest that the electrical property of AZO is highly related to 

the oxygen content[238], which is in agreement with the first principles calculations 
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by Medvedeva et al. demonstrating that oxygen vacancies greatly affect the 

conductivity of GZO films.[202] Therefore, at higher oxygen pressure, which also 

corresponds to an increase in oxygen content and excessive scattering, it is likely to 

result in a decrease in oxygen vacancies, hence leading to a high resistivity.  

 

Thicker films give a lower resistivity as seen in Figure 5.12(b), which is in 

good agreement with the observations by Dong et al. who reported on AZO films 

deposited on glass at different thicknesses.[267] This is likely associated with the 

better crystallinity for thicker films as seen from the XRD spectra in Figure 5.1(b). 

The improvements in the electrical properties of the films can be suitably explained 

by the influence from surface and interface effects. It is noted that the large increase 

in carrier concentration similarly affects the measured optical band gap as it is 

reduced from ~3.75 to 3.38 eV as shown in a summary plot in Figure 5.11. This is 

similar to a Burstein-Moss effect, which is well demonstrated by the same increase of 

carrier concentration. Since the films are deposited using the same condition, little 

changes in the bulk film was expected. Therefore, the changes can be attributed to 

surface and near surface carrier depletion that is much more pronounced for thinner 

films. This depletion reduces the effective mobile carrier concentration and the 

resulting space charges that form increases ionized impurity scattering and this can 

reduce the carrier mobility in the TCO. This hypothesis then describes well the 

observed saturation of both the increase in carrier concentration and mobility once 

larger film thicknesses are achieved, since bulk effects are likely to dominate. 
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Figure 5.12 Electrical resistivity (ρ), carrier concentration (n), and Hall mobility 
(µ) of the AZO films plotted as a function of  (a) oxygen pressure during deposition at 
room temperature and (b) film thickness for films deposited at an optimized oxygen 
pressure of 1 × 10-4 Torr at room temperature 
 

(a) 

(b) 
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The transparency and resistivity, as discussed in the previous section, show 

that multiple reasons can simultaneously account for the change in these two 

properties and, apart from those already mentioned, the effect of film thickness is not 

well understood. To investigate this effect, deposition of AZO films of different 

thickness on PET substrates were performed at our optimum oxygen pressure at room 

temperature. The optimization was selected using a modified figure-of-merit (FOM) 

to better assess our deposited thin films. Haacke et. al. introduced a FOM (ϕTC) for 

transparent conductors defined as [268] 

shTC RT /10=ϕ        (5.1) 

where T is the transmittance at peak value and Rsh is the sheet resistance. A larger 

figure-of-merit (FOM) therefore represents a better TCO. Using equation (5.1), the 

computed figure-of-merit (FOM) of our deposited films used is shown in Table 5-1. 

However, the Haacke’s FOM uses the peak value of transmission that may not be 

representative of the overall transmission. In this work, the normalized transparency 

index (TI) was used in a modified figure-of-merit (FOMTI) to give a more complete 

analysis. Not only does this normalization take into account transparency across a 

suitable spectral range, this transparency index is free of influence from any thickness 

variations. Our approach is more suitable if the FOM is to be used to compare across 

the variations in oxygen pressure since one desires that any changes in transparency to 

accurately reflect the true changes in film properties. Using the modified FOM as a 

comparison, it was concluded that an oxygen pressure of 1 x 10-4 Torr gives the best 

overall AZO properties in this setup. 

 

 
Even though the above discussion highlighted that the inherent transparency 

does not vary significantly for the TCO, expected thickness dependent absorption still 
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plays a role even for materials with low absorption coefficients or long attenuation 

lengths. Optimization of the TCO should therefore involve the optimization of the 

resistivity for the lowest possible film thickness as cost and deposition time might 

pose drawback. The obtained resistivity variations in this work were summarized with 

those that were reported in the literature as shown in Figure 5.13. The general trend of 

the variation in resistivity with film thickness agrees with the findings from this study. 

For optimization of AZO thickness, one must consider the grain size restriction at 

different thicknesses as for thinner thickness, the grain size is smaller compared to 

thicker samples. This might imply that there is a higher likelihood for grain boundary 

scattering in thinner samples. Small thicknesses of AZO films with low resistivity are 

achieved here with room temperature deposition which is highly desired by using 

AZO as the top electrode. This means that suitable grain sizes can be achieved with 

thinner films of <100 nm. Compared to a thicker film, surface/interface depletion and 

scattering effects are likely more dominant in a thinner film when the potential 

scattering thickness should not change much. At such conditions, surface/interface 

depletion and scattering effects play an important role, meaning that the optimum 

thickness for thin films with small grain sizes are restricted by a more general limit. 

Considering the thickness dependent attenuation, there should be an upper limit in 

terms of optimization of film thickness. Naturally, if annealing is involved and grain 

sizes are increased, this general limit will no longer hold. We also highlight that the 

obtained resistivity in this work show excellent resistivity values for ZnO deposited 

on PET substrates and this is shown in Figure 5.13. Unlike some of the data shown in 

the same plot, our highly conducting TCO is notably achieved at room temperature 

through the optimization of growth conditions, and this finding holds great promise 

for applications in flexible organic devices. 
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Table 5.1 Figure of merit and modified figure of merit for AZO samples at various 
oxygen pressure (indicated in Torr) and thickness (indicated in nm). The transparency 

indices are also shown for comparison  

 

Sample 
Peak 

Transmission 
(T

10
) 

Normalized 
Transparency 
index (TI) at 

280 - 3300 nm 

Sheet 
Resistance, 

Rsh (ΩΩΩΩ/□) 

Haacke’s 
Figure of 

merit, 

FOM (ΩΩΩΩ-1
) 

Modified 
figure of 

merit, 
FOMTI 

(ΩΩΩΩ-1
) 

Undoped ZnO 1.92 0.85 694.6 2.77 × 10
-3
 1.23 × 10

-3
 

1 × 10
-6
 Torr 0.06 0.64 128.4 4.63 × 10

-4
 4.96 × 10

-3
 

2 × 10
-5 
Torr 0.35 0.74 65.8 5.34 × 10

-3
 1.12 × 10

-2
 

1× 10
-4
 Torr  0.54 0.78 57.1 9.51 × 10

-3
 1.37 × 10

-2
 

8× 10
-4
 Torr 0.54 0.79 76.0 7.09 × 10

-3
 1.04 × 10

-2
 

5× 10
-3
 Torr 0.60 0.82 130.3 4.62 × 10

-3
 6.27 × 10

-3
 

1× 10
-2
 Torr 0.66 0.83 196.8 3.37 × 10

-3
 4.22 × 10

-3
 

29 nm 1.02 0.80 860.1 1.18 × 10
-3
 9.30 × 10

-4
 

115 nm 0.54 0.78 57.1 9.51 × 10
-3
 1.37 × 10

-2
 

202 nm 0.57 0.79 21.7 2.63 × 10
-2
 3.65 × 10

-2
 

460 nm 0.29 0.81 7.8 3.66 × 10
-2
 1.04 × 10

-1
 

 

 
Figure 5.13 Variation in resistivity with film thickness obtained in this work. The 
values obtained from other independent reports of AZO on polymeric substrates are 
also shown. These values are obtained from reports as indicated by the reference 
number for each data point [(1):Ref.[84], (2):Ref.[88], (3):Ref.[80], (4):Ref.[79], 
(5):Ref.[81], (6):Ref.[82], (7):Ref.[83], (8):Ref.[2626], (9):Ref.[86], (10):Ref.[77] 
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5.2.5 Concluding Remarks 

 
In summary, high-quality transparent conductive AZO thin films, deposited by 

pulsed laser deposition on low-cost flexible polyethylene terephthalate substrates and 

borosilicate glass, were investigated as a function of oxygen pressure and film 

thickness. Structural, electrical and optical properties of the AZO thin films were 

examined. All the AZO films grown were observed to have c-axis as-preferred 

orientation which suggested no degradation of the wurtizite ZnO structure. The 

refractive index of AZO film on glass, with a value of 1.9 at a wavelength of 600 nm 

was also obtained. A modified figure-of-merit was proposed to select the optimized 

deposition condition and investigate the effect of film thickness variation. It was 

found that grain sizes play only a greater role at smaller film thicknesses in affecting 

the carrier mobility. With increasing film thickness, near surface/interface depletion 

and scattering of carriers can affect the mobility and carrier concentration, thereby 

increasing the resistivity. This serves as a general limit for films with smaller grain 

sizes and is thus especially relevant for low temperature growth. Although 

transparency in the UV and infrared regions does change, the overall area under the 

transmission curve remains unchanged and the visible transparency is not 

significantly affected. Considering the finite attenuation effect of film thickness, this 

should serve as an upper limit for the thickness of TCOs in device applications. In this 

work, a resistivity as low as ~6.6 × 10−4 Ω-cm with a high normalized transparency 

index of >0.9 in the visible range and >0.78 (78 % of total solar spectrum transmitted) 

for a 110 ± 10 nm thin film was obtained. This represents one of the best results 

obtained for such film thicknesses deposited at room temperature. 
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5.3   AZO Multilayered Sandwich Structure 
 

In this section, details of fabrication of the repeating stacks of TCO/metal/TCO 

and TCO/metal/Ge/TCO were discussed. The TCO used here is AZO. The electrical 

and optical properties of these AZO multilayer sandwich structures were examined. 

5.3.1 Fabrication of AZO Multilayer Sandwich Structure 

 
AZO films have been deposited on borosilicate glass using PLD at room 

temperature. Details on the growth parameters have been mentioned in section 5.2.1. 

The thickness of each AZO layer in a multilayer structure has been carefully 

calibrated to a thickness of 43 ± 5 nm. In the first series of experiments, the AZO 

layer is first deposited onto the glass substrate, followed by a 0.5 nm of Ge layer and 

then a Ag layer by e-beam evaporation, with Ag thickness varying from 1 nm to 20 

nm.  Subsequently, a second set of samples is covered by another AZO layer, and this 

is denoted as a single AZO sandwich structure. For double sandwich and triple 

sandwich structures, a schematic diagram of these AZO sandwich structures is 

illustrated in Figure 5.14. The thickness of the Ag layer in these AZO sandwich 

structures is varied to be at 5 nm, 7 nm, 10 nm and 20 nm. 

 

  

 
 
 
 
 
 
 
 
 
 

Figure 5.14 Schematic diagram of AZO sandwich structures 
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5.3.2 Electrical Characterization 

 
Figure 5.15 shows the electrical resistivity, mobility and carrier concentration 

of the Ag/Ge/AZO film. The electrical properties of the AZO film (zero Ag layer 

thickness) are also shown for reference. It was observed that as the thickness of Ag 

layer increases, the resistivity decreases to as low as 3 x 10-5
 Ω-cm, with carrier 

concentration increasing by ~1.5 orders as silver is a very conducting metal. It should 

be noted that the resistivity decreases drastically only at a Ag thickness of 7 nm, 

which suggests that Ag has formed a continuous layer at this thickness. However, 

when the Ag/Ge/AZO structure is capped by an additional AZO layer, the mobility of 

the structure decreases slightly for Ag thickness greater than 7 nm (see Figure 5.16). 

This implies that there might be an increase in scattering events at the sandwiching 

interface between AZO to Ag. Despite a decrease in mobility, the resistivity of these 

single sandwich structures has still improved compared to a single AZO film, which 

has a resistivity of ~1.3 x 10-3 Ω-cm (the single AZO film also has a mobility of ~6.7 

cm2/Vs and a carrier concentration of ~7.1 x 1020 cm-3). 
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Figure 5.15 Plot of electrical resistivity, mobility and carrier concentration of the 
Ag/Ge/AZO film as a function of the Ag layer thickness 
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Figure 5.16 Plot of electrical resistivity, mobility and carrier concentration of the 
AZO/Ag/Ge/AZO single sandwich structure as a function of the Ag layer thickness 
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The electrical resistivity, mobility and carrier concentration of single sandwich 

structure, double sandwich and triple sandwich structure with respect to variation in 

Ag thickness are shown in Figure 5.17. Since the critical thickness of forming a 

continuous Ag layer is greater than 7 nm, the Ag thickness was varied from 5 nm to 

20 nm. From Figure 5.17, the resistivity has improved for a thicker Ag layer, which is 

expected, as compared to the single AZO film. However, there is only a slight 

improvement in the resistivity when compared between the single sandwich structure, 

double sandwich structure and triple sandwich structure. Nonetheless, good electrical 

property is not the only factor to qualify for an excellent TCO; transparency is also 

critical and there is a need to examine it. In the next section, the optical property of 

these AZO sandwich structures is examined. 
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Figure 5.17 Plot of electrical resistivity, mobility and carrier concentration of 
single sandwich structure, double sandwich and triple sandwich structure with respect 
to variation in Ag thickness 
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5.3.3 Optical Analysis 

 
The transmission spectra of each of the AZO film layers used in this work are 

shown in Figure 5.18. The slight variation at the NIR region is due to the slight 

differences in the measured carrier concentration. It is to be noted that the 

transmission in the visible region is ~83 % at a wavelength of 550 nm.  

 
Figure 5.18 Transmission spectra of the AZO film 

 
Figure 5.19 compares the transmission spectra of the Ag/Ge/AZO and 

AZO/Ag/Ge/AZO single sandwich structure. From the plot, it was observed that as 

the Ag layer thickness increases, the transmission decreases. For the Ag/Ge/AZO, in 

the case of 1 nm thick Ag, the increase in transmission in the NIR region is perhaps 

due to the fact that the Ag layer has not formed a continuous layer and scattered the 

incident light. The drastic drop in the transmission in the NIR region can be attributed 

to the free carrier absorption, as evidenced by an increase of up to ~1.5 orders in the 

carrier concentration as mentioned in the previous section.  
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Figure 5.19     Transmission spectra of Ag/Ge/AZO/glass and AZO/Ag/Ge/AZO/glass 
 
 

Figure 5.20 shows the transmission spectra of the AZO single sandwich 

structure, double sandwich structure and triple sandwich structure. Using multilayer 

sandwich structures, one can control the transparency of the film in the NIR region by 

stacking up semiconductor/metal/semiconductor layers and controlling the thickness 

of the Ag layer, while having moderate transparency in the visible region. Based on 

the electrical and optical properties of these sandwich structures, the single sandwich 

structure with Ag of 10 nm thickness gives an optimized electrical resistivity with 

high transparency. Therefore, the single sandwich structure seems a much better 



 

Zinc oxide-based thin film electronics 

 121

structure as compared to the double and triple sandwich structures which also fulfil 

the aim of seeking low cost TCO on low cost substrate. 

 
 

500 1000 1500 2000 2500 3000
0

20

40

60

80

100

 

 
T
ra
n
s
m
is
s
io
n
 (
%
)

Wavelength (nm)
 

 

 
 

Figure 5.20 Transmission spectra of AZO single sandwich structure, double sandwich 
structure and triple sandwich structure 
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5.3.4 Concluding Remarks 

 
AZO multilayer sandwich structures were investigated with varying Ag 

thickness and various stacking combination. In optimizing the multilayer structures, 

all the structures do give a lower resistivity, as compared to the single AZO thin film, 

but at the expense of lower transparency in the visible region. However, by 

controlling the number of sandwich stacking of semiconductor/metal/semiconductor 

layers and the thickness of the Ag layer, multilayer sandwich structures do offer a 

control over the transparency of the film in the NIR region while having moderate 

transparency in the visible region. A low resistivity of ~2.2 x 10-4 Ω-cm, mobility of 

~3.1 cm2/Vs and a carrier concentration of ~9.1 x 1021 cm-3 and ~75 % transmission at 

a wavelength of 550 nm are obtained for the case of a single sandwich structure with 

10 nm thick Ag, which gives the highest transparency in the visible region and the 

best electrical property among the AZO multilayer sandwich structures. Therefore, the 

single sandwich structure seems a much better structure, as compared to the double 

and triple sandwich structures, as it can provide control of transparency in the NIR 

region and also fulfil the aim of seeking low cost TCO on low cost substrate. 
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Chapter 6 Application of Zinc Oxide-Based 

Structures 
 

 

Group III-doped zinc oxides have vast applications as highly transparent 

conducting oxides. Other than serving as transparent electrodes, these thin films are 

also candidates for the n-type layer in a p-n heterojunction for photovoltaic 

application or as the channel layer of a transistor. Therefore, in this chapter, some 

works are investigated on these applications. 

 

In order to form a p-n junction for photovoltaic application, there is a need to 

have both p-type and n-type materials as mentioned in section 2.3.1. In terms of oxide 

semiconductors, such as Cu2O and ZnO, there is difficulty in forming stable 

homojunctions for both materials. Therefore in this work, the ZnO-Cu2O 

heterojunction is studied. As the type of alignment in the heterojunction affects the 

charge transport of the device and solar cell conversion efficiency, there is a need to 

examine whether these two materials are matching in terms of the energy band 

alignment. There are three types of heterostructure band alignment. A type I 

alignment refers to a heterojunction with band discontinuities whereby electrons and 

holes are confined in the same material. A type II heterojunction refers to an interface 

with a staggered gap whereby the conduction and valence bands are both higher in 

one of the two materials forming the heterojunction. A type III alignment refers to an 

extended version of the type II alignment whereby the staggered alignment has 

discontinuity in the conduction and valence bands. Therefore, for efficient charge 

transport at the interface of these p-n heterojunction, the focus in this work is on the 

band alignment of these two materials. 
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Zinc oxide is well-known for having a wide band gap, high melting point, high 

cohesive energy and high exciton binding energy of 60 meV. These properties are 

important aspects for UV sensing materials compared to other wide band gap 

semiconductors such as ZnS, ZnSe and GaN.[165] Due to the large bond strength 

(high melting point and high cohesive energy) and high stability of the exciton (large 

exciton binding energy), materials degradation due to defect generation during  ZnO 

device operation is less expected.[165] Zinc oxide devices can also realize exciton 

gain at room temperature, or even higher temperature as its excitons are stable.[165] 

Typically, UV sensors are fabricated using a metal-semiconductor-metal (MSM) 

configuration.[269] However, this configuration is not able to fully utilize the zinc 

oxide area to the UV illumination due to the contact electrode circuitry. By using 

TCOs as electrodes, the ZnO sensing area can be fully exposed to the UV and a full 

transparent ZnO-based UV sensor can be realized. Hence, in this work, a simple 

device is fabricated to compare the effect on photoconductivity using gold contact, 

doped zinc oxide contact and ITO contact.  

 
 

Transparent thin film transistors (TFTs) have potential application in 

electronic devices such as displays and touch panels. For the new generation of TFTs, 

ZnO is a promising candidate for the channel layer as it can be grown as a 

polycrystalline film even at room temperature and it also has extra functions such as 

for photodetection.[270] It is also chemically stable and thermally stable and can be 

deposited on various substrates.[271] Most importantly, it has high carrier mobility 

and can operate at low voltages as desired by many devices (consume less power). 

Majority of the oxide transistors operate at relatively high voltages, hence has higher 

power consumption. One way to solve this problem is the development of low-voltage 
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oxide transistors which includes the use of ultra-thin dielectrics,[272] high-k 

dielectrics,[273] and electrolyte gate dielectrics.[274] Here, in this work, high-k 

dielectric and ZnO TFT are investigated. The gate dielectric, such as high-k hafnium 

oxide (HfO2), is critical to decrease the operating voltage of the ZnO transistor and 

improve the on/off current ratio. However, for this HfO2/ZnO heterostructure, the 

conduction band offset and valence band offsets are critical as it may lead to large 

leakage current and, hence, causing device failure. Therefore, the band offsets of the 

HfO2/ZnO heterostructure are first examined here. Next, an n-channel enhancement 

mode ZnO-based TFT, using HfO2 as a gate dielectric, is fabricated and studied. More 

details are given in section 6.3. 

 
 
 

6.1 Band Alignment Study of GZO/Cu2O for Photovoltaics 

Application  
 

As mentioned in chapter 2, Cu2O is a low-cost and non-toxic material which is 

currently a potential p-type semiconducting oxide material for photovoltaic device 

application. ZnO/Cu2O photovoltaic devices have potentially high energy conversion 

efficiency, with a theoretical limit of about 18 %. Experimental results have shown a 

measured conversion efficiency of up to ~2 % using a copper substrate.[157] In order 

to reduce the cost and improve the device fill factor, a thin film on glass substrate 

configuration is investigated here.[155] Thin film deposition offers a better control of 

the stoichiometry of the heterojunctions and is cheaper than the bulk substrate. In 

addition, doping of the thin films (p-type or n-type) can be controlled during 

deposition and this will have an impact on the electrical properties. For example, 
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GZO thin films have high n-carrier concentration which adds flexibility in device 

fabrication.[75] 

 

To understand the charge transport at the interface of a Cu2O/GZO 

heterostructure, the relative band alignment between the two different materials is of 

critical importance. Obtaining a type II or even type III band alignment is essential for 

charge separation at the interface which is important for photovoltaic application. In 

terms of the charge transportation through the thin films, it is important to ensure that 

the p-type material has a higher conduction band relative to the n-type material.  The 

relative alignment of the valence band of the p-type material with the conduction band 

of the n-type material will determine the thermodynamic limit of the achievable open 

circuit voltage (Voc).[275] Therefore in this work, thin film heterojunctions consisting 

of p-type Cu2O and n-type GZO on ITO coated glass substrates were fabricated and 

the relative band offsets were investigated. It is observed that the gallium doping in 

ZnO has little effect on the resultant band offsets while asymmetry of the Cu2O/GZO 

and GZO/Cu2O interfaces is observed. 

 

6.1.1 Fabrication of Cu2O/ZnO Heterojunctions 

All the thin films structure investigated were deposited on either commercial 

100 nm thick ITO coated glass substrates or borosilicate glass at room temperature. 

Before deposition, the substrates were ultrasonically cleaned in acetone, ethanol and 

deionized water, for approximately 5 min each, before blowing dry with compressed 

air. Cu2O films were deposited using direct current reactive sputtering of a metallic 

copper target (99.996%), in an argon-oxygen ambience. Prior to deposition, the 

chamber was pumped down to a base pressure of 6 × 10−7 Torr and the oxygen (O2) 
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partial pressure was varied from 0.3 to 0.5 mTorr, with the total pressure maintained 

at 1 mTorr. The GZO films were deposited by pulsed laser deposition using a 99.99% 

purity ZnO/Ga2O3 (0.98:0.02) target. The laser pulse energy of 300 mJ was focused 

onto the target at a pulse rate of 10 Hz with a target-to-substrate distance of 8 cm. The 

O2 partial pressure was fixed at a calibrated pressure of 1.0 mTorr. In this work, thick 

ZnO, GZO and Cu2O (all 15 nm thickness) films and heterostructures of GZO 

(5 nm)/Cu2O (15 nm), ZnO (5 nm)/Cu2O (15 nm) and Cu2O (5 nm)/GZO (15 nm) 

were deposited onto the glass substrates. 

 

6.1.2 Results and Discussion 

To ascertain the quality of the GZO deposited, the chemical and structural 

properties of the GZO thin films were examined. The crystal structure of the 15 nm 

thick GZO deposited on borosilicate glass shows a polycrystalline structure as shown 

in the XRD spectra in Figure 6.1(a). This is consistent with the commonly observed 

preferred growth orientation due to its low surface energy plane.[96] A prominent 

peak of a hexagonal wurtzite ZnO (002) at ~34.5° was measured as shown in Figure 

6.1(a). The lack of any prominent crystal structure from the metallic Zn and Ga2O3 is 

a good indication that Ga atoms have substituted Zn in the hexagonal lattice.[75] 

Therefore, a highly conductive GZO film with a resistivity of ~7.7×10−4 Ω-cm, a 

mobility of ~13 cm2/Vs and a carrier concentration of ~6.28 x 1020 cm−3 was 

obtained. Since GZO is a direct band gap material, the optical band gap can be 

obtained using the method mentioned in section 2.1.3 From the extrapolation from the 

plot of (αE)2 against the photon energy, a measured band gap of 3.57 eV is obtained 

for the GZO film as shown in Figure 6.1(b), which is consistent with other reported 

values.[242] 
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Figure 6.1 (a) XRD spectrum of 15 nm thick GZO on borosilicate glass grown at 
room temperature using pulsed laser deposition, (b) (αE)

2 against photon energy plot 
for the as-grown GZO. The absorption coefficient is obtained from the attenuation 
equation using thickness of the grown film that is measured using AFM 
measurements of the film thickness 
 

 

The growth of Cu2O for the Cu2O/GZO heterostructure has to be carefully 

calibrated. While Cu2O is the most stable phase of the copper oxides (>1000 °C), 

[126] CuO can be formed at low temperatures. Generally, it is found that there can be 

a phase transition from Cu2O to CuO at a temperature range of ~300 to 350 

°C.[276,277] The underlying reason may however be related to the presence of 

oxygen during annealing. This is shown by observation of the Cu2O phase even when 

the substrate is at an elevated temperature of 400 to 500 °C when a critical pressure of 

O2 is not reached.[278] The underlying process for phase transition of Cu2O to CuO is 

thus oxidation as a reverse reduction process can similarly take place at higher 

temperatures since a thin Cu metal layer is preferably formed at the surface of both 
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Cu2O or CuO after annealing in a vacuum environment.[279] The importance of the 

oxygen pressure is demonstrated recently when it is shown that pure phases of both 

CuO and Cu2O can be obtained even at room temperature.[280] The authors reported 

that although a higher O2 partial pressure is needed for the formation of CuO, a 

variation in the flow rate at a fixed partial pressure of 0.5 mTorr is needed for the 

growth of Cu2O as explained by a variation in the frequency of particle collision. 

However, changing the flow rate with the same partial pressure amounts to a different 

total pressure and it has been shown that a high pressure environment (not of O2) can 

affect the growth of Cu2O.[281] Therefore, in this work, the total growth pressure is 

fixed at 1 mTorr and the partial pressure of O2 is varied carefully. The Cu2O films 

obtained are p-type with an average resistivity of ~380 Ω-cm, a mobility of ~0.62 

cm2/Vs and a carrier concentration of ~2.63 × 1016 cm−3. The low mobility is expected 

since these Cu2O thin films are sputtered at room temperature. However, these values 

still compare favorably with the ones obtained by Reddy et al. via sputtering at a 

substrate temperature of 200 °C.[282] 

 

Figure 6.2 shows the XRD spectrum of the measured films at partial pressure 

of 0.33, 0.4, and 0.5 mTorr. For samples grown with a lower O2 partial pressure of 0.2 

mTorr, the presence of metallic Cu can still be observed. The XRD diffraction shows 

that single phase of Cu2O films are obtained for growth at an O2 partial pressure of 

0.33 mTorr with diffraction peaks at 36.4°, 42.6°, and 61.3° corresponding to the 

(111), (200), and (220) planes respectively of the cubic-structured Cu2O.[128] At a 

higher O2 partial pressure of 0.4 mTorr, mixed phases of Cu4O3 and Cu2O are 

obtained, as can be seen by the paramelaconite structure for the (202) plane of Cu4O3 

at 35.8°. Finally, at higher O2 partial pressure of 0.5 mTorr, a pure phase of CuO is 



 

Zinc oxide-based thin film electronics 

 130

observed from the diffraction peaks of 35.2° and 38.5° for the CuO (111) and (200) 

plane, respectively.  

 

 

 
Figure 6.2 XRD spectra of Cu2O on borosilicate glass grown at room temperature 
using dc sputtering at the different O2 partial pressure indicated. At a lower O2 partial 
pressure of 0.33 mTorr, a pure phase of Cu2O is obtained, while at a higher O2 partial 
pressure of 0.5 mTorr, a pure phase of CuO is obtained. A mixed phase of Cu2O and 
Cu4O3 is observed for the intermediate partial pressure of 0.4 mTorr. The total 
pressure in the growth chamber is kept constant at 1 mTorr for all growth conditions 
 

 

The band gap of the films grown at different O2 partial pressure is obtained from the 

plot of (αE) 2 versus photon energy plot as shown in Figure 6.3. The absorption at 

lower photon energy can be observed for samples grown at a higher O2 partial 

pressure of 0.5 mTorr, as can be seen from the shoulder in Figure 6.3 as indicated by 

the arrow. The inset shows a plot of (αE) 1/2 versus photon energy for the CuO thin 

film since it is an indirect band gap material. Therefore, the extrapolation of the plot 
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yields a CuO band gap of 1.33 eV while the band gap of Cu2O is measured to be 

~2.52 eV. There is a slight increase in the band gap for the sample with a mixed phase 

of both Cu2O and Cu4O3. For the 0.4 mTorr case, there is a slight increase in the band 

gap for the sample with a mixed phase of both Cu2O and Cu4O3. From the 

extrapolation method used in finding the band gap, the presence of Cu4O3 resulted in 

a slight increase in the band gap. This is because Cu4O3 is a phase with a smaller band 

gap of 1.34 eV. This smaller band gap phase at the lower photon energy together with 

a larger band gap Cu2O in the (α ×(hc/l))2 against photon energy plot gives this slight 

increase in the resultant band gap.[283] More importantly, it was shown that at room 

temperature, both pure phases of CuO and Cu2O can be obtained by simply 

controlling the oxygen pressure in reactive sputtering. The formation of Cu2O can be 

attributed to the fast oxidation rate of Cu into Cu2O, as demonstrated in the high 

temperature oxidation of Cu thin films whereby Cu2O can be formed at lower O:Cu 

ratios.[284] Cu4O3 may thus be an intermediate or transition state structure when 

oxidation of Cu is increased before the final phase of CuO forms due to the presence 

of increasing O2 partial pressure. 
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Figure 6.3  Plot of (αE)2 against photon energy for dc reactive sputtering of Cu at 
different indicated O2 partial pressures. The extrapolation gives the band gap for a 
direct gap material (Cu2O). The inset shows a (αE)

1/2 against photon energy plot for 
the film grown at an O2 partial pressure of 0.5 mTorr that yields the band gap for an 
indirect gap material (CuO) 
 
 

The XPS Cu 2p profile for CuO is shown in Figure 6.4(a). The fitted Cu 2p 

and O 1s XPS spectra for Cu2O are shown in Figures 6.4(b) and 6.4(c), respectively. 

It can be seen that the Cu 2p3/2 core level can be fitted with two separate peaks at a 

binding energy of 932.46 and 933.61 eV. Although this can possibly represent a 

mixed phase of Cu2O and CuO, the XRD spectrum as seen in figure 6.2 does not 

indicate the formation of CuO type structure. The absence of CuO can also be inferred 

from the absence of any intense shake-up satellite structures.[285] Satellite peaks due 

to multiple excitations in copper oxides is known to be absent in Cu2O structures 

where there is an oxygen deficiency.[286]  The shake-up satellites peaks for CuO are 

usually intense satellites at a separation of 8.8 and 11 eV from the main Cu 2p peak as 

seen in Figure 6.4(a) from the sample grown in 0.5 mTorr of O2 partial pressure; these 

are absent as indicated by the arrows in Figure 6.4(b).[279]  Therefore, together with 
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the correct binding energy of O 1s for Cu2O and CuOH type bonding shown in Figure 

6.4(c), the additional peak at a higher binding energy in the Cu 2p spectrum is 

consistent with the presence of hydroxide species adsorbed on the surface of the 

samples.[279] These hydroxides are most probably surface adsorbants and they will 

not affect the subsequent analysis. 

 
 
 
 

 
 

Figure 6.4 (a) XPS profile for Cu 2p for the sample deposited at an oxygen partial 
pressure of 0.5 mTorr, yielding a CuO thin film. This can be clearly seen from the 
satellite structures indicated by the arrows, (b) XPS profile for Cu 2p and (c) XPS 
profile for O 1s of 15 nm thick Cu2O films. The arrows in the Cu 2p plot in (b) 
indicate the position of the satellite peaks expected for CuO. Both spectra also show 
best-fit profiles using Lorentzian–Gaussian line shape. The fitted full width at half 
maximum (FWHM) of the Cu 2p is ~1.11 eV for both Cu2O and CuOH while the 
fitted FWHM for the O 1s is 0.86 eV for Cu2O and 1.2 eV for CuOH 
 

To investigate the band alignment of GZO and Cu2O using XPS, the core-

level measurement method as proposed by Kraut et al. was used here.[287] Core-level 
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alignment can prevent many measurement errors, giving accurate band offsets 

measurements.[288] In this method, the VBO of GZO/Cu2O interface can be obtained 

using the following equation: 

( ) ( ) ( )OCu

VBM
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pCu

GZO

VBM

GZO

pZn

OCuGZO

pZn

OCuGZO

pCuV EEEEEEE 2222
22

/
2

/
2 −−−+−=∆ ------------(6.1) 

where S

iE denotes the binding energy of the core level “i” for the sample “s” while 

S

VBME  denotes the VBM for the sample “s”. Essentially, the core-level to valence-level 

separation is measured for the bulk GZO and bulk Cu2O (second and third terms on 

the right hand side of equation (6.1)), as shown in Figures 6.5(a) and 6.5(b). The 

VBM position is determined as the intersection point between the linear extrapolation 

from the leading edges of the valence band with respect to the background.[289] Thin 

film core-level separations between the Cu 2p and Zn 2p are then measured and an 

example for the GZO/Cu2O interface is shown in Figure 6.5(c). For these interface 

core-level separation measurements, it is important that the interface is relatively 

abrupt and that there is no clustering of the deposited thin films. This is important as 

any agglomeration or clustering will expose the underlying film that will render the 

measurements inaccurate since they are not reflective of the core levels at the 

interface. 
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Figure 6.5 XPS spectra showing the measurements needed to determine the 
valence band offset. (a) Measured separation between Cu 2p core-level and the 
valence band maximum for bulk Cu2O (15 nm); (b) Measured separation between Zn 
2p and the valence band maximum for bulk GZO (15 nm); (c) Measured core-level 
separation at the interface between Cu 2p and Zn 2p for a 5 nm GZO film deposited 
on 15nm Cu2O 
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Figure 6.6 (a) TEM image of a Cu2O/GZO heterojunction. The interface can be 
distinguished from the contrast shown in the TEM image. (b) Corresponding EDX 
mapping of the heterojunction is shown as an overlay image whereby the element 
copper (Cu) and zinc (Zn) is in red (top layer) and green (bottom layer), respectively. 
Cu signals are obtained from the Cu Kα while Zn is obtained from Zn Kα as shown in 
the EDX spectrum in (c). (d) High-resolution TEM image at the interface of the 
heterojunction showing the polycrystallinity of both GZO and Cu2O as labeled in the 
micrograph 
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Figure 6.6(a) shows the TEM image of the Cu2O/GZO heterostructure, 

together with the EDX mapping and the EDX spectrum as shown in Figures 6.6(b) 

and 6.6(c), respectively. A clear interface between Cu2O and GZO can be observed 

from both the TEM contrast in Figure 6.6(a) and the elemental mapping in Figure 

6.6(b). A high-resolution TEM image of the Cu2O/GZO heterostructure is also shown 

in Figure 6.6(d). The interface is once again clearly defined and lattice fringes 

showing the polycrystallinity of both GZO and Cu2O can be observed. The relatively 

abrupt interface validates the band alignment obtained using the above mentioned 

method. Therefore, using the measured band gap values of 3.57 eV for GZO and 2.52 

eV for Cu2O, a GZO/Cu2O heterojunction that forms a type II (staggered) band 

alignment was obtained with a corresponding VBO of 2.82 eV and CBO of 1.81 eV 

as shown schematically in Figure 6.7. The higher conduction band of the Cu2O in the 

obtained band alignment shows that the materials are suitable for solar cell application 

based on energy levels consideration. From the conduction band of the GZO and the 

valence band of the Cu2O, the corresponding thermodynamic limit for the open-circuit 

voltage Voc is calculated to be 0.75 V. Similar measurements were made to determine 

the alignment between ZnO thin film on Cu2O and also for Cu2O thin film on GZO. 

The resultant band offsets are summarized in Table 6.1. It is observed from Table 6.1 

that doping variations (from addition of Ga) did not affect the band alignment of the 

(G)ZnO/Cu2O heterojunction. If the ZnO is taken as undoped (intrinsic), the measured 

variation in the Fermi-level will be ~1.73 eV while the measured VBO difference is 

only ~0.03 eV. It is common for doping to have a significant influence in band 

alignment changes for metal-organic interfaces.[290,291] It is also expected that 

doping concentration is important in affecting the built-in potential at a p-n junction, 

thereby affecting turn-on voltages.[155] However, looking at the flatband barrier 
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heights, the band offsets are observed to be independent of doping variations, as seen 

from their Schottky barrier heights.[292] This is similarly observed from the result of 

this work between two semiconducting materials with band gaps. 

 
 
 

 
 

Figure 6.7  Schematic diagram showing the type II band alignment of a 
GZO/Cu2O heterojunction. The VBOs can be obtained from the core-level 
measurements as can be seen from the diagram. The CBOs are obtained with the 
measured values of the respective band gaps of the films 
 
 
 

Table 6.1 Core-valence separation for bulk films and interface core-level 
differences for thin film heterojunctions measured using XPS. The absolute values of 
VBO and CBO are also shown, taking into account the type II alignment as shown in 
Figure 6.7. All values listed are in electron volts (eV). 
 

Sample 
Core-valence 

separation 

Core-level 

differences 
VBO CBO 

Bulk Cu2O (15nm) 932.31    
Bulk GZO (15nm) 1019.0    
Bulk ZnO (15 nm) 1019.1    

GZO (5 nm)/Cu2O (15 nm)  89.48 2.82 1.47 
ZnO (5 nm)/Cu2O (15 nm)  89.59 2.85 1.50 
Cu2O (5 nm)/GZO (15 nm)  89.37 2.70 1.35 
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A similar investigation for two materials with band gaps (oxide-

semiconductor) also shows little difference in the band offsets for the oxide thin films 

deposited on n-type and p-type Si, showing perhaps the universal independence of 

energy alignment with doping variations.[293] One possible reason for the doping 

insensitivity can be a result of surface Fermi-pinning or surface depletion effects 

making the Fermi-level at the surface (and hence the interface) essentially intrinsic 

despite various doping.[294,295]  From the standpoint of chemical dipoles, the lack of 

influence of doping is also reasonable. This is because the density of dopants required 

to alter the doping of a semiconductor (nondegenerate) is small. This means that the 

differently doped starting surface constitutes only a small fraction of difference in 

terms of type of surface atoms. The effective dipole (a result of chemical bonds) at the 

interface is therefore not greatly affected by the doping process. On the contrary, it 

was expected that the band offsets measured to be unaffected, but it was observed that 

there is a slight difference in the alignment of Cu2O(5 nm)/GZO(15 nm) (henceforth 

denoted as Cu2O/GZO) as compared with GZO(5 nm)/Cu2O(15 nm) (henceforth 

denoted as GZO/Cu2O) as shown in Table 6.1. It is reported that Cu2O tends to be 

dominated by the (111) oriented crystallographic orientation with ZnO (0001) based 

on lattice mismatch calculations as shown from XRD measurements.[278] This 

difference may yield different bonding terminations at the interface, thereby affecting 

the resultant interface dipoles and the subsequent band offsets.[296] A slight 

difference in the band offset can thus result from the heterojunction of  Cu2O/GZO 

and GZO/Cu2O, despite the similar bulk properties of the GZO and Cu2O. 

Interestingly, the asymmetry resulted in a slightly higher thermodynamic Voc limit of 

0.87 V, indicating that the (111) phase of Cu2O may be more suitable as a 

heterojunction material with ZnO considering only the built-in-potential. From this 
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work, it is observed that the thermodynamic limit for the Voc may be in a lower range 

of between ~0.75 to 0.87 V, that is less than the previously assumed values of 0.9 to 

1.1 V. This can possibly explain for the lower built-in voltages and Voc (all less than 

0.6 V) recorded thus far for a Cu2O/ZnO heterojunction. 

 

6.1.3 Concluding Remarks 

 
In summary, pure phases in thin films for both CuO and Cu2O at room 

temperature have been obtained using DC reactive sputtering. The pure phases are 

observed from XRD and XPS, and confirmed by band gap measurements. The optical 

band gap obtained for Cu2O is ~2.52 eV while that for CuO is ~1.33 eV. The band 

alignments for Cu2O/GZO and Cu2O/ZnO heterostructures on ITO glass were 

characterized by XPS. A type II heterojunction forms between the doped and undoped 

ZnO and Cu2O heterojunctions, yielding a VBO value of ~2.82 to 2.85 eV. The 

invariant VBO shows that doping (non-degenerate) has no major influence on the 

band lineup even for heterojunctions of narrow band gap materials. On the contrary, 

band offsets obtained from the deposition of Cu2O on GZO may be different from that 

obtained from the deposition of GZO on Cu2O, suggesting that the (111) phase of 

Cu2O may be a more suitable material based on Voc considerations. All measurements 

show that the limiting Voc value may lie between ~0.75 to 0.87 V, possibly explaining 

the low built-in voltages and Voc values obtained in the literature. The higher 

conduction band of the Cu2O in the obtained alignments shows that the 

heterojunctions are suitable for solar cell application based on energy levels 

consideration. 
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6.2 Usage of AZO as Electrode for Sensing Applications 
 
Ultraviolet (UV) photosensors has wide applications in medicine, space 

communications, high-temperature plasma work, chemical and biological sensing. 

[297-300] UV detectors are also used to determine the thickness of the ozone layer of 

the Earth.[301] For such a large area detection, solid state UV detector is perhaps a 

good choice due to its portability and efficiency.[300] 

 

Among solid state UV detectors, GaN-based sensors, fabricated using 

epitaxial growth technique on lattice-matched substrates, have shown good sensing 

property.[302] However, such growth techniques are expensive. Recently, high 

quality ZnO has been grown by various techniques which has similar property as 

GaN, giving an alternative to GaN-based sensors.[175,303,304] 

 

 In this work, an undoped ZnO device on glass was fabricated by magnetron 

sputtering for the sensing purpose characterized using the Air Mass (AM) 1.5 solar 

simulator. The effect of using different contact electrodes, such as gold and AZO, in 

the sensor structure was investigated.  In order to compare with the more widely used 

ITO as an electrode material, ITO electrode was also fabricated on the ZnO sensor 

device and its property was also examined. 

 

6.2.1 Fabrication of ZnO-Based Sensor 

ZnO films were deposited on borosilicate glass and polymeric PET substrates 

(thickness of 125 µm) by direct current magnetron sputtering using a metallic zinc 

target of 99.99 % purity at room temperature. The sputtering chamber was pumped 

down to a base pressure of 1 × 10-6 Torr. Prior to deposition, the targets were cleaned 
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by pre-sputtering for 20 minutes. The glass substrates were ultrasonically cleaned 

with acetone, ethanol and rinsed in de-ionised water and subsequently blown dried in 

compressed air. Operating pressure of 1 mTorr and DC power of 80 W were used in 

the sputtering. The substrate-to-target distance was kept at 14 cm and the deposition 

time was kept at 30 min. In this experiment, the argon gas and oxygen gas flow was 

kept at 20 sccm. Next, an AZO electrode layer was deposited by PLD using a shadow 

mask. Details of the AZO film fabrication are reported in section 5.2.1. For the next 

experiment, ITO and AZO were deposited as electrodes on ZnO at room temperature. 

For the ITO film deposition, the operating pressure was set at 10 mTorr with oxygen 

flow at 12 sccm. The deposition was performed at a repetition rate of 20 Hz and laser 

energy of 300 mJ. For comparison, Ti/Au contact electrode was deposited by e-beam 

evaporation through a shadow mask as shown in Figure 6.8. All the thicknesses of the 

electrodes are careful calibrated using AFM. 

 
 

Figure 6.8 Shadow mask design of contact electrode for ZnO on PET and glass 
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6.2.2 Results and Discussion 

 
Using the shadow mask, the ZnO, with a thickness of ~207.1 nm, covered an 

area of ~72.3 mm2 on the 1 cm × 1 cm substrate. The total area covered by the 

electrode is ~23.08 mm2. The light intensity from the AM 1.5 simulator is 100 

mW/cm2. Photocurrents were estimated as the difference in the currents measured 

between two electrodes when the sample was irradiated with and without a light 

source under a bias voltage of 3 V.  

 

Figure 6.9 shows the I-V plot of the ZnO/PET structure with gold or AZO 

electrode under dark and light conditions. Care was taken to calibrate the thickness of 

these two electrodes to ensure that they are almost similar to a value of 100 ± 10 nm. 

It was observed that there is an increase in photocurrents measured under light 

irradiation for the structure with AZO electrode. This is likely due to the fact that 

AZO is a transparent electrode and light can travel to ZnO underneath the electrode, 

adding an additional irradiation area of ~23.08 mm2. At an arbitrary +2.5 V bias, there 

is a ~3.7 times increase in the photocurrent as a result of using the transparent AZO 

electrode as compared to the gold electrode. It is to be noted that the electrodes have 

covered about one third of the ZnO film area.  
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Figure 6.9 Current–voltage characteristics of ZnO/PET using gold electrode or 
AZO electrode under dark and light conditions. In this sample, using the gold 
electrode under dark ambience has similar current values as the AZO electrode under 
dark ambience 

 
 

After confirming that using a transparent electrode material does increase the 

area of illumination, the performance of the AZO electrode structure was examined 

and compared with the ITO electrode structure as shown in Figure 6.10. Care was 

taken to calibrate the thickness of these two electrodes to ensure that they are almost 

similar to a value of 150 ± 10 nm. The photocurrents in Figure 6.10 are lower than in 

Figure 6.9 due to the use of a thinner ZnO film. As seen from Figure 6-10, due to the 

differences in electrode material used, the photocurrent is different even in the dark. 

Hence, the order of difference in the photocurrents between the dark and light 

conditions was compared instead. At an arbitrary +2.5 V bias, the photocurrent was 

increased by ~3 orders for the structure with ITO electrode as compared to that using 
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the AZO electrode. Measurements are not performed beyond ± 3V so as to prevent 

over-stressing the device. 
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Figure 6.10 Current–voltage characteristics of ZnO on PET substrate using (a) 
AZO electrode and (b) ITO electrode 

 



 

Zinc oxide-based thin film electronics 

 146

6.2.3 Concluding Remarks 

 
A simple ZnO device for potential UV sensing application using AZO electrode 

compared to gold electrode was demonstrated. There is a ~3.7 time increase in the 

photocurrent due to the use of a transparent AZO electrode as compared to a gold 

electrode. In comparing the performance of ITO and AZO electrodes on UV sensing, 

AZO is still slightly inferior and more research is needed in this area to improve on its 

performance. 

 

6.3 Thin Film Transistors 

Thin film transistors are the building block of many other electronics devices; 

therefore it has attracted much research interest in this field. In this work, hafnium 

oxide (HfO2) is used as the high dielectric constant (high-k) gate oxide while ZnO is 

used as a channel layer. A band alignment study was carried out to examine the 

interfaces of the HfO2/ZnO heterostructure. Other than band alignment of the 

HfO2/ZnO heterostructure, a bottom-gate ZnO-based thin film transistor (TFT) using 

high-k hafnium oxide was also fabricated. After high temperature stress, this TFT still 

showed good device performance using thin ZnO layers. However, leakage current, 

especially in the linear region, must be corrected to obtain accurate transfer 

characteristics, which is often ignored in many reported works. A simple and accurate 

method was introduced to correct for the drain current. Overall, a corrected threshold 

voltage of +3.7 V, a subthreshold slope of ~300 mV/decade, on-off current ratio of 

106 with a saturation mobility of 4.6 cm2/Vs were obtained for the TFT device. All 

these findings serve as an initial study on these potential combinations for future 

integration in fully transparent electronics. 
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6.3.1 Band Alignment of HfO2/ZnO Film for TFT Application 

 
Silicon dioxide (SiO2) has been a good dielectric for complementary metal-

oxide semiconductor field effect transistors for many years.[305,306] However, due 

to downscaling of transistors, SiO2 as a gate dielectric is approaching its fundamental 

thickness limit, which is estimated as 7 Å.[307] At this critical thickness, the SiO2 

gate dielectric tends to be non-insulating due to significant quantum tunnelling of 

charge carriers, leading to large gate leakage currents.[308] Therefore, there is a need 

to replace SiO2 with a suitable high-k gate dielectric material. It is critical that any 

replacement oxide must have sufficient band offsets of over 1 eV to act as a barrier 

for both electrons and holes.[309] One of these high-k candidates is hafnium oxide 

(HfO2).[310,311] Hafnium oxide has a high dielectric constant (k ~ 25), good thermal 

stability on silicon, low leakage current and a good capacitive coupling between the 

gate and the channel layer that is important to achieve a good subthreshold 

swing.[312-314] 

  

Aligning with the trend of transparent electronics, fully transparent transistors 

require both transparent channel layers and TCOs. ZnO is one potential transparent 

channel layer with carrier mobility greater than 1 cm2/Vs. Intuitively; integrating 

HfO2 gate dielectric with ZnO films is a potential candidate for a new generation of 

TFTs. Band offsets of the high-k oxide/ZnO system have been studied by Robertson 

et al. using a theoretical method based on the charge neutrality level (CNL). The CNL 

model takes into account only the bulk property of the materials, but does not include 

the effect of the interface structure.[305,306] Understanding the atomic and electronic 

structure at the interface is very important for controlling the band alignment at the 

interface of the HfO2/ZnO heterostructure. Therefore, in this work, HfO2 thin films 
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were deposited on ZnO substrates using DC sputtering at 400°C and the band 

alignment of the HfO2 and ZnO (0001) interface was studied using x-ray 

photoemission spectroscopy (XPS). The result is of importance to investigate if this 

combination of materials has sufficient band offsets to act as a barrier for both 

electrons and holes. 

 

6.3.1.1 Experimental Details 

HfO2 films (thin film of ~4 nm and thick film of ~15 nm) were deposited on 

single-crystalline ZnO (0001) substrates by using a ultrahigh-vacuum DC sputtering 

system at 400 °C in oxygen plasma with a partial pressure of 1.7 ×10−3 Torr. The ZnO 

substrates were ultrasonically cleaned in acetone, ethanol, rinsed in deionized water 

and then blown dry using compressed air before loading into the deposition chamber 

that was subsequently evacuated to a base pressure of 1 × 10-7 Torr. The deposition 

duration was 1 hour. After plasma oxidation, the samples were in situ transferred into 

the XPS analysis chamber with a background pressure of 1×10−10 Torr without 

breaking the vacuum. All the spectra were obtained in the constant pass energy mode 

with pass energy of 10 eV using a monochromatic Al (1486.6 eV) source. The 

binding energy scale was calibrated with pure Au, Ag, and Cu by setting the Au 4f7/2, 

Ag 3d5/2, and Cu 2p3/2 at binding energies of 83.98, 368.26, and 932.67 eV, 

respectively. 

6.3.1.2 Results and Discussion 

 
To investigate the band alignment of HfO2 and ZnO using XPS, the core-level 

measurement method as proposed by Kraut et al. was used [287] The method is based 

on the assumption that the energy difference between the core level and valence band 

edge of the substrate remains constant with/without the deposition of the dielectric 
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film. In this method, the VBO of the HfO2/ZnO interface can be calculated using the 

following equation: 

      ( ) ( ) ( )2222 HfOHfO
43

/HfO
3

/HfO
4 VBMfHf

ZnO

VBM

ZnO

dZn

ZnO

dZn

ZnO

fHfV EEEEEEE −−−+−=∆       (6.2) 

where s
iE denotes the binding energy of the core level ‘i’ for the sample ‘s’ while 

s
VBM

E denotes the valence band maximum (VBM) for the sample ‘s’. The VBM 

position is determined as the intersection point between the linear extrapolation from 

the leading edge of the valence band spectrum with respect to the background.[305] 

 

As shown in Figure 6.11(a), the valence band edge of ZnO (0001) substrate is 

located at 2.49 eV. In Figure 6.11(c), for the thick (15 nm) HfO2, the VBM is at a 

value of 2.78 eV and the energy distance between the Hf 4f7/2 core level and the 

VBM, that is (EHf4f – Ev)Hf , is obtained as 14.02 ± 0.05 eV. Figure 6.11(b) shows the 

VBM of bulk ZnO (0.5 mm substrate) is located at 2.63 eV, and the energy difference 

between the Zn 3d5/2 core level and the VBM, that is (EZn3d - Ev)Zn , is 7.51 ± 0.05 eV. 

The measured core-level energy separation between Zn 3d5/2 and Hf 4f7/2 is 6.8 ± 0.05 

eV, as shown in Figure 6.11(b), thus giving a valence band offset of 0.29 eV 

according to equation (6.2). However, this value of 0.29 eV is much higher than the 

value of 0.14 eV (2.63 - 2.49 = 0.14 eV) which is obtained by directly subtracting the 

two aligned valence band edges from the substrate and thin film. From these two 

values obtained from XPS, the 0.14 eV is believed to be more accurate as the 

calculation using equation (6.2) is based on averaging the photoelectron signal over 

many atomic layers from the thick HfO2 which might inundate the contribution of the 

interfacial chemical dipoles to the valence band maximum.[288] 
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Figure 6.11 XPS spectra showing the measurements needed to determine the 
valence band offset. (a) Measured core-level separation at the interface between Hf 4f 
and Zn 3d of ZnO substrate , (b) Measured separation between Zn 3d and the valence 
band maximum for bulk ZnO, (c) Measured separation between Hf 4f core-level and 

the valence band maximum for 4 nm thick HfO2  
 
 

Using the valence band offset of 0.14 eV, the band gap of HfO2 as 5.8 eV and 

the band gap of ZnO as 3.37 eV, the conduction band offset (CBO) is calculated by 

subtracting the valence-band offset from the energy gap of the substrate; this gives a 

CBO value of ~2.29 ± 0.05 eV. This value is in agreement with the theoretical 

calculation obtained by Robertson et al. [277] The small valence band offset (VBO) 

of 0.14 eV might not be sufficient to minimize the possible leakage current in the p-

channel ZnO-based TFT. However, as ZnO is mainly used as a n-channel material, 

this hole barrier (i.e., the VBO) is not that important. 

 



 

Zinc oxide-based thin film electronics 

 151

Figure 6.12 shows the schematic diagram of the band alignment at the 

HfO2/ZnO heterojunction. The VBOs obtained from the core-level measurements and 

CBOs obtained with the measured values of the respective band gaps of the films can 

be seen from the diagram. 

 

 

Figure 6.12 Schematic diagram showing the band alignment of the HfO2/ZnO 
heterojunction. The VBOs can be obtained from the core-level measurements as can 
be seen from the diagram. The CBOs are obtained with the measured values of the 

respective band gaps of the films 
 
 

6.3.1.3 Concluding Remarks 

 
In conclusion, good quality HfO2 have been deposited on ZnO (0001) 

substrates using DC sputtering. The energy band alignments for the HfO2/ZnO 

heterojunction have been investigated using the x-ray photoemission method. The 

valence band offset of the HfO2/ZnO heterojunction was obtained to be 0.14 eV ± 

0.05 eV while the conduction band offset was obtained as 2.29 ± 0.05 eV. This shows 

that HfO2 is a promising candidate as a high-k gate dielectric to integrate into full 

transparency ZnO–based electronics as there is a sufficient barrier height for electrons 

to minimize the gate leakage current. 
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6.3.2 Fabrication of TFT using ZnO Film as Channel Layer 

Thin film transistors (TFTs) are important building blocks for applications in 

displays technology.[106,315] Hydrogenated amorphous silicon (a-Si:H) thin-film 

transistors (TFTs) with silicon nitride (Si3N4, dielectric constant k ~7) gate dielectric 

or organic semiconductors with silicon dioxide (SiO2, k ~3.9) gate dielectric have 

been the main materials used in fabrication of TFTs in current displays.[316-319] 

Zinc oxide (ZnO) is a wide band gap (3.37 eV) n-type semiconductor that has various 

attributes such as non-toxicity, low cost and moderate Hall mobilities (>1 cm2/Vs) at 

room temperature, which make it a good candidate as an alternative channel layer for 

TFTs.[179] The use of high-dielectric constant (high-k) oxides can increase the 

capacitive coupling between the gate electrode and the channel layer even at low gate 

voltages. Therefore, the integration of high-k dielectric into ZnO-based TFTs possibly 

allows for lower operation voltages that can be important for portable devices.[320] In 

addition, due to its wide band gap, the active channel layer is also not affected by 

photoexcitation from visible light that can adversely affect its performances.[320] 

  

ZnO-based TFTs have thus far been favourably compared with amorphous 

silicon or even organic TFTs for electronics application. Most of the ZnO-based TFTs 

reported typically showed large threshold voltages such as +6 V or +10 V and high 

operating voltages of up to 40 V.[285,321,322] Many research groups have reported 

on the fabrication of ZnO-based TFTs using various high-k dielectrics such as Y2O3, 

HfO2, Al2O3, Zn0.7Mg0.3O, TiOx and superlattice structures of AlOx and 

TiOx.[2,133,138,286,302,312,323,324]Among these candidates, HfO2, in particular, is 

considered to be one of the more promising materials due to its advantages mentioned 

in section 6.3.1. Therefore, in this work, the electrical characteristics of thin film 
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ZnO-based TFT with high-k HfO2 as the gate dielectric were investigated to examine 

low operation voltage conditions. The effect of gate leakage current was clearly 

demonstrated and shown that it must be corrected to obtain accurate transistor transfer 

characteristics. A simple method to account for this leakage by examining an 

equivalent model is introduced. Using this model, one can obtain the true source-drain 

current without gate leakage influence and it is shown that this makes a substantial 

difference to measurements of threshold voltage and subthreshold voltage swing. 

 

6.3.2.1 Experimental Details 

HfO2 films were prepared on p-type silicon (Si) substrates by reactive DC 

sputtering using a metallic hafnium (Hf) target (99.9% purity) at room temperature. 

Prior to deposition, the chamber was evacuated to a pressure < 10-6 Torr and the Hf 

target was pre-sputtered to remove any surface contamination or oxides on the target. 

The sputtering pressure was maintained at 5 mTorr with an oxygen partial pressure of 

0.8 mTorr and an argon flow rate of 30 sccm. Prior to deposition, the substrates were 

ultrasonically cleaned for 5 minutes each in acetone, ethanol and deionized water, 

before being blown dry using compressed air. After depositing the high-k oxide, a 

ZnO active channel layer was fabricated using a ceramic ZnO target by pulsed laser 

deposition under an oxygen pressure of 5 mTor at room temperature with an oxygen 

flow rate of 10 sccm. Next, post-thermal annealing of the samples was carried out at 

950 °C under an oxygen pressure of 5 mTorr for 30 min. The thickness of the HfO2 

and ZnO films were 85 nm and 25 nm respectively. For capacitance measurements, 

circular dots (diameter = 600 µm) were deposited using a shadow mask as top 

electrode to form capacitor test structures. For transistor characteristics measurement, 

rectangular source-drain contacts or top electrodes were deposited, giving a channel 
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length (L) of 200 µm and channel width (W) of 2000 µm (W/L = 10). The top 

electrode is a bilayer of Ti (5 nm) and Au (100 nm) while the bottom electrode is a 50 

nm thick Au blanket layer; both electrodes were deposited by thermal evaporation. A 

bottom gate transistor as shown in Figure 6.13 was then fabricated for measuring the 

electrical properties of the TFT.  

 

 

 

 

 

Figure 6.13 Schematic of the thin film transistor structure 

 

6.3.2.2 Results and Discussion 

 
Figure 6.14 shows a typical C-V plot of the HfO2 gate dielectric deposited on 

p-type Si capacitor test structure measured at 100 kHz frequency. Using the 

relationship of a parallel-plate capacitor, the dielectric constant of HfO2 is found to be 

15 with an equivalent oxide thickness of 22 nm from the accumulation capacitance, 

similar to the typical values reported.[325,326] The flat band capacitance of Si is 

calculated using a hole concentration of 1.5 × 1016 cm-3. This doping concentration is 

calculated from the resistivity value of the Si substrate and using the hole mobility of 

Si as 400 cm2/Vs at room temperature. The total flat band capacitance of the structure 

can then be calculated and this gives an experimental flat band voltage of -0.88 

V.[327] The extracted permittivity and flat band voltage values showed that deposited 

HfO2 yielded reasonable electrical characteristics despite the high temperature 

annealing. The high temperature anneal typically enhances the permittivity of the 
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dielectric at the expense of a larger leakage current due to crystallization. Nam et al. 

has demonstrated that the advantages of annealing in 800 °C oxygen in terms of 

compensation of negative fixed charges and leakage current.[328] Similarly in this 

work, a good quality oxide was achieved by annealing in high oxygen partial pressure 

whereby during the process, defects were passivated. 
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Figure 6.14 Capacitance-voltage plot of HfO2 film on p-type silicon at 100 kHz 
frequency after anneal at 950 °C in oxygen pressure of 5 mTorr for 30 min. The 

measured capacitance in accumulation is 4.3 × 10-10 F 
 

Figure 6.15 shows a typical output characteristic of an n-channel enhancement 

mode TFT whereby a non-zero gate voltage (VG) is required to induce a conducting 

channel. However, it has to be noted that the increase in conductivity with a larger 

positive gate bias brings the ZnO semiconductor into higher surface accumulation 

unlike a typical n-channel Si transistor. An enhancement mode device is preferred as 

it has less power dissipation (normally off) and can reduce the complexity in circuit 

design.[183] The drain currents (ID) show clear current saturation behaviour for larger 

drain voltages and the flatness of the ID curves suggests that the channel length 
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modulation effect is negligible which is also observed in other ZnO TFT 

literature.[329] 
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Figure 6.15 Output characteristics of HfO2/ZnO TFT annealed at 950 °C in oxygen 
pressure of 5 mTorr for 30 min 

 

Examining Figure 6.15 for drain voltages (VD) of less than ~0.5 V, it is found 

that the measured drain current is actually negative and its magnitude is more 

pronounced at higher VG. Many TFTs reported showed such phenomenon but its 

significance and importance is often not highlighted nor discussed.[329,330-332] 

Intuitively, the negative current is simply a result of the gate leakage current as 

described by Kwon et al. and is also likely for the annealed gate dielectric reported in 

this work.[333] This leakage current is also observed in other reported work with SiO2 

or even for unannealed samples.[334-335] While the drain-source current is expected 

to dominate the current flow of the whole device structure under saturation condition 

(VD > VG - VTH), the presence of this gate leakage phenomenon affects greatly the 

determination of the subthreshold swing. Therefore, it is important that this gate 
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leakage current is accounted for in order not to be misled. Here, a simple and fast 

procedure was introduced to account for the gate leakage current using a simplified 

model of the TFT as shown in Figure 6.16. In this model, the measured currents 

(external) are represented by the source current (IS), drain current (ID) and gate current 

(IG). Internally, if one assume independence in respective terminal currents (no 

significant cross-coupling and communication), one can divide IG into a combination 

of the gate-source (iGS) current and gate-drain (iGD) current, as shown in equation 

(6.3). The actual drain-source current (or channel current) (iDS) needed for the 

switching characteristics is shown in equation (6.4). Simple relationships between the 

external and internal currents are shown in the equations below: 

           GDGSG iiI +=            (6.3) 

                             GDDDS iIi +=      (6.4) 

In equation 6.4, for a fixed applied gate voltage, the gate leakage current consists of 

both the iGS and iGD. iGS will be a constant regardless of the VD variation. Therefore, 

iGS can easily be found from IG by setting VG and VD to be of equal potential (iGD = 0; 

IG = iGS from equation (6.3)). Once this is known, one can easily generate the variation 

of iGD with VD using the known constant iGS. With the knowledge of iGD variation with 

VD, one can compute the true drain-source current iDS without the influence from any 

gate leakage currents. Figure 6.17 shows a plot of the corrected ID as a function of VD. 

It can be observed that the ‘negative current phenomenon’ is clearly corrected for and 

this indicates good accuracy in the assumption mentioned previously and method for 

correction. While one expected the saturation current not to be affected significantly, 

the region of ID increase is substantially different and this is of utmost importance in 

the linear and non-linear region (before saturation) whereby VTH and subthreshold 

swing are computed. 
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Figure 6.16 Simplified operation model of the TFT 
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Figure 6.17 Plot of corrected drain current as a function of drain voltage 
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In the linear region, ID is related to the gate voltage VG by equation (6.5) as 

follows: 


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THGoxnD

V
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L

W
I µ for VD << (VG-VTH)      (6.5) 

where Cox is the oxide capacitance per area, µn is the electron mobility and VTH is the 

threshold voltage.[336] The extrapolation to the gate voltage axis in the ID versus VG 

plot gives the experimental value of (VTH + 1/2VD). Even without considering the 

difference in selecting the correct region, the uncorrected data yields a VTH of +3.49 V 

while the corrected data gives a VTH of +3.78 V at VD = 1 V due to a result of a change 

in the slope.  More importantly, the corrected reading of the VTH should be taken at 

~VD = 0.5 V, something that is not possible for the uncorrected data due to the gate 

leakage shown in the plot at the 0 to 1 V region of  VD.  Therefore, a true VTH of 

+3.78 V was obtained with our corrected iDS. The difference of ~0.3 V (~8 %) is 

substantial and demonstrates the importance of correction for the gate leakage current 

especially for the linear and non-linear regions of the ID-VD plot. Uncorrected ID 

typically gives a lower estimate of the VTH since gate leakage current contributes and 

forms a significant part of the measured ID. This can give a false representation of 

actual device parameters in this region.  The second significant influence is in the 

calculation of the subthreshold swing (S), where 

S = (-[dVGS/d(log IDS)])               (6.6)  

From the uncorrected ID, S of 350 mV/decade was measured while the corrected ID 

gives S of 300 mV/decade instead. This again shows that the correction is important 

to obtain accurate transfer characteristics of the TFT. Finally, the saturation mobility 

(µsat) was reported by examining the equation in the saturation drain current equation 

(for VD > VG-VTH). In the saturation region (VD = 6 V), the µsat calculated was 3.55 
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cm2/Vs for the uncorrected data while the corrected µsat is 4.54 cm2/Vs. This value is 

in the range of the typical mobility value reported ranging from 0.2 to 7cm2/Vs.[337]  

While the saturation current is not greatly affected, it is noted that the equation relies 

on an accurate prediction of the VTH that implicitly determines the amount of carrier 

concentration. The uncorrected measurements therefore give an inaccurate VTH and 

hence a different derived µsat value. Overall, the on-to-off current ratio in the 

saturation region was measured to be about ~106 which is similar to the values 

reported in other literatures.[338,339] This demonstrates the viability of the device 

even for the thin semiconductor (ZnO ~25 nm) used in the TFT.  

 

6.3.2.3 Concluding Remarks 

 
In conclusion, a n-channel enhancement mode ZnO-based TFT device using 

HfO2 as the gate dielectric was fabricated with reasonable transistor properties. The 

‘negative current phenomenon’, often observed in many reports, was found to be 

related to the gate leakage current. A simple and accurate procedure was presented to 

account for this gate leakage that is critical for accurate electrical measurements in 

order to obtain accurate transistor transfer characteristics. 
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Chapter 7 Conclusion 
 
 

7.1 Summary of Findings 

The effect of oxygen pressure and substrate temperature on the structural, 

surface morphology, optical and electrical properties of GZO thin films, fabricated 

using pulsed laser deposition, were investigated. From the results, one observes that 

oxygen has significant influence on the vacancy and interstitial defects at the low and 

mid oxygen pressure regimes. At higher oxygen pressure, variations in the carrier 

concentration and mobility were observed and this was attributed to the in-plane 

orientation of the grains as observed in the XRD large area diffraction maps. 

Therefore, we conclude that to achieve GZO films with good electrical properties, 

there should be a balance between too much oxygen (causing oxygen interstitials) and 

too little oxygen (causing oxygen vacancies) during deposition at room temperature. 

The important role of grain boundary scattering is demonstrated by samples deposited 

at higher oxygen pressures and this is affirmed by samples deposited at higher 

temperatures. After examining the electrical characteristics and correlating these to 

the structural properties, optical properties of the GZO films were also examined and 

a transparency index that takes into account the different intensity of the practical AM 

1.5 solar spectrum was introduced. This transparency index takes the absolute value 

of the total transmitted solar spectrum and normalized it with the film thickness, 

resulting in an accurate account of transmission of the film across the entire solar 

spectrum. This makes the normalized transparency index a versatile and useful 

standard for comparison especially for photovoltaics application. Using this 

normalized transparency index, the transparency at different wavelengths was 

examined and the influence by oxygen pressure, carrier concentration and band gap 
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changes were clearly demonstrated. Therefore, a clear understanding of factors that 

can affect the transmittance of the thin film resulted, which will be important for 

obtaining good quality transparent electrodes. In this work, room temperature 

deposited GZO films having low resistivity of ~3.9 × 10-4 Ω-cm with a transparency 

index of ~0.84 at an oxygen pressure of 1 × 10-4 Torr was obtained. In addition, the 

optimized GZO films have a root mean square roughness of less than 1 nm. This is 

crucial for GZO films to be a potential transparent electrode material candidate for 

use in plastic electronics.  

 

Other than single layer GZO films, metal/semiconductor layered films were 

also investigated. Using pulsed laser deposition and e-beam evaporation, high quality 

transparent and conductive Ag/GZO, Ag/Ge/GZO, GZO/Ag/GZO and 

GZO/Ag/Ge/GZO thin film structures, grown on low cost borosilicate glass 

substrates, were obtained. In this work, the effect of variation in the metal (Ag) 

thickness on the surface morphology, electrical and optical properties were 

investigated. In addition, the effect of a Ge buffer layer prior to depositing the Ag 

layer was also investigated. With the addition of a Ge buffer layer, the surface 

morphology of Ag/GZO and Ag/Ge/GZO film structures were improved with lower 

rms roughness for all thicknesses of Ag. Additionally, the electrical resistivity was 

also improved (decreased) by one order for the Ag/Ge/GZO structure and half an 

order for the GZO/Ag/Ge/GZO structure. In terms of the optical property, an 

additional Ge buffer layer also improved the transparency of the investigated 

structures in the UV-Visible region and enhanced the reflection in the NIR range. 
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After examining GZO films, aluminum doped zinc oxide (AZO) was also 

investigated. AZO films on both borosilicate glass and flexible PET substrates were 

deposited at room temperature using pulsed laser deposition. In this work, the 

structural, electrical and optical properties were examined as a function of oxygen 

pressure and film thickness. An appropriate thickness of good quality films is 

important as it is directly related to the cost of material needed. The refractive index 

of AZO film on glass was also obtained, with a value of 1.9 at a wavelength of 600 

nm which is similar to ITO. For the optimized AZO/PET structure, a low resistivity of 

~6.6 × 10−4 Ω-cm with normalized transparency index of 0.78 (78 % of total solar 

spectrum transmitted) was achieved. With the results obtained, the optimized highly 

conducting and high transparency AZO thin film (film thickness of 110 ± 10 nm) can 

be an ideal candidate to replace ITO, making it a possible choice for low cost 

transparent conducting oxides for flexible solar cells and flat panel displays. 

 

Next, AZO multilayer sandwich structures, obtained by varying the Ag 

thickness and various stacking combinations, were examined. All the multilayer 

structures resulted in a lower resistivity as compared to a single AZO thin film but at 

the expense of lower transparency in the visible region. However, the multilayer 

sandwich structure is still beneficial as it provides a control over the transparency of 

the film in the NIR region while having moderate transparency in the visible region, 

by controlling the number of sandwich stacks of semiconductor/metal/semiconductor 

layers and the thickness of the Ag layer. In this work, a low resistivity of ~2.2 x 10-4 

Ω-cm, carrier mobility of ~3.1 cm2/Vs and a carrier concentration of ~9.1 x 1021 cm-3 

and transmittance of ~75 % at a wavelength of 550 nm were obtained for the case of a 

single sandwich structure with 10 nm thick Ag layer, which gives optimized electrical 
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properties with high transparency. Single sandwich structure has a transparency of up 

to ~75 % in the visible range and less than 20 % in the NIR range. Compared to a 

triple sandwich structure, the visible transparency is reduced to ~45 % but the NIR 

transparency is less than 5 %. Therefore, depending on the desired application of 

these films, the sandwich structure can provide control of transparency in the NIR 

region and also fulfil the aim of seeking a low-cost TCO on low-cost substrate. 

 

Having obtained good quality GZO and AZO films on low cost glass and 

flexible plastic substrates, the next part of the work was to incorporate them into test 

structures to demonstrate potential applications in photovoltaics, sensing and 

electronics. For photovoltaic applications, investigation on potential p-n 

heterojunctions using p-type cuprous oxide (Cu2O) and n-type (gallium)-doped ZnO 

in a Cu2O/(G)ZnO heterostructure was performed. As the pure phase of Cu2O was 

difficult to obtain, the experimental conditions for obtaining pure Cu2O were 

optimized using DC sputtering by varying the oxygen partial pressure for room 

temperature deposition. Next, (G)ZnO was deposited onto the Cu2O film on ITO-

glass substrate by pulsed laser deposition to form the p-n heterojunction. In 

photovoltaics application, charge separation at the interface is critical as it affects the 

efficiency of the heterojunction, and therefore the band alignment of this 

heterojunction is studied. This heterojunction structure gives a Type II band structure 

with a valence band offset of ~2.82 to 2.85 eV. The invariant valence band offset 

shows that doping (non-degenerate) has no major influence on the band line up even 

for heterojunctions of narrow band gap materials. This band alignment study shows 

that the Cu2O/(G)ZnO heterojunction is suitable for solar cell application based on 

energy levels consideration. 
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 In order to investigate the effect of using transparent and non-transparent 

electrodes on a photo-sensing ZnO device, an experiment was carried out to 

investigate the photoconductivity of undoped ZnO film using different electrodes such 

as gold, AZO and ITO. A shadow mask was used in this experiment with an electrode 

area which covered ~32 % of the ZnO sample area. An increase of ~3.7 times in the 

photocurrents was observed due to the use of transparent AZO electrode as compared 

to gold electrode. In comparing the performance of ITO and AZO electrodes on 

photocurrent sensing, AZO is still slightly inferior, and hence more research is needed 

in this area. 

 

For electronics application, thin film transistors are demonstrated. Good 

quality HfO2 has been deposited on ZnO (0001) substrates using DC sputtering. The 

energy band alignment for the HfO2/ZnO heterojunction was investigated using x-ray 

photoemission. The valence band offset at the HfO2/ZnO heterojunction was obtained 

to be 0.14 eV ± 0.05 eV while the conduction band offset was obtained as 2.29 ± 0.05 

eV. This shows that HfO2 is a promising high-k gate dielectric to integrate into full 

transparency ZnO–based electronics as there is a sufficient barrier height for 

electrons. Besides the band alignment study, bottom-gate ZnO-based thin film 

transistors (TFTs) using high-k HfO2 as a gate dielectric was fabricated. Overall, a 

corrected threshold voltage of +3.7 V, a subthreshold swing of ~300 mV/decade, on-

off current ratio of 106 and a saturation mobility of 4.6 cm2/V-s were obtained. All 

these findings serve as an initial study on the potential combinations for future 

integration in fully transparent electronics. 
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7.2 Future Works  
 
7.2.1 Studying the Mechanical Properties of Group III-Doped ZnO 

Films 
 

For flexible substrates, it is known that too thick a film will crack easily due to 

strain energy on the film surface. Currently, commercial ITO/PET has a sheet 

resistance of 30 Ω/□ for a nominal 100 nm thickness.[144] In order for Group III- 

doped ZnO to be a viable alternative to ITO on flexible substrates, the mechanical 

properties of GZO and AZO films on flexible polymeric substrates, such as the degree 

of bending, bending curvature and number of bending cycles and its reliability 

(bending), need to be investigated further for potential commercialization. Thus, more 

work need to be done to improve on the electrical and mechanical properties of Group 

III-doped ZnO film on flexible substrates. 

 

7.2.2 P-type TCOs for Photovoltaic Devices 

To realise photovoltaics devices, there need to be a p-type semiconductor 

which Cu2O is one potential candidate. More investigations can be done to improve 

the electrical properties of Cu2O so as to increase the electron transport in the 

photovoltaic devices. Other than pure Cu2O, nitrogen doping in Cu2O can also be 

investigated to shift the optical bandgap towards the UV region which might improve 

the transparency of Cu2O. Cu2O films have also been shown to demonstrate resistive 

switching effect.[340] Currently, the electrodes used in resistive switching structures 

are mainly metals. Group III-doped ZnO electrodes or other TCOs can perhaps also 

be applied in resistive switching devices where transparency of the electrodes is 

required. More researches are needed in this area. 
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7.2.3 Integrating GZO and AZO films as Transparent Electrodes 

ZnO is known to have a large exciton energy of ~60 meV and is an ideal 

candidate for UV-blue LED.[341] Using full transparent electrodes can also enhance 

the optical power and decrease the forward voltage of GaN-based LED.[211] In the 

past, organic solar cells mostly make use of ITO as the electrode. Recently, some 

research work using AZO as an electrode for organic solar cells has been 

reported.[342,343] Therefore, Group III-doped ZnO films still have vast potential 

applications in various fields that are yet to be explored. In the near future, work can 

also be done to incorporate doped zinc oxide as electrode materials for future 

electronic devices. 

 

7.2.4 Fabricating High Performance Transparent Thin Film 

Transistors 
 

Transparent amorphous oxide semiconductors have gained lots of attraction 

for potential applications in high drive current devices and large area displays due to 

their superior electrical performance compared with conventional amorphous silicon 

and polycrystalline TFTs. Among these transparent oxide semiconductors, IGZO has 

gained popularity due to IGZO TFTs having field effect mobility exceeding that of 

amorphous silicon TFTs by a factor of 100, small sub-threshold swing, low off 

current, stability under electrical stress and low processing temperature.[344] Thus, 

additional research effort is needed to achieve high quality fully transparent IGZO-

based transistors on low cost transparent glass and even on flexible plastic substrates. 
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7.2.5 Band Alignment of Transparent Amorphous Oxide 

Since the transistor is a building block for many devices, having an amorphous 

IGZO channel layer is not enough. Investigation of stable amorphous dielectrics such 

as lanthanum aluminum oxide (LAO) and yttrium oxide (Y2O3) is also essential. 

Therefore, the effect of oxygen partial pressure, substrate temperature, film thickness 

and various post deposition annealing methods on these amorphous layers can be 

investigated. Incorporating high-k gate dielectrics into TFTs will also help to improve 

the device performance. In order to further understand the device performance, there 

is a need to understand the charge transport between the interfaces so as to minimise 

the leakage current. Therefore, the band alignment of the IGZO on dielectric layers 

such as LAO and Y2O3 can also be investigated. With these band alignment studies, 

there is a better understanding on the applications in transistors, photovoltaics, and 

even sensors. Thereby, a fully transparent transistor could be made possible using 

IGZO, LAO, GZO as electrode and as a transparent substrate. An additional research 

area to explore is to fabricate these devices on low cost transparent glass substrates 

and even on flexible plastic substrates.  
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