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ABSTRACT 

 

 Al-doped ZnO (AZO) thin film, which possess the advantages of low cost, low 

resistance and high transmittance, are one of the most promising candidates to replace 

indium tin oxide (ITO) films as the transparent electrode. However, oxidation causes a 

substantial increase in the sheet resistance of AZO film after exposing in air which is 

still a difficulty to use it for long time. 

The work presented herein describes fundamental investigations of AZO thin 

films deposited by sol-gel method. The basic investigations include structural, optical 

and electrical characteristics, which were measured as functions of different conditions 

applied in film making procedure. Our interest in environmental stability was sparked 

by the desire to study, understand the behavior of degradation and improvement of 

stability. 

The n-type conductivity of an intrinsic ZnO mainly is due to Zn interstitial and 

oxygen vacancy. In this experiment, conductivity increased by Al doping and heat 

treatment. Annealing treatments were carried out by changing its temperature, duration 

and atmosphere. X-ray diffraction (XRD) revealed the polycrystalline hexagonal 

wurtzite structure of AZO thin film. Optical transmittance which was >80%, satisfies 

the transparent electrodes requirement.  

Firstly, several approaches were attempted by changing the annealing 

atmosphere (vacuum, argon + 5% hydrogen, pure hydrogen) and doping concentration 

(1, 2, 3 and 4 wt %) to obtain enhanced conductivity of AZO thin film,. In this 

experiment, pure hydrogen and 2 wt% of Al (which corresponds to doping 

concentration of Al/(Al+Zn) : 1.18 at%) were selected for further experiments as they 
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showed lower resistivity with high transparency. Hydrogen treatment in AZO films 

increased the conductivity by reducing the oxygen adsorbed at grain boundary when 

annealing was performed in vacuum atmosphere. The lowest resistivity was observed 

due to the increase of carrier concentration and hall mobility. The damp heat (85 °C and 

85% RH) stability of AZO film was observed as function of different annealing 

atmosphere and doping concentration. The degradation of electrical properties was 

observed for all films, which indicate the possible oxygen and water molecule diffusion 

to the film that confines the number of free electrons. A technique has been applied to 

enhance the electrical stability by giving thin protective layer of Cr or Ti. In this 

experiment, Cr or Ti layers which oxidized in ambient condition and make a bi-layer of 

metal/metal oxide are found as efficient shielding layers that prevent the penetration of 

oxygen or moisture into the AZO film. As the sol-gel prepared AZO film is very 

unstable in DH environment, comparatively thick metal layer is needed to stabilize the 

film properly which reduces the transparency.  

The effect of annealing temperature and duration on AZO film was also 

investigated which focused on stability in ambient and DH condition. In this case, the 

films were annealed under vacuum atmosphere though hydrogen atmosphere is better 

for conductivity, as high temperature (above 773K or 500 ⁰C) cannot be used in 

hydrogen atmosphere because of surface damage. The resistivity of AZO films annealed 

in vacuum atmosphere at different annealing temperatures of 723, 773, 823 and 873K 

(450, 500, 550 and 600 ⁰C, respectively) and durations of 1800, 3600 and 7200s (30, 60 

and 120 min, respectively) was varied between 5.7 x 10
-3 

and 7.8 x 10
-3 

Ωcm. These 

films also showed increased resistance in air due to adsorption of oxygen and/or water 

molecule from atmosphere, whereas, it was found as very stable film in argon 
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atmosphere. Environmental stability was greatly influenced by annealing temperature. 

High temperature annealed film showed better stability compared to low temperature 

annealed film, where, annealing duration did not make any considerable changes in 

electrical properties and stability. Crystallite size has been estimated from XRD data 

using the Debye-Scherer formula. Comparatively large crystallite size and high intensity 

was originated in high temperature annealed film, which indicates the improved 

crystallinity. The healing of defects by high temperature annealing also act for 

improving crystallinity, which may be one of the reasons for obtaining better stability at 

high annealing temperature. It is well known that aluminum oxide generally acts as 

good moisture barrier. In this experiment, the surface oxygen and aluminium contents 

were relatively high for the stable film compared to the unstable film which was 

measured by X-ray photoelectroscopy (XPS). This higher concentration and presence of 

Al
3+

 at the topmost surface of stable film indicate the presence of ultrathin Al2O3 layer, 

though not detected by x-ray diffractometry, which formed during annealing at high 

temperature. This layer may act as a protective layer that can repel atmospheric oxygen 

to enter the film.   

Highly improved environmental stability was found in AZO film prepared by 

RF sputtering. In this manner, a comparative study was employed between sol-gel and 

sputtered film which includes structural, optical, electrical properties and environmental 

stability also. Results are therefore presented regarding the change in crystal orientation, 

smooth surface, increased band gap energy and carrier concentration, improved stability 

etc., which was found in sputtered film. High quality (110) crystal orientation was 

observed in this film, whereas, (002) plane with large intensity originated in sol-gel 

prepared film. In order to clarify the role of crystal orientation, AZO thin film was 
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prepared by a combination of two methods. It ensured the presence of (110) plane in 

film and it also improved the environmental stability. In this manner it can say that 

smooth surface and (110) plane present in AZO film by sputtering, which can play an 

important role for increasing the stability compared to sol-gel prepared film. AZO thin 

film prepared by sputtering showed very stable electrical properties in ambient 

condition. But in DH condition, it increased slightly with low increasing rate compare to 

the sol-gel prepared film. To minimize this problem, sample was annealed at high 

temperature in vacuum atmosphere and found very stable film in DH condition. Here, 

vacuum atmosphere was chosen, though hydrogen atmosphere showed better electrical 

properties, as high temperature may damage the surface of film during hydrogen 

annealing. This film has relatively high resistance of 60 Ω/□, but showed very high 

stability in DH condition.  

In this experiment, through an analysis on structural, optical and electrical 

properties, AZO films were investigated in terms of various parameters. Degradation of 

these properties under ambient and harsh environment was studied and several 

approaches are suggested to improve the electrical stability such as increased thickness, 

preferrable deposition method, improved crystallinity, surface smoothness, changing 

crystal orientation etc.  
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Chapter 1 

 

Introduction   

1.1 Research backgrounds   

For the realization of information-oriented, low-carbon consumption, safe and 

secure society; the development of high-reliability and high-performance electronic 

devices is required. In order to realize these devices, it is essential to develop 

innovative new electronic materials as well as various types of electronic components 

and devices utilizing these materials. In recent time, transparent conductive oxide 

(TCOs) with high transparency and good electrical conductivity have a lot of interest 

in research field due to the use in photovoltaic cells, low emissivity windows, electro- 

chromic devices, sensors, touch-screen technology and flat panel displays: including, 

liquid crystal displays (LCD), organic light emitting displays (OLED) and plasma 

screen displays [1-3].  

Fig. 1-1 gives an idea of the function of TCO on photovoltaic cell. In 

photovoltaic applications, TCO mounted at the top of the cell which act as a window 

for light to pass through to the active layer (where carrier generation occurs), as an 

ohmic contact for carrier transport of the photovoltaic, and can also act as transparent 

carrier for surface mount devices used between laminated glass or light 

transmissible composites. As TCO is transparent, sunlight passes through it and when 

photon of light hits the active material, it generates an electron-hole pair, called an 

“exciton”. Exciton can a) recombine, b) migrate or c) separate into free charges. 

Charge separation tends to occur at a donor-acceptor (D-A) interface, then free electron 

and hole can head to opposite electrodes and electric current generates.  

http://en.wikipedia.org/w/index.php?title=LED_Headliner&action=edit&redlink=1
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Two of the most important parameters for measuring the properties of 

transparent conductive films are total light transmittance (%T) and film surface electric 

conductivity. Higher light transmittance allows clear picture quality for display 

applications, higher efficiency for lighting and solar energy conversion applications. 

Lower resistivity (ρ) is most desirable for transparent conductive films applications in 

which power consumption can be minimized. Therefore, the higher the T/ρ ratio of the 

transparent conductive films is, the better transparent conductive films are. For practical 

applications in devices, a TCO must have a resistivity of less than 10
-3

 Ωcm and over 

80% transmittance in the visible region. Transparent materials possess band gaps with 

energies corresponding to wavelengths which are shorter than the visible range of 

380 nm to 750 nm. As such, photons with energies below the band gap are not collected 

by these materials and thus visible light passes through. Low resistivity is achieved 

through very high levels of carrier concentrations in excess of 1 x 10
20

 cm
-3

. This can 

then result in high free carrier absorption and high plasma resonance reflectivity, 

Fig. 1-1 Basic function of transparent electrode in solar cell 

Transparent Electrode 

Active layer donor 

Active layer acceptor 

Metal layer 

+ 

http://en.wikipedia.org/wiki/Bandgap
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resulting in poor transmission. So, TCO material chosen is very important. The first 

TCO material was reported in 1907 by K. Badeker who has developed cadmium oxide 

thin film by using sputtering [4]. This film showed a relatively high electrical resistance 

compared to metals and was unstable over time because of full oxidation. In the next, 

several researches have been adopted to introduce new material with improved 

conductivity, transparency and stability.  

Traditionally, doped metal oxides have the most widespread use for various 

applications requiring a transparent conductor. These materials have been well 

researched and refined for over fifty years. The dominant material used today is tin 

doped indium oxides (ITO) which have been studied enough, and as a result, the 

material offers many beneficial properties that have made it the material of choice. ITO 

serves as anode in OLED and organic solar cells. However, the large use of ITO in the 

flat panel industry, combined with the shortage of indium resources globally, has made 

the price of ITO increase significantly in the past few years. The cost of indium tin 

oxide in 2006 reached more than 10 times its price in 2003 due to the explosion of the 

flat panel display market [5, 6]. In addition, ITO also has other eternal drawbacks due to 

the material properties: such as lack of flexibility, chemical stability, fragility and 

toxicity of indium element. All of the above mentioned problems urge us to explore 

alternatives to the ITO anode. Some alternative TCO films have been investigated by 

scientists, among them are:  

1) Conductive polymer thin film such as Poly (3,                     

4-ethylenedioxythiophene):Poly (styrene sulfonate) has potentiality to fulfill the 

requirement of transparent electrode. The conductivity and transparency of PEDOT:PSS 

makes it competitive to other commercialized transparent conducting oxide materials. In 
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fact, PEDOT:PSS was the key technology in an antistatic layer used in motion picture 

films, which resulted in the 2004 Scientific and Engineering Academy Award. Careful 

exploration by H.C. Starck led to PEDOT:PSS formulations which could yield 

500-1000 S/cm conductivity, becoming competitive to transparent conducting oxides on 

plastic substrates [7]. But, it is known that these electrodes can decrease conductivity 

upon exposure to high temperatures, humidity or UV light.  

2) Several emerging nano-scale materials are showing great promise as 

transparent electrodes. These include nano-scale forms of carbon such as Carbon 

nanotube (CNT) and graphene, as well as nano-structured metals, which includes metal 

grids, thin metal films, and metallic nanowires [8] The utility of these materials as 

transparent electrodes stems largely from their intrinsically high dc conductivity, which 

enable ultrathin, optically transparent films of the order of 1-100 nm thick to have 

appropriate conductance.  

In order to maximize the CNT film’s potentiality for use as a transparent 

conductor; typically it is desirable to have a low sheet resistance and a high optical 

transmission. Since CNT films in the technologically relevant range have thickness less 

than 50 nm, and an index of refraction of about 1.5 – 1.6, they have very low reflection 

when on a plastic or glass substrate [7]. Therefore, the CNT film optical transmission at 

a given film thickness is dominated by absorption. Typically a value of 200 S/cm is used 

for the optical conductivity, which was measured by Ruzicka et al. on potassium doped 

single-walled CNT films [9]. 

The two-dimensional allotrope of carbon graphene is an emerging material 

currently being researched both for its fundamental science and application potential [10 

- 12]. Graphene, as a two-dimensional single atomic layer of crystalline carbon, is a 
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zero-band gap semiconductor [13]. The high electrical conductivity and low optical 

absorption of graphene sheets make them an excellent candidate for next generation 

transparent electrodes.  

Metal films can be used as transparent electrodes when they are sufficiently thin, 

usually less than 10 nm, at which point they become transparent to visible light. There is 

a tradeoff between making the films thin enough to transmit sufficient light without 

becoming so thin that the films become discontinuous and begin to suffer from poor 

electrical conductivity. Various metals can be used to make these transparent films 

including metal alloys, thin noble metals, alkaline earth metals protected from oxidation 

by noble metal layers, multi-component metals and single-component metals such as 

chromium and nickel. Metals such as chromium and nickel are relatively inexpensive 

(compared with ITO) and are compatible with most organic and semiconductor 

materials. To get increased optical transmittance, multi-layer films of metal oxide/metal 

layer/ metal oxide film may be used as well [14]. 

Transparent electrodes consisting of a random network of metal nanowires have 

recently been realized and explored. Metal nanowires networks maintain the advantages 

of patterned metal films and combine that with the low cost manufacturing available 

with solution deposited roll to roll techniques. The key to this technology is in the 

growth of small diameter, long, smooth, highly pure metallic nanowires AgNWs have 

great potential for use as transparent conductors due to the intrinsic high conductivity of 

silver. AgNWs can be grown at diameters of ~40-200 nm and lengths of ~1-20 μm.  

3) Doped metal oxide: Doped metal oxide transparent electrodes are 

typically n-type semiconductors, though p-type TCOs have been studied. Although there 

are several types of conductive metal oxides, the most widely used material is ITO 
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which is already discussed in previous section. Because of several drawbacks of ITO, a 

number of alternative metal doped oxides to ITO are currently being studied. These 

include efforts to fabricate reduced indium TCO materials such as ZnO-In2O3, 

In2O3-SnO2, and Zn-In-Sn-O as well as indium free materials such as Al and Ga doped 

ZnO (AZO and GZO), and Fluorine doped tin oxide (FTO). These materials tend to 

have inferior opt-electronic properties to ITO. Traditionally, doped metal oxides have 

the most widespread use for various applications requiring a transparent conductor. 

Additionally, one of the major concerns for materials such as AZO is the electrical 

stability of the film upon exposure to humid environment. As there are number of 

reports which have explained the alternative of ITO, it is difficult to understand the 

present situation of these materials. In this manner, a comparison of TCO materials 

current status is summarized in Table 1-1. Among all of these materials, doped ZnO is 

the most important candidates to combine electrical and optical properties. From the 

table, it is clear that doped ZnO has high capability to fulfill the requirements of 

transparent electrode. It has very low sheet resistance, high transparency and low cost 

also. But it is unstable in air or humid atmosphere which can be a suitable work to 

locate the doped ZnO as alter of ITO.   
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Table 1-1 Comparison of TCO materials  

 

Properties of 

TCO 

materials 

ITO AZO CNT 
Metal 

nanowires 

Conductive 

Polymers 
Graphene 

Sheet 

resistance 
10 Ω/□ 14 Ω/□ 180 Ω/□ 9.7 Ω/□ 42 Ω/□ 30 Ω/□ 

Transparency 90% >85% 85% 89% 82% 90% 

Stability Good Poor Excellent Medium Medium Excellent 

Flexibility Poor Poor Flexible Flexible 
Highly 

flexible 

Highly 

flexible 

Material cost High Low Low Medium Low Low 

Reference [14] [15-16] [17-18] [19-20] [21-22] [23] 

 

1.2 Structural, Electrical and Optical Properties of Zinc Oxide  

Zinc oxide (ZnO) is II-VI binary compound semiconductor which exhibits a 

direct and wide band gap of 3.36 eV and a large free exciton binding energy of 60 meV 

at room temperature [24]. This large exciton binding energy indicates that efficient 

exciton emission in ZnO can persist at room temperature and higher. The basic 

properties of ZnO are shown in Table 1-2.  

ZnO has a stable hexagonal wurtzite structure cell with two lattice parameters a 

= 0.325 nm and c = 0.521 nm. A schematic representation of the wurtzite ZnO structure 

is shown in Fig. 1-2. The wurtzite ZnO structure consists of alternating zinc (Zn) and 
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oxygen (O) atoms. The ZnO structure has polar surface (0001), which is either Zn or O 

terminated and non-polar surfaces (1120) and (1010) possessing an equal number of 

both atoms. The polar surface of ZnO is responsible for several unique and astonishing 

properties including piezoelectric properties; it also plays a key role in column growth, 

favorable for etching due to higher energy. The polar surface is also known to possess 

different physical and chemical properties [25]. 

 

Table 1-2   Key properties of bulk wurtzite ZnO 

Property Value Reference 

Density (kg/m
3
) 5,600 [26] 

Melting point ( K) 2248 [27] 

Exciton binding energy 60 meV [28-29] 

Thermal conductivity (W/cm.K) 0.46-1.67 (Bulk) [30] 

Band gap 3.37 eV [31] 

Refractive index 2.0041  

Lattice parameters at 300 K 
 

[32] 

a (nm) 0.32495  

c (nm) 0.52069  

c/a 1.602  

Stable phase at 300 K Wurtzite [33] 
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Stoichiometric single crystal ZnO is undoped, and practically insulator at room 

temperature, with a carrier concentration of the order of 10
13

 – 10
14

 cm
-3

. Creation of 

intrinsic donors by defects within the crystal structure or doping with other materials 

can increase the conductivity by increasing the free carrier density enough to move the 

Fermi level into the conduction band. The resistivity values of ZnO films may be 

adjusted between 10
-4

 Ωcm and 10
12 

Ωcm, by changing the annealing condition and 

doping concentration [34]. ZnO with a wurtzite structure is intrinsically n-type 

Fig. 1-2 Top: A section of a wurtzite ZnO crystal lattice. Bottom: The unit 

cell lattice parameters for wurtzite ZnO (Copyright: Slade Joseph Jokela) 
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semiconductor because of deviation from the stoichiometry of the ZnO crystal structure. 

This deviation can lead to oxygen vacancies (Vo) and zinc interstitial (Zni), with both 

having shallow energetic donor positions below the conduction band. The extrinsic 

doping of ZnO is realized by introducing foreign atoms to the crystal structure. For ZnO, 

n-doping is easier compared to p-doping due to its high conduction band, while a p-type 

doping is facilitated for a low band gap material. For the n-type doped metal oxides, 

native donor or extrinsic dopant-induced charges (electrons) form a level just below the 

bottom of the conduction band which is empty in the intrinsic semiconductors. With the 

increase of doping density, these impurity levels eventually merge and form a 

continuous band, as is illustrated in Fig. 1-3 (middle). Beyond a certain critical 

concentration nc, the donor band overlaps with the conduction band and electrons 

behave like free charge carriers. So, the carrier concentration influences the band gap, as 

further detailed in next section.  
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Fig. 1-3 Schematic diagram of n-type doping 
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In the doped wide band gap metal oxides, carrier concentration and mobility 

cannot be increased simultaneously. High charge carrier concentration can be achieved 

from intrinsic or extrinsic doping, however, the presence of native donors and impurity 

ions induce scattering [35] (electron-electron scattering, electron-impurity scattering, 

doping modified lattice scattering) for the movement of charge carriers, hence, the 

charge mobility decreases. At a certain doping concentration, the conductivity reaches a 

limit and does not increase anymore. On the other hand, the continually growing doping 

concentration decreases the optical transmission and makes the optical window 

narrower, according to the Drude model. For example, for indium tin oxide, electron 

concentration should be less than 2.6 x 10
21 

cm
-3 

in order to achieve efficient 

transmission in the whole visible range. Therefore, we can see that the charge carrier 

concentration and transport mobility are the fundamental factors influencing the 

properties of TCO materials. The fundamental requirement for the band gap energy of a 

metal oxide concerns the photon absorption induced transmittance loss in the visible 

spectrum. Generally, a small band gap is advantageous for the electron excitation from 

valence band to conduction band, resulting in high conductivity. However, this 

decreases the optical transparency, since photons with energy corresponding to the 

visible light spectrum (wavelength from 350 nm to 750 nm) can be absorbed. When the 

band gap energy is above 3 eV, the photons lying in the visible range are not absorbed 

and thus the optical transparency remains high. The electrical and optical properties of 

ZnO may be changed by doping with a group III impurity, such as Al, In or Ga. The 

magnitude of band gap shift due to moderate or heavy doping level is determined by 

two competing mechanisms: band gap narrowing (BGN) which is a consequence of 

many body effects on the conduction and valence bands and the band gap widening 
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(BGW) which is referred to the (well-known) Burstein-Moss effect. Figure 1-4 depicts 

the band gap change based on heavily doped metal oxide, where, actual band gap 

change which is due to Burstein Moss shift.  

 

 

 

 

 

 

 

 

 

 

1.3 Thin film deposition techniques  

Thin films of semiconductor material can be deposited by different techniques 

which can be put into three distinct groups: wet chemical, physical vapor deposition 

(PVD) and chemical vapor deposition (CVD). Each methodology has some parameters 

which influence film properties such as crystallinity, microstructure, optical, electrical 

and adhesion [36-40].  

Wet Chemical 

Chemical bath and Sol-gel methods are wet chemical routes to thin films. 

These usually involve the use of chemical precursors which react and form a colloidal 

solution which forms the basis of the network of the desired material. When the solution 

is left to age and the solvent is evaporated, a continuous solid network forms. Thin films 

Fig. 1-4 Band gap changes based on Burstein-Moss effect 

Fermi level Conduction Band 

ΔE  

Eg  

Bandgap Energy = Eg +ΔE 

Where, ΔE = Burstein-Moss shift 
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can be formed from these solutions in relatively simple ways. The two most common 

forms are: 

 Dip coating, where a substrate is dipped into a precursor solution and the 

solvent is driven off by heating and forming a solid film.  

 Spin coating, where the precursor solution is dropped onto a spinning 

substrate, which results in the formation of thin layer of material on 

substrate.    

Physical Vapor Deposition 

PVD techniques involve expensive high vacuum equipment as the desired 

material is vaporized and then condenses onto a substrate. PVD techniques encapsulate: 

 Evaporative deposition: The material is heated and condenses onto the 

substrate where it forms a solid layer.  

 Electron beam vapor deposition: Electrons impinge on the desired material 

which results in vaporization and film formation is achieved by 

condensation. 

 Sputtering: Plasma is the form of energy used to vaporize the desired 

material.  

 Pulsed laser deposition (PLD): A high energy laser pulse impinges on the 

material to achieve vaporization. 

Chemical Vapor Deposition 

CVD involves the formation of a thin solid film on a substrate via chemical 

reactions of precursors in the vapor phase. It is the chemical reaction, which 

distinguishes CVD from PVD processes. The chemical reactions occur homogeneously 

in the gas phase and/or heterogeneously on the substrate.  
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1.4 Doping material and concentration 

Generally, the group III elements (e.g. Al, Ga, B) are used as doping material in 

ZnO, as they assist to increase the number of carriers and therefore the conductivity. 

Among them, Al is most preferred because of its low cost and availability. P.C. Yao have 

deposited AZO thin film by sol-gel route and obtained minimum resistivity of 9.90 x 

10
-3

 Ωcm with optical transmittance of ~90% [41]. M. Zhu improved the conductivity of 

sol-gel prepared AZO thin film by annealing treatment. He obtained the minimum 

resistivity of 5.97 x 10
-3

 Ωcm with the transmission in visible light region above 85% 

after vacuum annealing. He suggested that desorption of oxygen, which is chemisorbed 

on the surface and at the grain boundary is responsible for the observed improvement 

[42]. A. Suzuki et al. deposited Al-doped ZnO (AZO) using pulsed laser deposition 

(PLD), having resistivity of 1.43 x 10
-4 

Ωcm and average transmittance of 90% [43]. 

Another report explained the effect of Al content in the AZO film, where, lowest 

resistivity of 8.54 x 10
-4 

Ωcm and average transmittance of >88% was obtained for the 

best film [44]. Radio Frequency (RF) magnetron sputtering is very popular film 

deposition method and so that, there are many reports based on sputtering have 

explained AZO film in different aspects. W.J. Lee has developed AZO film by 

sputtering and found the minimum resistivity of 2.2 x 10
-4

 Ωcm in his experiment [45]. 

An optimal doping concentration can contribute for giving better electrical properties. 

P.C. Yao varied Al concentration from 2 to 2.75 at% and found an optimal concentration 

of Al/Zn is 2.25 at% with minimum resistivity of 9.9 x 10
-3

 Ωcm [46]. In another report, 

C.O. Kim et al. reported the structural, electrical and optical properties of AZO films in 

different doping concentration from 0 to 5 wt% by sputtering. The best film was 

observed for 2 wt% [47]. H.M. Zhou used sol-gel method to prepare AZO film, where, 
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Al concentration was varied from 1 to 3 at% and the best conductor was obtained at 1 

at% of Al [48].  

For practical uses, the environmental stability of transparent electrode should 

be considered, which still a problem in Al-doped ZnO (AZO) film. This is because the 

conductivity of AZO decreases in harsh environment, such as annealing in air or high 

humid condition, preventing AZO films to use for longer duration [49]. Miyata et al. 

reported that adsorption of oxygen at grain boundaries and thus grain boundary 

scattering is the main reason for degradation of electrical properties in air [50]. A. 

Illiberi ascribed the increase in resistivity due to degradation of the structural properties 

of films, resulting in a higher level of tensile stress. Al2O3 thin (25 – 75 nm) films 

grown by spatial-ALD were used as moisture barrier to effectively enhance the stability 

of the electrical and structural properties of the films [51]. T. Minami has studied the 

stability of AZO and GZO thin films prepared with a thickness in the range from 

approximately 20 to 300 nm. They found that the thickness affects to the resistivity 

stability. The stability improved as the thickness was increased; in particular, AZO thin 

films prepared with a thickness below approximately 100 nm were very unstable, 

whereas films with a thickness above approximately 100 nm were relatively stable [52]. 

Metal capping layer can be used to enhance the physical properties of thin film. T.L. 

Chen has used an oxidized Ni capping layer (2.5 nm) on AZO films to enhance the 

stability of AZO in harsh environment. The capping layer inhibits the penetration of 

oxygen and water into the films grain boundaries thus significantly increases the 

stability in damp heat condition (95 ⁰C and 95% humidity). As Ni layered film losses its 

transparency, they used O2 plasma and recovered transparency and work function also 

through the Ni oxide formation [49]. Though there are some reports which relate to 
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stability of AZO film and some of them already discussed above, the electrical stability 

of AZO thin film combined with high transparency and conductivity is still a difficulty 

compared to ITO. Moreover, deposition method is very important for maintaining high 

efficiency and low cost. Some reports ascribed the stability of AZO film prepared by 

sputtering and PLD method. But the study of stability of sol-gel prepared AZO films is 

not reported yet, though this method has many advantages like large production 

capability, low cost etc.     

The purpose of the following doctoral work is to investigate the structural, 

optical, electrical properties and electrical stability of Al-doped ZnO (AZO) thin film 

prepared by using different deposition parameters, such as: annealing temperature, 

duration and atmosphere of sol-gel prepared film; annealing condition and RF power 

effect of sputtered AZO film etc. The objective is to improve the properties of AZO 

films with respect to application as a transparent conducting electrode where 

improvement of electrical stability under ambient and harsh environment was major 

concern of this work. 

 

1.5 Research objectives 

There have been several studies on Al-doped ZnO film, from a viewpoint of 

structural, optical and electrical properties. The high transparency (>80%) in the visible 

wave range and low resistivity (10
-3

 to 10
-4

 Ωcm) of these films make it as a candidate 

of transparent electrode for applications of different optoelectronic devices. 

Environmental stability of transparent electrode is very important, which is still a 

problem for AZO thin films. So, many reports have explored within the last few years 

with different aspects or mechanisms about the cause of degradation and way for 
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improvement. To approach these issues, the various experimental and theoretical 

methods for AZO have been examined intensively. There have been some reports 

concerning influences of the film thickness, the deposition method, the capping layer, 

co-doping on the stability of AZO film [52-53]. However, the environmental stability of 

AZO film prepared by sol-gel method is not reported yet. In this work, the effect of 

doping concentration, annealing condition such as: temperature, duration, and 

atmosphere is investigated, with the set of these parameters for sol-gel prepared AZO 

films. The different deposition technique: RF sputtering was also studied and compared 

with sol-gel prepared film. Structural, optical, electrical properties and the 

environmental stability were studied for all films. Also, to identify the reason of 

instability and improved stability in some preferred conditions; detailed analysis is 

performed, such as crystallinity, bonding states analysis at the nano-scale or 

atomic-scale outermost surface in addition to the bulk properties of the film. Beside this, 

surface smoothness, crystal orientation are also analyzed and finally, AZO thin film with 

high transparency, low resistivity and improved stability is suggested, and discuss the 

role of different film preparing parameters on stability. 

 

1.6 Structure of the thesis 

The following chapters are structured in six different chapters: 

 Chapter 2 describes the experimental set up developed in this work to produce 

the Al-doped ZnO film as well as detail of the experiments undertaken. An overview of 

the characterization techniques is also presented here. Chapter 3 reports a preparation 

of the AZO films using sol-gel method in different annealing atmospheres and doping 

concentrations. This chapter investigates the structural, optical, electrical properties and 
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electrical stability of films under damp heat condition. As the electrical stability is not 

satisfactory, the reason of instability is mentioned here and also describes the effect of 

thin metallic protective layer on AZO film to improve the stability. Chapter 4 improves 

the electrical stability of AZO films using high annealing temperature and discusses the 

reason of improvement through different aspects, especially the change of elemental 

concentration at the outermost surface of film. Chapter 5 reports a comparative study 

between AZO films prepared by using two different deposition techniques: sol-gel and 

RF sputtering. Improved environmental stability in sputtered film was also discussed by 

surface smoothness and crystal orientation. Chapter 6 describes the further possible 

mechanism and factors for improving the stability of AZO film. The role of RF power 

on AZO film properties and improvement of sputtered film stability will also discuss in 

this chapter. The thesis concludes with Chapter 7, which summarizes the main 

conclusions and provides general considerations on how to improve the electrical 

properties and environmental stability of AZO film. Some future work topics are also 

suggested, which may play an important role in today’s TCO materials research, and 

could be worthy of further investigations.   
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Chapter 2 

 

 

Growth and Characterization techniques of AZO thin films 

2.1 Introduction 

 Chapter one illustrated the role of transparent conducting oxides (TCOs) in 

optoelectronic devices. The following chapter describes the experimental methodology 

performed in order to prepare Al-doped ZnO thin film by two different deposition 

techniques: sol-gel and RF sputtering. It will also highlight the characteristic 

measurement instrument and analytical technologies used in this thesis to investigate the 

thin film properties. 

 

2.2 Film preparation method 

2.2.1 Sol-gel 

In general, the sol-gel process involves the transition of a solution system from 

a liquid "sol" (mostly colloidal) into a solid "gel" phase [1]. Thin film preparation by 

using sol-gel method can be divided into three parts: (i) preparation of the precursor 

solution; (ii) deposit of the prepared sol on the substrate by the chosen technique: dip 

coating or spin coating; and (iii) heat treatment of the gel film. Fig. 2-1 shows the 

overall view of thin film preparation by sol-gel method using dip coating method [2].  
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In this research, as a starting material, zinc acetate dihydrate 

(Zn(CH3COO)2.2H2O) was dissolved into 2 Methoxyethanol which acts as solvent. 

Monoethanolamine (MEA) was added to the solution as stabilizer. Aluminum nitrate 

nonahydrate (Al(NO3)3.9H2O) was used as doping material. The solution was stirred at 

333 K (60 °C) for 7200 s (2 h) by magnetic stirrer to obtain clear and homogeneous 

solution. The solution was then kept at room temperature for several hours before 

coating. The soda-lime glass substrates (48 x 28 mm) were cleaned by acetone in 

ultrasonic cleaner for 900 s (15 min) and dried in air. Then the substrate was 

dip-coated into the AZO precursor sol and pulled out at a uniform withdrawal speed of 

0.5 mm/s. The dip coating was repeated several times to obtain the required film 

thickness. The coated glass slide was each time dried (pre heated) in air at 723 K 

Fig. 2-1 Overview of sol-gel method 
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(450 °C) for 300 s (5 min) to evaporate the solvent and to remove the organic residue. 

The prepared film was annealed (post heat) in different annealing condition according 

to experimental requirement. The pre-heat treatment assists to enhance the crystal 

growth, while the post-heat treatment in specific condition increases the concentration 

of oxygen vacancy and thus the conductivity of the films [3].  

2.2.2 Sputtering 

The other deposition method was also performed using Radio Frequency (RF) 

magnetron sputtering. This is the most widely used method for thin film preparation and 

is advantageous for producing uniform, well-crystallized, and large-area films. The film 

thickness, crystal structure, composition, microstructure and defect structure depend on 

many factors such as sputtering power, substrate temperature, partial pressures of 

sputtering gas, sputtering time, and distance from target to substrate. [4-7] 

 

 

 

 

 

 

 

 

 

  

 

 

Fig. 2-2 Schematic diagram of sputtering method 
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In its simplest representation, the phenomenon of sputtering consists of 

material erosion from a target on an atomic scale, and the formation of a thin layer of 

the extracted material on a suitable substrate. The process is initiated in a glow 

discharge produced in a vacuum chamber under pressure-controlled gas flow. Target 

erosion occurs due to energetic particle bombardment by either reactive or non-reactive 

ions produced in the discharge. A sputtering system consists of an evacuated chamber, a 

target (cathode) and a substrate plate (anode). The glow discharge is initiated by 

applying RF power to the target in a controlled gas atmosphere, and is constituted of a 

partially ionized gas of ions, electrons, and neutral species. The ejected material diffuses 

until it reaches and nucleates on the substrate. The duration of this process controls the 

thin film thickness [8].  

In this dissertation, zinc, titanium and chromium disk (99.9% purity) of 75 mm 

diameter and 5 mm thick was used as a target to develop thin film as the requirement of 

different experiment. A soda-lime silica glass (24x48x1 mm) was used as a substrate 

which was cleaned ultrasonically in acetone followed by drying in air. The sputtering 

procedure is commenced by evacuating the chamber to pressures lower than 10
-3

 Pa. 

Argon, being an inert gas which does not react with the target, is then introduced into 

the chamber at a specified pressure. The RF supply is then switched on and stabilized to 

the required power and induced power levels. During this time the substrate is shielded 

by the top shutter for 600 s (10 min) in order to remove oxide layer and contaminant on 

the surface of the target.   
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2.2.3 Post heat treatment 

 The as-deposited AZO thin films were heat-treated under different annealing 

conditions according to experimental requirement, which will explain specifically at the 

introduction section of each chapter. Overall, the films were heat-treated for 1800, 3600 

and 7200 s (30, 60 and 120 min respectively) at a set temperature of 723, 773, 823 and 

873 K (450, 500, 550 and 600 ⁰C respectively). Three different atmospheres were 

investigated for the thermal annealing process: vacuum (by using mechanical pump at a 

pressure of 5 Pa), argon + 5% hydrogen and pure hydrogen. Samples were placed in a 

quartz tube on ceramic boat in different atmosphere and heated in furnace. After heat 

treatment, this system was kept out from furnace and cooled down until it comes to 

room temperature. The prepared sample then characterized using following appliances.    

2.3 Physical characterization 

2.3.1 Film Thickness Measurement by surface profilometer  

Profilometry is a simple, accurate and non-destructive measurement technique, 

frequently used for the determination of the thickness of thin films. Film thickness in 

this work was measured by surface profilometer with stylus (Surf coder ET 3000). A 

diamond stylus or probe in contact with the surface is moved laterally to detect and 

measure small vertical variations.  

2.3.2 Structural properties by X-ray Diffraction  

The crystal structure of the films was evaluated by X-ray diffraction (XRD) 

with Cu Ka radiation at 40 kV and 30 mA working in the Ө-2Ө mode (RINT 2100, 

Rigaku). XRD is an efficient non-destructive analytic technique to identify the 

crystalline phase and preferred orientations of the films [9-11]. In XRD, the crystals are 

bombarded with monochromatic X-rays with wavelength (~ 1-10 Å) in the order of 
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inter-atomic spacing of the atoms. The incoming X-ray photons interact with the 

electron densities of the atoms and are scattered in all directions. These scattered X-rays 

interfere with each other constructively or destructively upon reaching the detector, 

depending on the phase differences of all the X-rays scattered by the different atoms of 

the crystal lattice. These interference patterns give information on the atomic structure 

of the crystals. Constructive interference produces diffracted beam where, the condition 

for constructive interference is given by the Bragg’s law: nλ=2dsinӨ, where, n is an 

integer, λ is the wavelength, d is the inter-atomic spacing, and Ө is the diffraction angle. 

The diffracted beam intensity will depend on several factors such as the chemical 

composition of the film and the local arrangement of the atoms.  

 

  

 

 

 

 

 

 

  

 

 

 

 

 

Fig. 2-3 Scheme of the diffraction geometry 
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 In this work, crystallite size was estimated from the full-width at 

half-maximum (FWHM) of different peaks by Scherrer’s equation: 

 

 

 

Where, D is the crystallite size, λ (=1.5405 Å) the wavelength of X-rays used, ß the 

broadening of diffraction line measured at half its maximum intensity in radians and Ө 

is the angle of diffraction [12]. 

 

2.3.3 Optical properties by UV-Vis spectrophotometer 

A UV-Vis spectrophotometry is an instrument designed to measure the 

transmittance or absorbance of a sample as a function of the wavelength of the incident 

light. It uses light in the visible and adjacent (near UV and near infrared (NIR)) ranges. 

In the case of thin films, the optical constants, viz., the absorption coefficient and band 

gap of the material can be determined from the absorption or transmission spectrum. 

The absorption of light by a sample in the ultraviolet region or visible region is 

accompanied by a change in the electronic state of the atoms in the sample. Thin films 

of a semiconductor only absorb light if the incident photons have energy equal to or 

greater than the band gap. As a result, the absorption spectra of semiconductor thin 

films are characterized by a sudden sharp increase in absorption at the band gap energy. 

The absorption edge or band edge is defined as the transition between the strong 

short-wavelength and the weak long-wavelength absorption in the spectrum. In the case 

of transparent solids, the absorption edge can be measured using transmittance 

techniques [13].   

0.9λ 

ß cosӨ 
D = 
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The UV-visible spectrometer consists of source, sample, spectrometer and 

detector. The light source can emit light of wavelength 200-1100 nm. After passing 

through the sample, the transmitted light is passed through a spectrometer, which 

disperses the light onto the photodiode detector. In this work, A UV/Vis/NIR 

spectrometer (Lambda 750s, PerkinElmer) was used to determine the transmission 

spectra from 300 nm to 800 nm.  

The absorption coefficient data were used to determine optical band gap, Eg 

using the relation [14]:  

 

where, A is a constant, hν is the photon energy (eV) and m=1 for direct transition, m=4 

for indirect transition. It is well known that ZnO is a direct band gap material. The 

absorption coefficient (α) was obtained from the transmittance data by using the relation 

α = (1/d)ln(1/T), where, d and T are the thickness and the transmittance of the films. 

Accordingly, the optical band gap Eg can be obtained by extrapolating downwards the 

corresponding straight lines till the photon energy axis in the Tauc plot [15]. Tauc’s plot 

gives the relationship between (αhν)
2
 and photon energy hν.  

 

2.3.4 Surface properties by X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscope (XPS) is the most widely used surface 

analysis technique because of its relative simplicity in use and data interpretation. It 

works by irradiating a sample with an x-ray beam and then quantifying the kinetic 

energy and number of electrons that are ejected from the material. Fig. 2-4 below 

illustrates the steps that occur during the XPS process. This technique works by having 

a high energy X-ray beam and using it to excite the surface of the desired sample. XPS 

αhν ~ A(hν - Eg)
m/2
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measure the kinetic energy and number of electrons that escape from the top 0 to 10 nm 

of the material being analyzed. If the incoming X-ray has enough energy and is 

absorbed by an atom in the surface, then innermost electron will be ejected. This 

phenomenon is known as the photoelectric effect. Because the energy of an X-ray with a 

particular wavelength is known, the ejected photoelectron has a kinetic energy that can 

be calculated to be equal to the energy of the incident X-ray minus the binding energy 

and the work function of the element. By detecting and measuring the energy of this 

electron that is unique for each element, one is able to determine the composition of the 

sample. XPS can be considered as a surface analysis technique, and depth profiling 

analysis (measure of the elemental composition as a function of depth) of a material is 

also feasible by ion beam etching [16].  
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Fig. 2-4 Basic of X-ray photoelectron spectroscopy 
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2.3.5 Electrical properties by four point probe and Hall effect measurement 

system  

The electrical properties of AZO thin films are a key point in this dissertation. 

The resistivity should be as small as possible to minimize ohmic losses for the transport 

of the carrier. The electrical sheet resistance of the deposited films was determined with 

four point probe (Fig. 2-5). The probe consists of four point contacts, which were 

pressed toward a film using adequate pressure. The two contacts in the centre were 

connected to a voltmeter and the outermost contacts were connected to a current 

generator in series with an ammeter [17]. For good accuracy, the diameter of the point 

contact tip should be much smaller than the tip spacing, the electrical resistance, R, of a 

rectangular shaped sample is given by  

                                               …………...…………… (2.1) 

Where, ρ is the electrical resistivity of the sample and l, b and d are the length, the width 

and the thickness of the film, respectively. If l=b, equation 2.1 becomes 

 

Where, Rs is the sheet resistance.  

R = ρ. (l/bd) 

R = ρ/d = Rs 
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In 1879, E. H. Hall observed that when an electrical current passes through a 

sample placed in a magnetic field, a potential proportional to the current and to the 

magnetic field is developed across the material in a direction perpendicular to both the 

current and to the magnetic field [18]. This effect is known as the Hall effect which is a 

useful technique for characterizing the electrical transport properties of metals and 

semiconductors. It also allows determining the charge carrier density and mobility. The 

Hall effect occurs when a current is passed through a sample in the presence of a 

transverse magnetic field and a small potential difference, the Hall voltage is developed 

between two opposite faces of the sample, in a direction perpendicular to both the 

current and applied magnetic field. In this work, Hall effect measurement system (Hall 

resist 3300) was used, whereas, four point probe meter was also used when only sheet 

resistance was considered as the focusing point.   

Fig. 2-5 Configuration of Four Point Probe 
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The Hall effect refers to the voltage difference VH resulting from the deflection 

of the charged carriers by the Lorentz force as shown in Fig. 2-6. Due to the Lorentz 

force, charged particles moving in the x-direction will be deflected in the ±z direction 

depending on their charge. This causes a buildup of charge on one side of the film, 

which leads to an electric filed in the z-direction, measurable as the Hall voltage (VH) 

across the film. The Lorentz force is 

      ….……………   ……….....………………. (2.2) 

Where, v is the drift velocity, e is the electronic charge and H is the magnetic field. 

Equation 2.2 proves the charge carrier density n from the measurement of the Hall 

voltage by the input of the current I: 

     ………  ………….……………….. (2.3) 

 

where, d is the thickness of film.  

The Hall effect measurement system measures the sheet resistance by van der 

Pauw method. In this method, four small contacts are considered at the periphery of a 

square shaped (10 x 10 mm) two dimensional sample. To measure Rs, a current is 

passed from one contact to adjacent contact, while the corresponding voltage difference 

is measured across the two contacts on the opposite side.  

From the Hall measurements associated to the van der Pauw sheet resistance 

determination, the resistivity and the Hall mobility (μH) are deduced with following 

equation: 

        …………………………… (2.4) 

 
  …………………………… (2.5) 

 

n= 
IH 

eVH d 

FL = -ev x H 

ρ = Rsh x d 

μH = (enρ)
-1
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2.3.6 Scanning Electron Microscope (SEM) 

The scanning electron microscope (SEM) uses a focused beam of high-energy 

electrons which generates a variety of signals at the surface of the samples. The signals 

that derive from electron-sample interactions are collected over a selected area of the 

surface of the sample, and a 2-dimensional image is generated [19]. The signals 

generated by the interaction of the accelerated electrons with the samples include 

secondary electrons, backscattered electrons, diffracted backscattered electrons, photons, 

visible light and heat. Secondary electrons and backscattered electrons are commonly 

used for imaging samples: secondary electrons are most valuable for showing 

morphology and topography on samples and backscattered electrons are most valuable 

for illustrating contrasts in composition in multiphase samples. In this work, the SEM 

analysis was done by a field emission scanning electron microscopy (FESEM) 

HITACHI SU6600.  

Fig. 2-6 Schematic representation of the Hall effect 
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2.4 Summery 

In this chapter, the growth and characterization techniques of AZO thin film 

deposited by sol-gel and RF sputtering have been discussed in detail. The 

post-deposition treatments have been exposed by parameters of temperature, duration 

and atmosphere. These different steps have a strong influence on the properties of the 

thin films. Many characterization techniques have been used in this work to have a large 

and detailed view of the material properties. Structural attributes have been studied by 

X-ray diffraction measurements. The optoelectronic properties are studied by 

UV/Vis/NIR spectroscopy, Hall effect and four point probe measurements. SEM 

techniques allow investigating the morphological characteristics of the films.   
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Chapter 3 

 

Damp heat stability of Al-doped ZnO (AZO) transparent electrode and 

influence of thin metal film for enhancing the stability 

 

3.1 Introduction 

 Many studies have been focused on the Al-doped ZnO (AZO) developed by 

various routs to make efficient transparent conducting oxides. These reports have 

explained the heat treatment effect, doping effect, different film development 

procedures etc. shedding light on various characteristics of AZO [1-6]. The 

optoelectronic properties are generally dependent on the deposition and post deposition 

conditions [7], where, deposition techniques such as sputtering [8-14], spray pyrolysis 

[15], sol-gel [3-5], pulsed layer deposition (PLD) [16], chemical vapor deposition 

(CVD) [17] are well known.  

Meanwhile, in terms of the electrical stability, the AZO thin films have a 

critical problem in that the resistivity of the film largely increases in air, unlike the ITO 

film, that shows high stability in moisture environment [18]. There have been some 

reports concerning influences of the film thickness, the deposition method, the capping 

layer, co-doping on the stability of AZO film [19-21], however, sol-gel prepared film 

and the annealing effect on the film stability has not been extensively studied. The 

purpose of this work is to investigate the environmental stability of AZO film prepared 

by sol-gel method as function of different doping concentration and annealing 

atmosphere. Structural, optical and electrical stability in damp heat condition was 
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observed for several days. The effect of sputtered thin metal film (Ti and Cr) 

encapsulation for enhancing the electrical stability of AZO films has also been 

investigated in this chapter.  

AZO thin film was prepared by using sol-gel dip-coated method. As this 

experiment explained the effect of doping concentration and annealing atmosphere, 

different pre-cursor solution was made with different Al concentration at first. Here, 1, 2 

3 and 4 % (Al/(Zn+Al) atomic ratio : 0.58, 1.18, 1.77 and 2.3 at%, respectively) of 

aluminum nitrate nonahydrate was mixed to the starting material zinc acetate dihydrate. 

These films were annealed in pure hydrogen atmosphere at 450 °C for 30 min. On the 

other hand, different atmospheres: vacuum, argon + 5% hydrogen and pure hydrogen 

atmosphere was settled during annealing for investigating annealing atmosphere effect 

on AZO film.   

 

3.2 Results and Discussion 

Fig. 3-1(a) shows the effect of dip coating number on thickness of thin film. It 

shows that the thickness increases linearly when the coating number increases. The 

sheet resistance of thin film measured by four point probe meter decreases with 

increasing of film thickness as shown in Fig. 3-1(b). Very high resistance (10
5
 Ω/□) was 

observed for one time coating. It decreases to ~ 300 Ω/□ for 5 times coating. For thin 

layered film, stress may happen on AZO film which leads lots of defects. So, free 

electrons may trapped by this defects. Another reason can be formation of islands of 

materials with lot of insulating gaps for very thin layers. This gaps can be minimized in 

increased thickness of film and for that conductivity improved.   
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 Fig. 3-2 shows the micrographs of sol-gel prepared AZO film at different 

number of coating. It shows that no grain formed when it was only one time coated. 

Spherical shaped grains can be observed after 5 times coating, which became densed 

with increasing coating number to 10 times. After annealing, grains coalescence and 

clearly showed the larger grain size. 

(a) 

(b) 

Fig. 3-1 (a) Thickness of thin film dependency on coating number and (b) sheet 

resistance vs. thickness of AZO thin film  
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3.2.1 Effect of annealing atmosphere 

The resistivity was calculated by measuring sheet resistance and thickness of 

film, since the sheet resistance (Rs) is proportional to resistivity (ρ) as written as ρ = Rst, 

where, t is the film thickness. The resistivity of AZO thin films (approx. 300 nm) 

annealed under different atmosphere (vacuum, argon + 5% hydrogen and pure 

hydrogen) and duration (30, 60 and 90 min) was measured and depicted in Fig. 3-3. It 

shows that annealing duration did not make any considerable changes on the film 

resistivity. But it showed a remarkable change that is the resistivity decreased sharply 

when the atmosphere changes from vacuum to argon + 5% hydrogen and then slightly 

10 times After 

annealing 

Fig. 3-2 SEM pictures of sol-gel prepared AZO thin films at different coating number 

5 times 1 times 
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decreased for pure hydrogen.  
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As shown in Table 3-1, a resistivity value of 7.8 x 10
-3

 Ωcm was obtained in the 

vacuum annealed AZO film, which was decreased very sharply for argon + 5% 

hydrogen annealing and it reached to the lowest value of 1.6 x 10
-3

 Ωcm for pure 

Annealing 

atmosphere 

Resistivity (Ωcm) 

Carrier concentration 

(cm
-3

) 

Hall Mobility 

(cm
2
/Vs) 

Vacuum 0.00786 5.95 x 10
19

 13.3 

argon + 5% 

hydrogen 
0.00261 2.18 x 10

20
 13.9 

pure hydrogen 0.00165 2.18 x 10
20

 17.3 

Fig. 3-3 Effect of annealing duration on resistivity of AZO film prepared 

in different annealing atmosphere 

Table 3-1 Electrical properties of 2 wt% Al doped ZnO thin film annealed at 450
 
°C 

for 30 min in different atmosphere 
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hydrogen annealing film. The number of oxygen vacancies is one of the major causes of 

variation of resistivity in AZO thin films. Annealing in hydrogen atmosphere can make 

oxygen annihilation and formed oxygen vacancies which act as carrier and so that, with 

the increase of carrier concentration resistivity decreases [22]. In our experiment, carrier 

concentration increases from 5.95 x 10
19

 to 2.18 x 10
20

 cm
-3

, when the atmosphere 

changes from vacuum to argon + 5% hydrogen and keep constant for pure hydrogen 

annealing. On the other hand, some adsorbed oxygen in grain boundaries of vacuum 

annealed film may increase the barrier height which act as trap for the motion of carriers, 

resulting the lower mobility. The mobility increases slightly (13.3 to 13.9 cm
2
/Vs) for 

vacuum to argon + 5% hydrogen and then sharply increased to 17.3 cm
2
/Vs for pure 

hydrogen annealing. This is probably due to the desorption of adsorbed oxygen from the 

grain boundaries and during the decrease of barrier height, mobility increases. So carrier 

concentration and hall mobility both helps to increase the conductivity, which was also 

reported by H. Tong [23]. Since a minimum resistivity (1.65 x 10
-3

  Ωcm) is obtained 

under pure hydrogen atmosphere annealing and duration did not cause any major effect 

on resistivity in this experiment, pure hydrogen atmosphere and 30 min duration is 

chosen for further study.    

    

3.2.2 Effect of doping concentration 

Fig. 3-4 shows the electrical properties of AZO thin films prepared using 

different Al concentration of 1, 2, 3 and 4 wt%, which corresponds to Al/(Zn+Al) 

atomic ratio of 0.58, 1.18, 1.77 and 2.3 at%, respectively, by adding aluminum nitrate 

nonahydrate (Al(NO3)3.9H2O) to the starting material zinc acetate dihydrate. The 
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resistivity is initially decreased with increasing Al content from 1 to 2 wt%, where, a 

minimum value of 1.65 x 10
-3

 Ωcm is obtained. However, the resistivity increased for 3 

and 4 wt% Al concentration.  
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The highest carrier concentration (2.18 x 10
20

 cm
-3

) was found in 2 wt% Al 

concentration. The increasing and decreasing tendency of carrier concentration was 

differing with resistivity, whereas, mobility decreased with increasing Al concentration. 

Generally, resistivity of films is mainly affected by carrier concentration and mobility. 

Since mobility showed decreasing tendency in everywhere, the optimal resistivity at 2 

wt% is mainly due to the increase of carrier concentration here. Hu and Gordon [24] 

reported that excess Al doping forms non-conducting Al2O3 clusters in the films causing 

crystal disorder, which act as carrier traps rather than electron donors. In this experiment, 

the excess Al doping which was observed for 3 and 4 wt%, decreases the carrier 

concentration in the film and consequently increases the resistivity. On the other hand, 

the low crystallinity of the AZO films in high Al concentration was found from the 

Fig. 3-4  Electrical properties of AZO film in different doping concentration 
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XRD curve which is shown in Fig. 3-5. The crystallite size was determined by Scherer’s 

formula and which was 22 nm for 1 and 2 wt% Al doping and then decreased to 21 and 

19 nm for 3 and 4 wt% Al doping, respectively. It is reasonable to say that the scattering 

by the impurities, the defects in the crystal and the grain boundaries increase as the 

aluminum concentration becomes higher, and results in lower mobility.  
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(a) 

Fig. 3-5 (a) XRD spectra and (b) crystallite size of AZO films with different 

doping concentration 

(b) 
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3.2.3 Damp heat stability 

The damp heat stability was investigated for AZO thin films under DH 

condition for 7 days which is shown in Fig. 3-6. Degradation of electrical properties 

was found in all films. Fig. 3-6(a) shows the stability of film prepared in different 

annealing atmosphere. As the films were exposed to humidity, the increased resistivity 

indicates the possible oxygen and water molecule diffusion to the film that confines the 

number of free electrons. Beside the diffusion of O2 and/or H2O molecule, some 

adsorbed oxygen present at grain boundary also insists to decrease the carrier. Very fast 

oxidation was observed in films within one day, especially for vacuum annealed film, 

probably due to both adsorbed molecule. On the other hand, the increasing rate was 

slightly low for hydrogen annealed film, because, during hydrogen annealing, oxygen at 

grain boundary desorbed and thus O2/H2O diffusion seems the only reason for 

increasing resistivity, resulting the low degradation rate. In addition, the energetic 

oxygen bombardment disturbs the grain growth, which results in an increase of the 

proportion of grain boundaries in ZnO thin film. This induces the scattering at the 

boundaries and decreases the carrier mobility [25], thus changing the conductivity of 

AZO film. The decreasing trend of carrier concentration and mobility for pure hydrogen 

annealed film is shown in Fig. 3-6(b), where, carrier concentration sharply decreased 

within first 12 h from 2.18 x 10
20

 to 1.92 x 10
19

 cm
-3

 and then 1.25 x 10
19 

cm
-3 

in next 

12 h, where mobility decreased from 17.34 to 6.24 cm²/Vs in 12 h and it showed very 

low value of 1.96 cm²/Vs after 24 h.  
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The resulting electrical stability was also dependent on the Al concentration 

(Fig. 3-6(c)). AZO film with 4 wt% Al showed highest instability compared to others, 

which was probably due to the decrease of crystallite size in this film which is shown in 

Fig. 3-5(b). Small crystallite size enhances the grain boundary area, which is the 

preferable path for oxygen to diffuse to the film and thus the resistivity increases 

intensively. But degradation rate of resistivity is very high for other films also due to 

possible diffusion of O2 and/or H2O molecule to the film. The possibility of the 

diffusion was investigated by keeping the films in air and argon atmosphere for 30 days 

at room temperature. It was observed that the resistivity of AZO film stored in air 

environment increased by approximately 62%, whereas, it was only 3% for film stored 

in argon atmosphere. This slight change may be due to the presence of small quantity of 

H2O molecules in the argon environment or strain relief of film. 

Fig. 3-6 (a) Electrical stability of 2 wt% Al doped ZnO thin film in DH condition as 

function of annealing atmosphere, (b) carrier concentration and Hall mobility of the 

film annealed in pure hydrogen and (c) DH test for film in different Al concentration  

(c) 
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Fig. 3-7 shows the structural and optical changes of AZO film (1.18 at% Al 

doped and pure hydrogen annealed) for as prepared and after exposing in DH for 7 days. 

XRD measurement shown in Fig. 3-7(a) indicates that all films were polycrystalline and 

exhibited a preferred wurtzite c-axis orientation. A strong diffraction peak was observed 

(a) 

(b) 

Fig. 3-7 (a) Structural and (b) optical changes of AZO film in damp heat condition 
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at 34.45 deg., corresponding to the (002) plane of ZnO, which was not changed after 7 

day stored in DH condition. c-axis length (5.2028 Å) calculated using the Bragg 

equation and crystallite size (22 nm) of strong peak evaluated by using Scherer’s 

formula was also unchanged after DH test. A very weak peak of Zn(OH)2 peak at 

23.35 deg. was observed after DH exposure because of water molecule diffusion to the 

film. The transmission spectra of AZO thin films were observed in visible wavelength. 

An average transmittance of above 87% was obtained in films before DH treatment 

which was slightly decreased after damp heat treatment. Similar observations were 

found for almost all films.   

 

3.2.4 Effect of metal layer on AZO 

Some efforts have been applied to enhance the electrical stability by giving thin 

protective layer through Cr and Ti. In this experiment, Cr or Ti layers which oxidized at 

ambient condition are found as efficient shielding layers that prevent the penetration of 

oxygen or moisture into the AZO film. The Cr or Ti thin layer was deposited on the 

AZO thin films by sputtering method. Cr or Ti disk (99.9% purity) of 75 mm in 

diameter was used as target and glass plate coated with AZO with thickness approx. 300 

nm was used as a substrate. Argon flow was supplied which act as the sputtering gas.  

 

  
Fig. 3-8 Schematic diagram of AZO thin film covered by thin metal layer 
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The RF input power and substrate temperature were fixed at 150 W and 423 K 

(150 °C), respectively. After deposition of Cr (4, 8 and 15 nm) or Ti (10, 13 and 30 nm) 

layer on AZO, it transformed into a bi-layer of Cr/CrOx or Ti/TiO2, when it comes to air 

at room temperature. This can be explained by x-ray photoelectron spectroscopy 

analysis which is shown in Fig. 3-9.  
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(a) 

(b) 

Fig. 3-9 Binding energy of different etched parts of film (a) AZO-Cr (4 nm) and 

(b) AZO-Ti (10 nm)  
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Fig. 3-9 shows the binding energy of surface and different etched parts of both 

Cr (4 nm) and Ti (10 nm) covered AZO film. It clearly indicates the surface oxidation of 

metals which formed in air at room temperature. In Fig. 3-9(a), the film surface contains 

CrOx peak at binding energy 576.5 eV [26] with high intensity which gradually 

decreases with etching time. On the other hand, metallic Cr at 574.2 eV [27] has very 

weak peak on surface and relatively strong peak at etched parts. The same observation 

was found in Fig. 3-9(b) which show the XPS depth profiles of titanium covered AZO 

film. Before etching of film, Ti2p and Ti2p1/2 XPS peak at 458.8 and 464.6 eV was 

observed, which could be identified as that of Ti
4++

 from TiO2 [28-29]. Intensity of these 

peaks decreased with an increase of etching time. On the other hand, the XPS peak due 

to Ti
2++

 and metallic Ti at 455.4 and 461 eV, respectively, appeared in the sample etched 

for 10 – 50 s with low intensity [30-31].   
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After deposition of the metallic thin layer, AZO films resistivity did not show any 

significant change, probably, these material acts as an electron transport material due 

to its metallic characteristic. Slight increase of resistivity (0.00015 Ωcm) may be due 

to short duration of presence in air and oxygen diffusion to film before sputtering the 

metal layer. The damp heat test result is shown in Fig. 3-10, which states the improved 

stability by the formation of bilayer of Cr/CrOx or Ti/TiO2 on AZO. This bilayer, 

especially oxide layer on very top surface serves as a protective layer to prevent the 

penetration of oxygen and water into the AZO film and reduce the degradation rate of 

conductivity. With the increase of thickness of metallic layer, stability improved. But at 

a time, the transparency also decreased and found as 70% for 4 nm Cr and 67% for 10 

nm Ti layered film. The effect of thickness of Cr layer on electrical stability and 

transparency was also investigated in Fig. 3-11, where normalized resistivity after 7 

Fig. 3-10 Damp heat stability of AZO and (a) AZO-Cr (b) AZO-Ti film  

(b) 
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day in DH exposure was considered for understanding the improved stability. It 

showed that, with increasing Cr layer thickness on AZO, stability improves immensely 

but at the same time, it loses its transparency. Since the degradation rate of 

conductivity is very high for AZO film prepared by sol-gel method, it is still a big 

challenge to get both transparency and stability in a film by using thin metallic layer.  
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3.3 Conclusion 

In summary, the AZO thin films were successfully prepared by sol-gel method 

using different annealing atmosphere and different Al concentration. Electrical 

properties were enhanced in pure hydrogen annealing and 2 wt% Al doping due to the 

increase of carrier concentration in both cases. The high degradation of the resistivity 

was observed under damp heat (85 °C and 85% RH) condition for all films. Oxygen and 

water molecule diffuse to the film and increase the resistivity. This is assumed as very 

stable resistivity was found after keeping the film in argon atmosphere. Very thin Cr or 

Fig. 3-11 Effect of Cr layer thickness on stability and transparency 
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Ti layer was deposited by sputtering on AZO for protecting them against O2/H2O 

absorption. These films obtained without any significant enhancement of resistivity due 

to their metallic character. Electrical stability enhancement was due to the formation of 

oxide layer of these thin metals at room temperature. This thin oxide layer protects 

further oxidation and improves stability.  
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Chapter 4 

 

Investigation and improvement of the environmental stability of 

Al-doped ZnO (AZO) thin film prepared by sol-gel method  

 

4.1 Introduction 

In the previous section, AZO thin films were developed by sol-gel method 

using different annealing atmosphere: vacuum, argon + 5% hydrogen, pure hydrogen; 

and different annealing duration: 30, 60 and 90 min. The doping concentration effect 

also investigated in that part. Enhanced electrical properties were observed in 1.18 at% 

of Al doped film, which was annealed in pure hydrogen due to the increase of carrier 

concentration. These films were environmentally unstable in damp-heat condition, 

which was improved by using ultrathin metal layer (Cr or Ti) on AZO film. As sol-gel 

prepared film is very unstable in DH condition, comparatively larger thickness of 

metallic layer needed for getting better stability which reduced transparency. The results 

indicate that more detailed analysis is required to get the film which will fulfill the 

optoelectronic properties as transparent electrode with improved stability.  

This chapter describes the improvement of resistivity stability without using of 

protective layer. Here, AZO thin films were prepared by sol-gel method in different 

annealing temperature and duration. AZO films were deposited, where, doping 

concentration i.e., Al/(Zn+Al) atomic ratio was fixed at 1.18 at%. The soda lime glass 

substrate was dip coated into precursor solution for 10 times by drying each time at 723 

K (450 °C) for 300 s (5 min) in air, subsequently annealed at different temperatures and 
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durations under vacuum atmosphere. It can be noted that, the film was annealed under 

vacuum atmosphere though pure hydrogen showed better electrical properties in 

previous chapter. In this experiment, sheet resistance increased sharply when AZO film 

was annealed in hydrogen with a temperature higher than 500 ⁰C. H. Tong has 

explained this increasing tendency and he found that surface of film may damage at 

high temperature annealing [1]. Here, for vacuum annealing, temperature was selected 

as 450, 500, 550, or 600 °C, and the duration was 30, 60, or 120 min, for each 

temperature. The investigated samples will be labeled in the following parts as s-x-y, 

where x, y are annealing temperature and duration respectively.  

4.2 Results  

The estimated film thickness was 300 ± 40 nm. The variation of thickness 

along with sheet resistance was observed in different positions of film (Fig. 3-1(a)). 

Lower thickness corresponding to high resistance was observed around the vertical 

edges of film. 

.  
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Fig. 4-1(b) shows the stability of sheet resistance for film s-450-30 with all 

value taken at different positions. The lower thickness part of film (approx. 260 nm), 

which has high resistance (375 Ω/□) and also very unstable in further days. For that, we 

selected the middle part only for stability measurement and further investigation.  

In general, the n type conductivity of an intrinsic ZnO mainly is due to Zn 

interstitial and oxygen vacancy [2-5]. The electrical properties of doped ZnO films 

strongly depend on carrier concentration, which depends on contributions from Al
3+

 on 

substitutional sites of Zn
2+

 ions, Al and Zn interstitial atoms, and oxygen vacancies. In 

this experiment, the intrinsic ZnO film (after vacuum annealing at 500 °C for 30 min) 

showed the resistivity of 8.0 x 10
-2 

Ωcm. After doping with 1.18 at% Al, the electrical 

resistivity was found to decrease of 5.7 x 10
-3

Ωcm. This is due to increased carrier 

concentration as a result of substitution of Zn
2+

 by Al
3+ 

and formation of one extra free 

Fig. 4-1 (a) Position dependent thickness variation of thin film. (b) Investigation 

of electrical stability in ambient condition of film annealed at 450 °C for 30 min. 

Resistance value was taken from different random positions of film.    

(b) 



 

 

63 

 

electron from each Al atom which act as carrier.  

Resistivity of AZO films were measured as function of different annealing 

temperatures and durations which is shown in Table 4-1. As shown in this table, film 

annealed at low temperature (450 °C) in different durations have higher resistivity (7.53 

x 10
-3 

- 7.86 x 10
-3 

Ωcm), which is slightly decreased to the range of 5.73 x 10
-3 

– 6.09 x 

10
-3 

Ωcm, when the temperature was 500 °C. It increased again for 550 °C and 600 °C in 

duration of 30 to 120 min. In general, by increasing the annealing temperature, the 

resistivity of AZO films decreases since the grain boundaries and crystal deficiencies of 

the film were decreased. On the other hand, increased resistance may be attributed from 

decreased mobility of carriers caused by further formation of aluminum compounds at 

the grain boundaries [6]. It also shows that annealing duration did not cause any major 

effect on resistivity. The minimum resistivity value obtained in this work is very close to 

the reported in the literature [7], although it can be further improved through 

introduction of ensuring controlled atmosphere during annealing.  
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Table 4-1  Resistivity of AZO thin film in different annealing temperature and duration 

 

Annealing 

duration (min) 

Resistivity (x 10
-3 

Ωcm) 

annealing temperature 

450 °C 500 °C 550 °C 600 °C 

30 7.74 5.73 6.18 6.16 

60 7.86 6.09 6.54 6.27 

120 7.53 5.8 6.78 6.66 

 

The resistivity stability of these films in ambient condition which is the 

focusing point in this experiment are shown in Fig. 4-2(a) – (d). It clearly indicates that 

annealing temperature plays an important role on environmental stability. In this 

experiment, high temperature annealed film showed better stability compared to low 

temperature annealed film. As an example, the resistivity of the film annealed at 450 °C 

for 30 min is gradually increased by 62% after 30 days. The increasing tendency 

reduced to 35%, 27% and 9% for 500, 550 and 600 °C, respectively, in film, which was 

annealed for 30 min. The fast increasing rate in first few days was observed, which will 

be explained in the following part through DH test. The lowest increased resistivity was 

found (only 4%) for the film developed by using high temperature (600 °C) with longer 

duration (120 min). To further investigate the mechanism of stability improvement, 

detailed experiments were carried out for two samples : s-450-30 and s-600-120. These 

films showed the highest (62%) and lowest (4%) increasing tendency of resistivity in 

this experiment.  
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(a) (b) 

Fig. 4-2 Investigation of electrical stability in ambient condition of AZO film annealed 

at a) 450 °C  b) 500 °C  c) 550 °C and d) 600 °C in different duration.  

(c) (d) 
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The degradation behavior of AZO films under different storage atmosphere at 

room temperature is shown in Fig. 4-3. s-450-30 film has high increasing rate of 

resistivity, when it was stored in oxygen and air atmosphere. But in argon atmosphere, 

where, oxygen and water molecule are deficient, this film showed very stable resistivity. 

On the other hand, the film annealed at high temperature did not increase its resistivity 

Fig.4-3 Investigation of resistivity of AZO films stored in different atmosphere 

Fig. 4-4 Investigation of degradation rate of resistivity under damp heat condition 

(85 °C and 85% RH). 
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in air and even in the oxygen atmosphere.  

 

The damp heat stability of selected AZO films of s-450-30 and s-600-120 was 

also investigated in this work. The variation of resistivity with exposure time to the DH 

treatment is shown in Fig. 4-4. The degradation on the DH test appears the same nature 

as that for the ambient condition i.e. the film annealed at high temperature showed 

better stability compared to the film annealed at low temperature. The topmost surface 

oxidation appears fast, within a few hours of air exposure, while the whole film is 

affected after a longer period due to possible diffusion of oxygen.     

The structural properties of as-deposited films (s-450-30 and s-600-120) were 

studied by X-ray diffractometry as revealed in Fig. 4-5. Both films were polycrystalline 

in nature having hexagonal wurtzite structure with a preferred orientation along c-axis 

(002) plane. The other orientations along (100) and (101) planes were also observed, 

however, their intensities were very weak compared to that of the (002) peak. Scherer’s 

formula was employed to estimate the crystallite size of the films from (002) peak, 

which was found to be 18 and 21 nm for s-450-30 and s-600-120, respectively. The 

increased intensity of (002) peak and increase of crystallite size for s-600-120 thin film 

can be attributed to the high temperature annealing along with longer duration, which 

indicates improvement of crystallinity of the AZO film. 
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Field emission scanning electron micrographs (FESEMs) as given in Fig. 4-6 

show the microstructure of the AZO films. It shows that both films are consisting of 

many spherical shaped crystalline particles. The grains more or less cover the substrate 

surface uniformity. The film s-450-30 have relatively smooth surface, whereas, 

s-600-120 film shows the granular structure. Thus, high temperature annealing seems to 

have modified the surface morphology. It also shows that, after high temperature 

annealing, the surface cluster size of AZO film was increased and diameter value of 

s-450-30 and s-600-120 is estimated as the value of 28 and 35 nm respectively. This can 

be considered as the coalescence process induced at high temperature thermal treatment. 

On the other hand, point or dislocation defect and Al interstitial may form on 

the film annealed at low temperature which may reduce the stability. The healing of 

defects by high temperature annealing also reduces these trap states thereby the grain 

size increases and improving the crystallinity of the film which coincides with the XRD 

result [8]. 

Fig. 4-5 XRD diffraction patterns of s-450-30 and s-600-120 films 



 

 

69 

 

 

 

 

 

  

(a) 

(b) 

Fig. 4-6 Surface morphology of (a) s-450-30 and (b) s-600-120 
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Fig. 4-7 shows the cross sectional view of AZO thin film, where, different 

layers are clearly observed. As the film developed by dip coating method using 10 times 

coating, it makes different layers of film with granular structure.  

As shown in Fig. 4-8, the average transmittance in the visible light wavelength 

range of 300 – 800 nm is approximately 85 - 90% for both s-450-30 and s-600-120 

films. The absorption edge was shifted towards shorter wavelength at increased 

annealing temperature and duration. It indicates the increase of carrier concentration of 

the thin film after annealing at high temperature with longer duration. The absorption 

coefficient data was used to determine optical band gap, Eg. The band gap energy 

measured by Tauc plot (inset of Fig. 4-8) increases from 3.37 for s-450-30 to 3.48 eV 

for s-600-120, respectively. Typically the blue shift of the absorption edge of the AZO 

films is associated with an increase of the carrier concentration blocking the lowest 

states in the conduction band, known as the Burstein-Moss effect [9-10].  

Fig. 4-7 Cross sectional view of AZO thin film 
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4.3 Discussion 

The reduction of the resistivity of AZO thin film after doping and heat 

treatment can be ascribed thorough creation of free electron by doping and formation of 

oxygen vacancies by annealing in vacuum atmosphere. The degradation of resistivity in 

air was observed which is mainly due to the adsorption of oxygen and/or water 

molecule to the film. This is considered due to the result of investigation of film stored 

in different atmosphere. The resistivity did not change significantly in oxygen or water 

molecule deficient atmosphere (argon). It is also reported that adsorbed oxygen or water 

molecule reduce the carrier concentration and increase the resistivity [11]. In this 

experiment, the electrical stability is improved when the film was annealed at high 

temperature. Improved electrical stability in ambient or damp heat conditions can be 

explained from different viewpoints such as through variation on structural, surface 

Fig. 4-8 Optical transmission spectra of s-450-30 and s-600-120 along with Tauc plot 

(inset) for measurement of band gap energy. 
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morphological and elemental concentration on surface of the film.  

Generally, for the thin film with good crystallinity and large crystallite sizes, 

the total area of grain boundaries per volume is relatively small. So, the total diffusion 

area of oxygen to enter the film is reduced, which may one of the reasons of weaker 

oxidation on the film and so that enhancement of stability may take place. During high 

temperature annealing, crystallites gain enough diffusion/activation energy and small 

crystallites migrate to relatively equilibrium sites in the crystal lattice and coalescences 

of grains results larger crystallite size. In this experiment, slightly larger crystallite size 

and higher intensity of (002) peak was found in film annealed at high temperature, 

which indicates the improvement of crystallinity. Beside this, point or dislocation defect 

and Al interstitial may be remained on the film annealed at low temperature, which may 

influence on stability. The healing of defects by high temperature annealing also reduces 

these trap states thereby improving the crystallinity [8]. The result implies that beside 

the film crystallinity, other basis may cause to improve the stability. Another possibility 

is that the chemisorbed-oxygen permeation into film through surface of film. The film 

which contains small grains with cracks or voids on surface can easily adsorb oxygen 

and/or water molecule from atmosphere. Reduction of these voids can be one of the 

solutions to improve the stability. It is reported that by increasing the post-heating 

temperature, the grains become denser and larger which can be considered the 

coalescence process induced from thermal treatment [12]. Our FESEM result also 

showed the increased grain size in film at high temperature annealed film, which may 

reduce the rate of oxygen and/or water molecule diffusion to the film.  

Third possibility may come from the formation of self passivation layer on 

AZO film. To clarify this, chemical states and atomic concentrations were determined 
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by XPS.  Fig. 4-9(a) and (b) represents the total measured depth profiles, where the 

sharp change around 1200 s indicates the end of thin film (apprx. 300 nm observed by 

surface profilometer). The surface state of AZO films for Zn 2p3/2, O1s and Al2s are 

indicated in Fig. 4-10. Although no significant differences are observed between 

s-450-30 and s-600-120, either in Zn 2p3/2 or O1s, there is a slight shift (~ 0.1 eV for Zn 

2p3/2) toward lower binding energy for higher annealing temperatures, probably due to 

the variation of chemical environments of Zn elements [13]. The binding energy of O1s 

of two samples is shown in Fig. 4-10 (b) and (c). The broadening of oxygen spectrum is 

found to be composed of two components located around 530 eV and 531.5 eV, 

respectively, from fitting results of these spectra. The low BE component is ascribed to 

covalently bonded oxygen in ZnO structure (lattice oxygen) binding with Zn or 

substitutional Al, while the high BE is attributed to the adsorbed oxygen. The higher 

binding energy is usually attributed to chemisorbed or dissociated oxygen or OH species 

on the surface of the AZO thin film, such as adsorbed H2O or O2 [14]. The vacuum 

annealing was performed by mechanical pump (5 Pa). So, in this condition, a part of 

adsorbed oxygen may still exist on the surface of film. Fig. 4-10(d) shows the Al2s state 

on surface for two samples. The Al 2s for s-450-30 shows very low intensity, whereas, 

comparatively strong peak with high intensity was observed in film s-600-120. The 

binding energy for s-600-120 was 118.9 eV which assures the presence of 

comparatively large amount of Al
3+

 on surface.   
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Fig. 4-9 Total depth profile of (a) s-450-30 and (b) s-600-120 
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Fig. 4-10 Surface states of AZO films: (a) Zn 2p3/2 (b) O 1s for s-450-30, (c) O 1s for 

s-600-120 and (d) Al2s 

(c) 
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Elemental concentrations were determined from Zn 2p3/2, O1s and Al2s XPS 

peak areas using Savitzky-Golay smoothing, background removal by Shirley method 

and sensitivity factors provided by spectrometer manufacturer. Fig. 4-11 summarizes the 

quantitative XPS analysis of the spectra of Zn 2p3/2, O 1s and Al 2s for two films as a 

function of the sputtering time. It has two different phases: outer surface and bulk film. 

There appeared in Fig. 4-11(a), the sharp decrease of Zn concentration (65.3 to 55.4 

at%) at the outermost surface for the s-600-120 film, compared to modest decrease for 

the s-450-30 film. On the other hand, O concentration was comparatively high on 

surface of s-600-120 film (4-11(b)). Al concentration was also high on surface in 

s-600-120 film, whereas, it showed very low value on the surface of s-450-30 (4-11(c)). 

These two values of O and Al are also explained in the surface state graph in Fig. 

4-10(d), where, it clearly indicated that the film s-600-120 consists more Al
3+

 on surface. 

By considering this, formation of ultrathin Al2O3 and/or ZnAl2O4 layer or islands is 

Fig. 4-11 XPS depth profile of AZO film for (a) Zn (b) O and (c) Al 

 

 

(c) 
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considered at the topmost surface of film s-600-120, though not detected by x-ray 

diffractometry. It is well known that aluminum oxide generally acts as good moisture 

barrier and may form at high temperature [15-16]. There has been much research into 

the development of protective alumina layer. P. Poodt and co-workers have deposited 

Al2O3 films by atomic-layer deposition (ALD) for solar cell passivation [17]. A. Illiberi 

et al. have also used ALD technique for deposition of thin (25-75 nm) Al2O3 layer on 

indium-doped ZnO film as moisture barrier and effectively enhanced the stability of the 

electrical and structural properties of the films in harsh environment (85 ⁰C and 85% 

RH) [16]. On the other hand, self formation of protective Al2O3 scales on alloys at high 

temperature has explained in several reports. Wood et al. have described the formation 

of γ-Al2O3 on Ni-Al alloys at 600 ⁰C. The γ-Al2O3 was formed as a healing layer 

beneath the outer reaction products NiO and NiAl2O4 [18-19]. γ-Al2O3 has also been 

reported on Fe-based alumina-forming alloys in the temperature range 700-900 ⁰C. 

Above 900 ⁰C, the oxide contains more α-Al2O3 than γ-Al2O3. As, in this experiment, 

we used high temperature (600 ⁰C) for annealing, it is considered the formation of 

Al2O3 layer or islands on surface that can repel atmospheric oxygen to enter the film.  

An oscillating variation of Zn, O and Al were observed in near surface of films 

in Fig. 4-11. The concave/convex curve in Zn was  opposite to those in Al and O. This 

suggests formation of different phases of Al such as Al2O3 and/or ZnAl2O4. The 

degradation of atomic concentration of O and Al in bulk film may the effect of film 

preparing method of sol-gel. The film was made by 10 different layers each time dried 

at 450 ⁰C for 5 min in air. Though drying time was for very short duration, it can make 

different layers of AZO film which has already shown by FESEM picture in the 

previous section which influence to concentrate elements more towards surface. Beside 
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this, the film may feel tensile stress against the glass substrate during annealing as the 

thermal expansion coefficient is about twice larger for the latter. It is thus possible that 

the film feels position-dependent stress according to the distance from the substrate 

interface and the topmost surface, which could exhibit oscillating tendency. The 

strain-induced precipitates should ripen during annealing via atomic diffusion. As a 

result, the phase stability may be affected by the aluminum oxides and/or zinc aluminate 

precipitates near the surface.  

 

4.4 Conclusion  

AZO film was prepared by sol-gel method followed by vacuum annealing as 

function of different temperature and duration. The electrical stability of these films was 

investigated in air over time. The films annealed at low temperature showed large 

increase of the resistance, whereas, those at high temperature remained stable. The 

damp heat test also assured the same increasing tendency of films. Improved 

crystallinity and surface morphology with large grain size of film may assist to obtain 

better environmental stability in ambient or damp heat condition for film prepared by 

using high annealing temperature and longer duration. Beside this, the formation of an 

ultrathin Al2O3 layer or islands was considered due to the presence of Al
3+

 on surface 

with high intensity, which may protect the AZO film from oxidation and enhance the 

stability. 
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Chapter 5 

 

Sol-gel and RF sputtered AZO thin films: Analysis of oxidation kinetics 

in harsh environment 

 

5.1 Introduction 

The structural, optical and electrical properties of Al-doped ZnO (AZO) thin 

film prepared by sol-gel method was explained by many factors such as doping 

concentration and different annealing condition: temperature, duration, atmosphere. The 

experimental results indicate that environmental stability is not satisfactory of sol-gel 

prepared AZO film. Some steps were approached for improving the stability by using 

high temperature and using thin metal film as protective layer.  

There are many reports have been published related to the damp heat stability 

of doped ZnO thin film prepared by sputtering method and improvement was 

considered by different approaches: increasing thickness or giving protective layer [1-5]. 

But the increasing rate of resistivity in reported sputtered film was much smaller 

compared to film prepared by sol-gel method found in our experiment. However, very 

few reports involved [6-8] other film preparing method to explain the changes of the 

electrical conductivity after exposing in air. 

In this section, a comparative study of AZO thin films prepared by sol-gel and 

RF sputtering was investigated and the mechanism of film degradation during exposing 

in air was also investigated by studying structural, optical and surface morphology of 

films.  
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To prepare AZO thin film by sol-gel method, doping concentration i.e., 

Al/(Al+Zn) atomic ratio was fixed at 1.18 at% and coating number varied between 1 

and 20, according to required thickness. For Sputtered film, sputtering time was 

increased from 30 to 120 min and thickness was measured by surface profilometer. All 

of these films prepared by both methods were annealed under pure hydrogen 

atmosphere for 30 min.  

 

5.2 Results 

The relationship between AZO film thickness with number of coating for 

sol-gel and sputtering time for sputtering method is shown in Fig. 5-1(a), where, 

thickness was increased almost linearly with coating number or sputtering time.  
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Fig. 5-1(b) reveals the nature of sheet resistance in terms of thickness of thin 

film which satisfies the theoretical tendency except that of low thickness (155 nm (1/T= 

0.006)) for sol-gel method. This may be due to the formation of large amount of defects 

or islands in that film.  

   For further experiments some selected samples (sol-gel : 300 and 460 nm; 

Sputtering : 410 and 750 nm) were characterized in details. At first, EDX analysis was 

carried out to check the incorporation of doping material in the film. The result showed 

that Al concentration e.i. Al/(Al+Zn) atomic ratio was almost similar in films prepared 

by both method and that is around 3.6 at% (3.71 at% for sol-gel and 3.6 at% for 

sputtering). This result might be slightly overestimated due to the Al contents in the 

(b) 

Fig. 5-1 (a) Dependence of thickness with coating number in sol-gel and 

sputtering time in sputtering method and (b) Sheet resistance vs. 

1/thickness curve for sol-gel and sputtered AZO film 
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glass substrate. Long-term stability of devices under typical environment conditions is 

very important which has led to recent widespread interest in damp heat treatment. In 

this work, comparative study of sol-gel and sputtered AZO thin films in terms of 

stability in ambient and damp heat condition was conducted which is shown in Fig. 5-2 

(a) and (b), respectively. It reveals that sputtered film has very good stability (almost 

100%) in ambient condition, whereas, sol-gel prepared films sheet resistance gradually 

increased after exposing in air. The same behavior was observed for harsh environment 

with different increasing rate. For damp heat (DH) test, AZO films were stored at 85 °C 

and 85% relative humidity (RH) for several days. As the films were exposed to 

humidity, the increased resistance indicates the possible oxygen and/or water molecule 

diffusion to the film that confines the number of free electrons. In addition, the energetic 

oxygen bombardment disturbs the grain growth, which results in an increase of the area 

of grain boundaries in ZnO thin film. This makes the scattering at the boundaries and 

decreases the carrier mobility [9-10], thus decreased the conductivity of AZO film. The 

decreasing trend of carrier concentration and mobility for sol-gel prepared film (300 

nm) is shown in Table 5-1, where carrier concentration sharply decreased within first 12 

h from 2.18 x 10
20

 to 1.92 x 10
19

 cm
-3

 and then 1.25 x 10
19

 cm
-3 

in next 12 h, where 

mobility decreased from 17.3 to 6.2 cm²/Vs in first 12 h and it showed very low value of 

1.9 cm²/Vs after 24 h. On the other hand, carrier concentration and Hall mobility 

decreased from 4.69 x 10
20

 to 2.79 x 10
20

 cm
-3

 and 14.5 to 8.3 cm
2
/Vs, respectively, 

after 30 days in sputtered AZO film (410 nm), which is very small compared to sol-gel 

prepared film.    
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(a) 

(b) 

Fig. 5-2 Electrical stability of AZO thin films prepared by sol-gel and sputtering 

method in (a) ambient and (b) damp-heat (DH) condition 

(b) 
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Table 5-1 Electrical properties of AZO film prepared by sol-gel and sputtering in 

different measuring time at DH test 

 

Preparing 

method 

Thickness 

(nm) 

Measuring 

time 

Sheet 

resistance 

(Ω/ ) 

Carrier 

concentration 

(cm
-3

) 

Hall 

mobility 

(cm²/Vs) 

Sol-gel 300 

As prepared 55 2.18 x 10
20

 17.3 

After 12 h 1800 1.92 x 10
19

 6.2 

After 24 h 8810 1.25 x 10
19

 1.9 

Sputtering 410 

As prepared 28 4.69 x 10
20

 14.5 

After 30 days 67 2.79 x 10
20

 8.3 

 

The crystalline structure and orientation of AZO films are shown in Fig. 5-3. 

No Al2O3 phase has been evidenced in the XRD pattern, which implies that Al atoms 

substitute Zn atoms in the hexagonal lattice and Al ions may occupy the interstitial sites 

of ZnO or probably Al2O3 segregates to the non-crystalline region in grain boundaries 

[11-12]. Sol-gel prepared film demonstrated a strong Bragg peak along the (002) plane 

indicating that the AZO films are highly oriented perpendicular (c-axis) to the substrate 

and two weaker peak in orientation of (100) and (101). On the other hand, for sputtered 

film, a transition of the growth mode from (002) vertical to (110) lateral growth is 

clearly observed due to the crystalline evolution during sputtering. It shows the peak 

intensity of (110) plane increased with increasing the thickness of film. But all peaks of 

sputtered AZO films are weaker compared to (002) plane of sol-gel prepared film. The  
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crystallite size was estimated from the full-width at half-maximum (FWHM) of 

different peaks by Scherrer’s equation and the estimated crystallite size of sol-gel and 

sputtered AZO films are shown in Table 5-2. 

Figure 5-4 depicts optical transmittance of AZO films deposited by different 

methods in different thickness. All of the films exhibited a good transmittance in the 

visible region. As the wavelength of incident light decreased to ultraviolet region, the 

transmittance of the AZO films decreased with a sharp fundamental absorption edge at 

around 380 nm of wavelength. It is also shown that the absorption edge was shifted 

towards shorter wavelength for sputtered AZO films. Optical band gap calculated from 

the transmittance data by using Tauc plot which is shown in Table 5-2.   

 

 

 

 

Fig. 5-3 XRD curve of AZO films. (Here, Sg and Sp indicates sol-gel and 

sputtering, respectively) 



 

 

90 

 

Table 5-2 Structural and optical parameters of AZO films 

 

Name Plane 

FWHM 

(deg.) 

Crystallite 

size D (nm) 

Band gap 

energy (eV) 

Sp-410 nm 

100 0.572 14 

3.5 002 0.479 17 

110 0.857 9 

Sp-750 nm 

100 0.518 16 

3.6 002 0.511 15 

110 0.858 10 

Sg-300 nm 002 0.374 22 3.4 

Sg-460 nm 002 0.405 20 3.4 

 

It showed that the optical band gap of AZO film was increased for sputtered 

film compared to sol-gel prepared film. Typically the blue shift of the absorption edge 

or increased band gap energy of the AZO films is associated with an increase of the 

carrier concentration blocking the lowest states in the conduction band, well known as 

the Burstein-Moss effect [13-16]. We also found that an increase of carrier 

concentration of sputtered film in Table 5-1. 
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Fig. 5-5 shows the micrographs of the surface topography of AZO thin films 

grown at different methods. The morphology of the film deposited by sputtering method 

becomes more compact compare to sol-gel prepared film where surface was not smooth 

and contains many cracks or voids which can be easy path for oxygen and/or water 

molecule. On the other hand, the smooth surface of film prepared by sputtering was 

found with possibly grain coalescence. Due to this grain coalescence, an aggregate 

structure is formed and the films consist of a dense array of grains without discernible 

boundaries are observed which was also observed by A.H. Jayatissa [17]. The surface 

morphology was also investigated after damp heat test which is shown in Fig. 5-6. The 

surface was very rough in sol-gel prepared film whereas smooth surface was found in 

sputtered AZO film which relates to the DH stability test.  

 

Fig. 5-4 Optical transparency of AZO films (Here, Sg and Sp indicates 

sol-gel and sputtering, respectively)  
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(a) 

(b) 

Fig. 5-5 Surface morphology of as prepared film prepared by (a) sol-gel (300 nm) 

and (b) sputtering (410 nm) 
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(a) 

(b) 

Fig. 5-6 Surface morphology of AZO film prepared by (a) sol-gel (300 nm) and 

(b) sputtering (410 nm) after damp heat test 
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5.3 Discussion 

A comparative study of AZO film prepared by sol-gel and sputtering was 

investigated. AZO is n-type semiconductor, where free carriers are generated by the 

substitution of Al for Zn by doping, interstitial Zn atoms, oxygen annihilation and 

formation of oxygen vacancies by hydrogen annealing etc. The sheet resistance 

decreased in film with increased thickness. For thin layered film, stress may happen on 

AZO film which leads lots of defects. So, free electrons may trapped by this defects 

[18]. Another reason can be formation of islands of materials with lot of insulating gaps 

for very thin layers. This gaps can be minimized in increased thickness of film [19]. For 

very thin layered film, sol-gel prepared film showed higher resistance compared to 

sputtered film which indicates the large amount of defects or islands in that film.  

It should be noted that the observed electrical stability of AZO thin films in 

ambient and harsh environment was strongly dependent on the deposition method used; 

the electrical stability of AZO thin films prepared by sol-gel was always lower than that 

in sputtered films. Degradation of electrical properties (resistance, carrier concentration 

and Hall mobility) indicate the possible oxygen and water molecule diffusion to the film 

that decrease the number of free electrons and reduction of the mobility by grain 

boundary scattering thus the resistance increases. Sputtered AZO film showed much 

better stability compared to sol-gel prepared film. Three possible factors are considered 

as the reason of large difference in electrical stability. First, it can be originated from 

impurity. So, adjacent to the structural, optical and morphological comparison, presence 

of impurity in film was also investigated by XPS. But no appreciable changes between 

films were observed and also no impurity was found in them which can be shown in Fig. 

5-7. So impurity might not be the cause of increased sheet resistance here.  
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(a) 

(b) 

Fig. 5-7 XPS wide scan of AZO film prepared by (a) sol-gel (300 nm) and (b) 

sputtering (410 nm)  
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Second, surface structure can affect the stability of AZO film. Rough surface 

with many cracks or voids was found in sol-gel prepared AZO film. This voids look like 

the preferable diffusion path for oxygen and/or water molecule to enter the film and 

increase the resistance. Comparatively smooth surface with no cracks was observed in 

sputtered film. The tightly packed or high dense surface protects oxygen and/or water 

molecule to the film and make it stable. Surface of sputtered film remains smooth even 

after damp heat test, whereas, very rough surface was observed in sol-gel prepared film. 

In this manner, it can be said that, surface morphology is an important factor for 

improving the electrical stability. Next, the third possibility is that the high quality (110) 

orientation mounted in sputtered film may protest oxygen permeation into film. In our 

XRD curve, different preferential orientation was found from the film prepared by two 

different methods. Sol-gel prepared film have c-axis preferred orientation with (002) 

plane, whereas, sputtered film showed (110) plane as preferred orientation. Fig. 5-2 

displayed the environmental stability of these films, where high degradation of electrical 

properties was observed in sol-gel prepared film which is highly oriented to (002) plane. 

On the other hand, this degradation reduces and improved stability was found for 

sputtered films which are highly oriented to the (110) direction. In this manner, it can be 

assumed that crystal orientation can lead to change of environmental stability of AZO 

thin film.  
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 5.4 Summery 

In summary, a comparative study was introduced between sol-gel and sputtered 

thin film of Al-doped ZnO. Structural, optical, electrical properties and environmental 

stability was the major investigated part. Environmental stability was investigated in 

ambient and damp heat (85 °C and 85% RH) condition. Sol-gel prepared AZO film 

showed very unstable electrical properties under air exposure, whereas, the degradation 

rate reduced significantly in sputtered film. Oxygen and water molecule diffusion to the 

film through the diffusion path found in sol-gel prepared film can be one of the probable 

reasons of this degradation, whereas, very compact and high dense surface was found in 

sputtered film which protects from further oxidation and improved the stability. Beside 

this, (110) orientation also enhanced the electrical stability in ambient and harsh 

environment.              
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Chapter 6 

 

Possible mechanism and related factors 

 

6.1 Introduction 

As mentioned in Chapter 5, the change of crystal orientation in AZO thin film 

plays a very important role for reducing the degradation of electrical properties. It 

revealed that high quality (110) crystal orientation formation in sputtered AZO film may 

one of the reasons to improve the environmental stability. To further clarify the role of 

crystal orientation, another method is proposed here for preparing AZO thin films 

combining sputtering and sol-gel method in a film. The film preparation method is 

divided into two sections as follows:  

(1) 400 nm AZO film coated by sputtering on glass substrate  

(2) 300 nm AZO film coated by sol-gel method on the sputtered film 

After coating by sputtering and sol-gel, AZO film of 700 nm was annealed at 450 °C for 

30 min under hydrogen atmosphere. The aim of this work is to grow a-oriented grains 

on the film by sputtering which will act as nuclei for the growth of the over-layered 

AZO film deposited by sol-gel. Role of RF power on structural, electrical and optical 

 

 Fig. 6-1 Basic structure of AZO thin film prepared using sputtering and 

sol-gel method 
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Properties of AZO film and its environmental stability are also investigated in this 

chapter. Though the previous chapter showed that AZO film prepared by sputtering 

method is comparatively stable in humid atmosphere, it is still an unsolved problem due 

to low increasing rate of sheet resistance. In this point of view, improvement of 

environmental stability of AZO thin film prepared by sputtering is also attempted in this 

chapter, which will follow the mechanism of stability improvement described in 

previous chapters.   

6.2 Results and Discussion 

6.2.1 Role of crystal orientation on stability  

Fig. 6-2(a) reveals the X-ray diffraction pattern of the films which have 

prepared using three different stages: 1) only sputtered film (without annealing) 2) 

sputtered + sol-gel film (without annealing) and 3) after annealing in hydrogen 

atmosphere of this film. The film prepared using sputtering and combination of both 

sputtering and sol-gel will be signified as Sp and Sp+Sg, respectively, in the following 

part. The resultant data of sol-gel prepared film (explained in previous chapter) which 

will be mentioned as Sg will also use to compare with the new film. Previous research 

investigations revealed that the AZO films normally are polycrystalline and have a 

hexagonal wurtzite crystal structure. The measured XRD pattern in Fig. 6-2 

demonstrates that sputtered AZO film has weak diffraction peak intensity of (100) and 

(002). Comparatively strong peak of (110) is the main attention in this experiment, 

which should act as nuclei for further deposition of AZO film by sol-gel method. After 

deposing 300 nm AZO film on this sputtered film of 400 nm by sol-gel method, 

preferred orientation turned into (002) orientation and (110) peak was also observed 

with high intensity which was absent on the film prepared by only sol-gel method (Fig. 
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6-3(a)). The Sg film has strong (002) diffraction peak in the 2Ө region from 34.43⁰ 

which showed full-width half-maximum (FWHM) of 0.374°. On the other hand, XRD 

pattern of Sp+Sg film ensures the presence of both orientations (002) and (110) at 2Ө of 

34.451⁰ and 56.648⁰. FWHM of these peaks are 0.455° and 0.879° respectively. As, 

Sp+Sg film has (110) plane, which is not in film Sg, it is thought that, a-plane (110) is 

grown by sputtering at specified condition, which acts as nuclei for the growth of the 

over-layered AZO film deposited by sol-gel.  

Optical transmittance spectra of the Sg and Sp+Sg films in the wavelength 

from 300 to 800 nm are compared in Fig. 6-3(b). All of the films exhibited a good 

transmittance in the visible region. The damp heat test result (Fig. 6-4) shows the 

improved stability of Sp+Sg film under harsh condition. S. Y. Myong and K.S. Lim also 

found the improved stability in hydrogenated ZnO film in highly oriented to the (110) 

direction [1]. Improved electrical stability in the Al-doped ZnO thin film transistor was 

also originated in film with preferred orientation along the non-polar direction which 

was described by C.H. Ahn [2]. According to this point of view, it can be concluded that 

degradation of electrical properties can be controlled by the change of preferred crystal 

orientation. 
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 Fig. 6-2 Crystal orientation in different step of AZO film prepared by 

combining both sputtering and sol-gel method. 
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(a) 

Fig. 6-3(a) Crystal orientation and (b) transparency of AZO film prepared by only 

sol-gel (Sg) and combining sputtering and sol-gel method (Sp+Sg)  

(b) 
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6.2.2 Effect of RF power on AZO film 

Effect of sputtering power on AZO films structural, optical and electrical 

properties have been explained before in many research publications [3-5]. In this work, 

stability as well as different properties has investigated as function of RF power. AZO 

thin films were deposited by RF sputtering on soda lime glass substrate. For the 

deposition of AZO thin films, the vacuum chamber was first evacuated with a base 

pressure of 1 x 10
-3

 Pa. The glass substrates with a dimension of 48 x 28 mm were 

cleaned ultrasonically in acetone followed by drying in air. Argon flow (30 sccm) was 

used as the sputtering gas. Oxygen flow was also kept at 30 sccm. The RF input power 

was fixed at 100 W. The deposition was held at room temperature. The effect of the 

change in the RF power on the structural, optical, electrical and environmental stability 

on AZO thin films was investigated. The AZO films were deposited at different RF 

powers of 25, 50, 100 and 140 W for 1 h for each of the samples.  

Fig. 6-4 Damp heat test result of Sg, Sp and Sp+Sg films 
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Fig. 6-5 shows the increased thickness of the prepared films with the increasing 

RF powers, indicating the proportionality of the number of atoms sputtered from the 

target to the applied RF power.  

 Fig. 6-6 shows the XRD spectra for the prepared AZO films. All of the AZO 

film contains (002) diffraction peak with the crystal c-axis perpendicular to the substrate 

in XRD patterns. At low RF power (25 W), the peak intensity was very low which 

increased at 50 W. When the RF power increased to 100 W, the growth of other peaks 

(100) and (110) are observed. AZO films deposited at high RF power (100 W and 140 

W) have the dominant (110) diffraction peak with the crystal a-axis parallel to the 

substrate in XRD patterns. Therefore, crystal orientation may change at different RF 

power. The crystallite size was measured by Scherer’s equation which is shown in Table 

6-1. 

Fig.  6-5 Thickness of AZO films as a function of the RF power 
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Power (W) Plane 2T (deg.) FWHM (deg.) 
Crystallite 

size D(nm) 

25 002 34.501 0.305 27 

50 002 34.354 0.435 19 

100 

002 34.457 0.479 17 

110 56.452 0.857 09 

140 

002 34.451 0.455 18 

110 56.648 0.879 10 

 

 

Fig. 6-6 X-ray diffraction patterns of AZO films prepared using different 

RF power 

Table 6-1 Structural parameters of AZO films as functions of RF power 
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EDX analysis was carried out to check the concentration of Zn, O and Al in 

AZO films. This compositional analysis was taken by selecting only the film component. 

It shows that Zn/O was very low as 0.15 in the film prepared by using low power (25 

W). It increases with increasing power and reached almost 1, when RF power was 140 

W. Fig. 6-7 shows the energy-dispersive X-ray spectrum of AZO films. The spectrum 

reveals the presence of Zn, O and Al elements in the deposited films. Beside these, the 

silicon signal appears which comes from substrate. Trace amount of other elements 

were also detected in the sample. The intensity of Si signal was very high for 100 W 

films, which reduced with increasing power and almost negligible for film prepared 

using high power (140 W). This may be due to the variation of thickness of film with 

changing of power which is shown in previous section.    

 

 

 

Power (W) Zn (at%) O (at%) Al (at%) 

25 13.0 84.5 1.7 

50 26.8 71.7 1.4 

100 39.5 58.4 2.0 

140 45.1 50.4 4.4 

 

Table 6-2 EDX report of AZO films deposited using different power 
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Power  

(W) 

Resistance  

(Ω/ ) 

carrier concentration  

(cm
-3

) 

Hall mobility 

(cm
2
/Vs) 

25 1700 9.4 x 10
19

 3.8 

50 135 2.8 x 10
20

 11 

100 23 4.7 x 10
20

 9.5 

140 15 4.7 x 10
20

 9.8 

 

Table 6-3 shows the electrical sheet resistance, the carrier concentration and the 

Hall mobility of AZO thin films prepared by using different RF power. The resistance of 

the thin film samples is seen to decrease sharply as the RF power was increased from 25 

W to 50 W and reached a minimum resistance of 15 Ω/□ at around power of 140 W. The 

100 W 140 W 

Fig. 6-7 Energy-dispersive X-ray spectrum of AZO films  

Table 6-3 Electrical properties of AZO films deposited at different power 

Si 

Si 
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decreasing tendency of resistance with increasing RF power was also published in 

previous reports [5-8]. The decrease in resistance with increasing deposition power is 

related to the crystallization and the grain growth of AZO thin films which is already 

explained in previous section. The degradation of resistance is also related to thickness 

of thin film. For thin layered films, stress may take place on AZO film which leads lots 

of defects. Therefore, free electrons may trapped by defects [9]. Another reason can be 

formation of islands of materials with lot of insulating gaps for very thin layers. This 

gaps can be minimized in the film with higher thickness [10].  

 Damp-heat stability was investigated for 7 days which is shown in Fig. 6-8(a). 

It showed that the film prepared using low RF power is very unstable compared to that 

of film deposited using high power. This is due to the variation of thickness as the 

previous result of this research has already suggested that the film with low thickness is 

not suitable for good stability. Beside this, it also depends on crystallinity. As 25 W and 

50 W film showed very unstable resistance in DH condition and difficult to compare 

with other films, two films were selected for further investigation. Fig. 6-8(b) gives 

more clear observation for 100 W and 140 W film. The sheet resistance of both film 

increased in DH condition, where, no change was observed in ambient condition. 

According to this two figure it can say that the stability can be improved by increasing 

RF power as thickness and crystallinity improved in these films. But even using high 

power, it is still unsolved problem as resistance increased from 15 to 33 Ω/□ after 7 day 

under damp heat condition.  
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Fig. 6-8 DH stability test of AZO films using power of (a) 25, 50, 100 

and 140 W (b) 100 and 140 W 

(a) 

(b) 
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Fig. 6-9 shows SEM images of AZO films deposited at different RF power. 

Here, the main focusing point was to investigate the micro-effects of re-sputtering due 

to negative ion bombardment of growing thin films. Negative ion bombardment of an 

evolving thin film can cause changes in the film’s surface due to re-sputtering of the 

already deposited material [11]. In this study, surface micro-effects, i.e., changes in the 

surface morphology of the films at the micro scale level are dependent on the deposition 

powers. The film deposited using low power didn’t show any hole in film which was 

140 W 

Fig. 6-9 SEM images of AZO films deposited at different RF power  
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found in film prepared at high power. The number of hole was increased when the 

power increased from 100 W to 140 W. In the sputtering process, a target material is 

bombarded by high energy ions, causing atoms to be ejected from the material through 

momentum transfer. These atoms can be deposited on a substrate material, leading to 

the formation of a thin film. Similarly, if these atoms deposited on the substrate are 

bombarded by high energy particles, they can also be ejected from the substrate. This is 

the process normally referred to as re-sputtering [12-14]. Micro-effects of resputtering 

due to negative ion bombardment have also explained by D.J. Kester and R. Messier 

[11]. So, resputtering is a difficulty encountered in the sputtering by negative ions and 

reflected neutrals [15-17] 

6.2.3 Improvement of environmental stability of AZO film prepared by sputtering 

Chapter 5 has described a comparison study of environmental stability between 

sol-gel and sputtered AZO thin film. A large difference of increasing rate of sheet 

resistance was observed between films prepared using two methods i.e. thin film 

preparing method is very important for getting improved stability. To explain DH 

stability, logarithmic scale was used in graph as the increasing rate of sheet resistance 

was too high in sol-gel prepared film compared to sputtered film. In that case, sputtered 

film looked like almost stable. But reality is that it is still remain a problem as the sheet 

resistance increases under DH test but with low increasing rate compared to sol-gel 

prepared film.  

In this dissertation, it has been suggested that some probable parameters may 

help to improve the environmental stability including increased thickness, improved 

crystallinity, preferred crystal orientation, improved surface smoothness and passivation 

layer on surface. It also suggests that high annealing temperature and sputtering method 
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can enhance the stability because of the presence of above properties on film. Therefore, 

combination of all of the above parameters may improve the stability. In this manner, 

another AZO thin film was prepared using specified condition as all of the parameters 

can be achieved in a single film. For preparing the film, sputtering method was chosen 

as the film prepared using this method have (110) preferable orientation and smooth 

surface also. The thickness of film was 750 nm and high temperature was applied for 

annealing to improve crystallinity and produce alumina layer as self passivation layer 

which was considered when the film annealed at high temperature. It can be noted that, 

the film was annealed under vacuum atmosphere as pure hydrogen is not suitable at 

high temperature. The films resistance was increased very sharply when AZO film was 

annealed in hydrogen with a temperature higher than 500 ⁰C. Hao Tong [18] has 

explained this increasing tendency by surface damage. The XRD patterns from this 

AZO film in Fig. 6-10 indicate a (110) preferred orientation, which suggests that the 

film is aligned with the a-axis oriented parallel to the substrate surface. Transparency 

curve confirms the high transparency of film (not shown here). The main issue was to 

investigate the DH stability of this film which is shown in Fig. 6-11. From this figure, it 

is clear that it fulfills the expected result i.e. most stable AZO film was found when all 

probable methods which helps to improve the stability were applied in a single film. All 

of these probable reasons have explained in previous chapters. But the sheet resistance 

was comparatively high (60 Ω/□) in this film as, it was annealed in vacuum atmosphere. 

Hydrogen annealed film annealed at low temperature (450 °C) have low resistance (12 

Ω/□), but at a time instable in DH condition. On the other hand, though the resistance is 

high for film annealed at high temperature in vacuum atmosphere, it showed very high 

stability.      
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Fig. 6-10 X-ray diffraction of AZO film prepared by sputtering and annealed 

at 450 °C in hydrogen and 600 °C in vacuum atmosphere  

Fig. 6-11 Damp heat test of AZO film prepared by sputtering and annealed at 

450 °C in hydrogen and 600 °C in vacuum atmosphere  

Annealed at 450 °C 

in hydrogen 

Annealed at 600 °C 

in vacuum 
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6.3 Discussion 

In this chapter, there have been a number of investigations concerning the role 

of crystal orientation, RF sputtering power and DH stability improvement of AZO thin 

film. In chapter 5, it is suggested that (110) plane can play an important role on stability 

which was found in sputtered film. On the other hand, sol-gel prepared film spectra are 

dominated by the (002) peak confirming the strong (002) textures. To clarify the role of 

crystal orientation, a new method was applied to form both orientations in a single film 

by depositing AZO film on glass by sputtering at first and then sol-gel method on the 

top of film. Here, a-plane (110) is grown by sputtering at specified condition, where, 

bottom layer provides nucleation for preferable growth of sol-gel AZO crystals through 

epitaxy. As the AZO film prepared by sputtering and sol-gel method which has (110) 

plane and showed improved stability, it is suggested that the film with high intensity of 

(110) plane can improve the stability. It can be due to strong bonding between Zn and O 

in (110) plane [19].  

 

Fig. 6-12 (002) and (110) planes in ZnO thin film 
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In the present study, AZO thin films at various RF powers and the structural, 

optical and electrical properties and DH stability of the fabricated films were 

investigated. The AZO thin films deposited on glass substrates showed the change of 

preferred crystal orientation with the increase of RF power. At low power (25 W), very 

weak (002) peak indicates low crystallinity of the film. The dominant (110) diffraction 

peak was observed at high RF power of 100 W and 140 W. So, crystal orientation can be 

changed with the change of RF power. Here, (110) was expected orientation as it helped 

to improve the environmental stability of AZO film. The AZO film prepared at low 

power (25 W) was very unstable in damp heat condition because of low crystallinity and 

low thickness which was improved when the RF power was increased to 50, 100 and 

140 W. Though the film showed improved stability at 140 W, where, the resistance 

increased from 16 to 30 Ω/□, after 7 days under damp heat condition, it is still an 

unsolved problem to get highly stable film under DH condition. To improve the DH 

stability of sputtered AZO film, the film was treated with all methods which were found 

as the probable reasons to improve the stability in before in this research, such as: 

higher thickness, sputtering method and high temperature annealing. In this case, AZO 

film was prepared by RF sputtering with thickness of 700 nm and annealed at 600 ⁰C 

for 1 hr under vacuum atmosphere. The result of previous experiments in this work 

showed that 1) sputtered film contains (110) plane and smooth surface, 2) larger 

thickness limits the formation of island and defects and 3) high temperature annealing 

improves crystallinity and form a self-passivation layer of Al2O3 and/or ZnAl2O4 on 

surface. All of these parameters may help to improve the stability. So, the new AZO film 

prepared using all of these parameters have very high stability in damp heat condition. 

But the sheet resistance of as prepared film is quite high as it annealed in vacuum 

atmosphere. High temperature is not suitable in hydrogen atmosphere because of 

surface damage though it is good for getting better electrical properties.  
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Chapter 7 

 

Conclusions and recommendations 

7.1 Conclusions  

In this work, structural, optical, electrical properties and environmental 

stability of Al-doped ZnO (AZO) thin films were investigated in ambient and damp-heat 

condition. As the electrical properties of AZO thin films are not stable in air, several 

approaches were employed to improve the stability. The results achieved in the thesis 

are summarized below.  

In the Chapter 3, various characteristics and environmental stability of AZO 

films prepared by sol-gel method were investigated as function of annealing atmosphere 

(vacuum, Argon +5% hydrogen, and pure hydrogen) and doping concentration (1, 2, 3 

and 4 wt%). The effect of thin metallic film (Ti or Cr) covered on AZO film was also 

investigated to improve the stability at low annealing temperature which is preferable 

for commercial applications. Pure hydrogen annealing atmosphere and 2 wt% Al doping 

(Al/(Al+Zn) concentration was 1.18 at%) provided the optimal electrical property. 

Oxygen annihilation by hydrogen annealing enhance the number of oxygen vacancy or 

carrier concentration. It is suggested that the increased carrier concentration and Hall 

mobility involved in film demonstrates the lowest resistivity of 1.65 x 10
-3

 Ωcm. As the 

films were exposed to humidity, the increased resistivity indicates the possible oxygen 

and water molecule diffusion to the film that confines the number of free electrons. To 

protect the film from oxygen diffusion, thin Ti or Cr layer was deposited by sputtering 

which improves the stability. Electrical stability enhancement was due to the formation 
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of bilayer of Cr/CrOx or Ti/TiOx on AZO. This bilayer, especially oxide layer on very 

top surface serves as a protective layer to prevent the penetration of oxygen and water 

molecule into the AZO film and reduce the degradation rate of conductivity. As the 

transparency decreased and found as ~70% in stable film, it seems that, it is a big 

challenge to get transparency and stability both in a film by using thin metallic layer on 

film surface. 

In the Chapter 4, AZO thin films have been deposited by sol-gel method for 

optoelectronic applications as transparent electrode. Annealing treatments were carried 

out in various annealing temperatures (450, 500, 550 and 600 
0
C) and durations (30, 

60 and 120 min) under vacuum atmosphere. The sheet resistance of AZO thin film is 

reduced from 10
5
 to 10

2
 Ω/□, when the film is heat treated in vacuum atmosphere, 

probably ascribed to intensive creation of oxygen vacancies, especially near the film 

surface. The electrical stability is improved, when the film was annealed at high 

temperature, where the structural and optical properties showed no considerable 

changes. The cause of improvement was explained in terms of structural and surface 

state. In this experiment, XPS data reveals that the surface oxygen and aluminium 

contents were relatively high for the stable film compared with the unstable film. This 

higher concentration at the topmost surface of stable film indicates the presence of 

ultrathin Al2O3 and/or ZnAl2O4 layer, though not detected by x-ray diffractometry, 

which would be formed during annealing at high temperature. This predicted layer of 

Al2O3 may act as a protective layer that can repel atmospheric oxygen to enter the film. 

On the other hand, the slight increase in the crystallite size (from 18 to 21 nm) in high 

temperature annealed film reduce the total path of oxygen diffusion to the film and may 

cause another reason of getting improved stability.  



 

 

121 

 

 In the Chapter 5, a comparative study was employed between AZO films 

prepared by using two different methods: sol-gel and RF sputtering. Sputtered AZO film 

was found as very stable in ambient condition, whereas, slight degradation of sheet 

resistance in this film originates in DH condition. But this increasing rate of sheet 

resistance is much lower in sputtered film compared to sol-gel prepared film. Several 

approaches were employed here, in order to understand the reason of improved stability 

in sputtered film: 1) impurity 2) surface roughness and 3) crystal orientation. XPS 

results ensure that the chemicals used in sol-gel or target used in sputtering for 

developing thin films were highly pure, since, no other material was detected in thin 

film by this experiment. The surface of sol-gel prepared film contains cracks or voids 

which look like the preferable diffusion path for oxygen and/or water molecule and may 

cause the degradation of electrical properties. Comparatively smooth surface with no 

cracks was observed in sputtered film, which remains smooth even after damp heat test. 

Another possible reason was formation of high quality (110) crystal orientation on 

sputtered film.  

In Chapter 6, the mechanism which relates to crystal orientation on AZO film 

was described. In this case, AZO film was prepared by a proposed method using a 

combination of sol-gel and sputtering method in a single film, which ensures the 

presence of (110) orientation and improves the stability. Beside this, role of RF power 

on AZO thin film properties also investigated in this chapter. The improvement of 

sputtered films stability was successfully made by using all probable methods which 

can raise the stability based on the result of previous chapters. 

In overall summery, through an analysis of structural, optical and electrical 

properties, AZO films were investigated in terms of various parameters. Degradation of 
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these properties under ambient and harsh environment was studied and several 

approaches are suggested to improve the stability. With the conditions investigated, 

AZO films prepared by sol-gel method have polycrystalline structure and exhibits a 

preferred hexagonal wurtzite c-axis (002) crystal orientation. On the other hand, 

sputtered AZO film in designated condition contains high quality (110) plane. The 

average transmittance in the visible light wavelength range of 300 – 800 nm was 

approximately 85 – 90%, which satisfies transparent electrodes requirement. Electrical 

properties varied with different parameters such as annealing condition, doping 

concentration etc. Pure hydrogen and 1.18 at% Al confirmed lowest sheet resistance 

with high carrier concentration and hall mobility. Sol-gel prepared AZO film showed 

large degradation in ambient and damp heat condition which was improved by using 

high temperature (550 - 600 °C) annealing in vacuum atmosphere. Improved 

crystallinity and self passivation layer of Al2O3 on top of AZO film was explained as the 

probable reason of improved stability in this work. As high temperature is not 

preferrable for many device applications and also can not use in hydrogen atmosphere, 

though it is good for getting lower resistivity, thin metallic layer of Ti or Cr was 

deposited on AZO film to protect this from harsh environment. The stability was 

improved here at low annealing temperature (450 °C) but at the same time, to obtain 

high stability, metal film with larger thickness was needed which also reduce the 

transparency. AZO thin film prepared by sputtering demonstrated the result with better 

environmental stability. It is suggested that smooth surface and high quality (110) 

crystal orientation in sputtered film may improve the stability. The AZO thin film with 

best result in this work, which was developed by sputtering, found as sheet resistance of 

12 Ω/□ (resistivity of 9.0 x 10
-4

 Ωcm), 85% transparency and very stable in an ambient 
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atmosphere. This films sheet resistance increased from 12 to 60 Ω/□ after 30 days under 

damp-heat condition, which was still increasing with time. But this also improved when 

sputtered film with thickness of 750 nm was annealed at 600 °C in vacuum atmosphere. 

This film was combination of all probable reasons which act to get improved stability 

such as increased thickness, improved crystallinity, improved surface morphology, 

preferred crystal orientation, less defect etc.  

 

7.2 Recommendations 

After the present work, there are several important issues still remain 

unresolved. The following recommendations are proposed in order to further research in 

the field of transparent conductive oxides: 

It would be important to investigate further the performance, stability and 

reliability of AZO transparent electrodes incorporating low temperature and simple 

methods that are compatible with ITO in this field.  

 It has also been assumed in this thesis that the stability can be controlled by 

changing the preferred crystal orientation. It is recommended that the study be extended 

to develop the film on other substrates which can facilitate to change the preferred 

orientation in this film and improve stability.   

 Recently, interest in transparent flexible plastic substrates with a transparent 

conducting oxide (TCO) layer is becoming very popular due to the use of different 

applications such as flexible solar cell. For this, further investigations of AZO thin film, 

which has explained in this dissertation, may promote the improvement of mechanical 

stability to be used in flexible applications.   
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 Appendix  

 

Appendix A  

Synthesis and environmental stability of silver, nickel and calcium 

co-doped AZO transparent electrode 

 

The effects of co-doping on AZO thin films were investigated in this work. 

Here, AZO films were co-doped with less reactive (silver, nickel) and high reactive 

(calcium) material in oxygen and electrical stability was investigated in ambient 

condition for 30 days. Zinc acetate dihydrate was used as starting material. For 

co-doping with 2 wt% Al doped ZnO film, aluminum nitrate nonahydrate and silver 

nitrate or nickel acetate tetrahydrate or calcium nitrate was dissolved into 2 

methoxyethanol, which acts as solvent. These films will assigned as AZO (only 

Al-doped), AgAZO (silver co-doped), NiAZO (nickel co-doped) and CaAZO (calcium 

co-doped). Al films exhibit the wurtzite structure with c-axis preferred orientation. High 

transparency observed in AZO and CaAZO film. It decreases when co-doped with Ni 

and Ag. But electrical stability of all films in air is not satisfactory.  

 

 

 

 

 

 



 

 

125 

 

 

 

Annealing 

temperature 

(⁰C) 

Annealing 

duration 

(min) 

Annealing 

atmosphere 

Sheet resistance (Ω/□) 

AZO NiAZO AgAZO CaAZO 

Without co-doping 2%-Ni 3%-Ni 2%-Ag 3%-Ag 2%-Ca 

450 60 Vacuum 290 315 273 506 553 2523 
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Table A-1 Variation of sheet resistance for AZO, NiAZO, AgAZO and CaAZO 

Fig. A-1 Environmental stability of AZO, NiAZO, AgAZO and CaAZO thin films 

in 30 days 
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Sample Transparency (%) 
Sheet resistance 

(Ω/ ) 

Sheet resistance 

increases after 

30 days 

AZO >85 290 60% 

NiAZO 75 – 85 377 250% 

AgAZO 60 - 70 506 40% 

CaAZO >85 2523 180% 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A-2 Short brief of different properties of co-doped AZO thin films 
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Appendix B 

Some important resultant rechecked data are following: 

Band gap energy 

In chapter 4, band gap energy of two sample s-450-30 and s-600-120 was 

measured by using Tauc plot. The data was rechecked several times and Fig. B-1 is one 

of them, where, average transmittance in the visible light wavelength range of 300 – 800 

nm is approximately 85 - 90% for both films. The absorption edge was shifted towards 

shorter wavelength at increased annealing temperature and duration. The band gap 

energy measured by using Tauc plot increases from 3.39 for s-450-30 to 3.46 eV for 

s-600-120. These data are almost similar to other one which has already described in the 

previous chapter.  
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XPS depth profile and elemental concentration 

The depth profile and elemental concretion were rechecked also and same 

nature was found in both films: s-450-30 and s-600-120. Here, the surface of s-600-120 

also contains more O and Al, which indicates the formation of ultra thin Al2O3 and/or 

ZnAl2O4 and prevents water molecule to pass through the film. 
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s-450-30 : 3.39 eV 

s-600-120 : 3.46 eV 
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Fig. B-1 (a) Transparency curve and (b) Tauc plot 
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Fig. B-2 Total depth profile of (a) s-450-30 and (b) s-600-120 

(a) 
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(c) 

Fig. B-3 Elemental concentration of (a) Zn, (b) O and (c) Al 
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