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                               ABSTRACT 
Nano-structured Zinc Oxide (ZnO) and Aluminum doped Zinc Oxide (AZO) thin films have 

been synthesized and their surface morphological, structural, optical and electrical properties 

together with the photo catalytic activity have been studied. The thin films were deposited on 

glass substrate by sol-gel dip coating technique with doping concentration of Al varied 

between 0 to 6 wt%. The scanning electron microscopy (SEM) images of the films showed 

uniform deposition together with the formation of nano-particles throughout the substrate. 

The particle size decreases with the incorporation of dopant and the size distribution become 

more uniform with the increasing amount of Al dopant. Structural characterizations reveal 

high crystallinity of the ZnO thin film possessing hexagonal wurtzite structure. Crystallinity 

of the film is found to be decreasing with the increasing concentration of Al dopant.  The 

electrical conductivity of the thin film is found to be increased with the incorporation of Al 

content. The optical transmittance spectrum of the films showed a very good transmittance, 

of 81%, within the visible wavelength region for the undoped which decreases with the 

amount of Al dopant. The band gaps of the films are found to be varied with the amount of 

doping. The AZO thin films exhibited highly enhanced photo-catalytic activity comparing to 

pure ZnO thin films under UV illumination. The higher surface area of the thin film due to 

the smaller particle size distribution together with its lower band gap energy is responsible 

for the enhanced photo catalytic activity of AZO than that of pure ZnO films. 

The nano-crystalline AZO thin films with high optical transparency together with lower 

resistivity produced by sol gel dip coating technique would be a better choice for transparent 

electrode of optoelectronic devices and can be found application in water purification and 

environment cleaning process.     
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                                     CHAPTER-1 

                                                   INTRODUCTION 

 
Introduction 

In the coming decades we are going to face a great crisis of energy and going to 

have an environment full of pollutants and disorders that can significantly put human 

civilization in perilous situation. Moreover the limited availability of the energy sources 

and the environment issues such as atmospheric pollution and the greenhouse effect are 

quite like inherited problems that put our lives on catastrophe and getting more severe 

day by day. This forces mankind to search for new, more sustainable and long term 

energy solutions to provide the energy supply in future as well as that can contribute to 

make a pollution free environment. Hence, an intensive worldwide research activity is 

carried nowadays on the research and the development of alternatives that can serve our 

purposes. 

 In this perspective, Transparent Conducting Oxide thin films (TCOs) are one of 

the most suitable candidates for electronic and optoelectronic devices as a transparent, 

conductive material for electrodes due to their high electrical conductivity and high 

optical transmittance [1-6]. Among the available TCOs, Zinc Oxide (ZnO) has gained 

significant research attention due to its non toxicity, cost effectiveness, abundance in 

nature, eco-friendliness, photo-catalytic catalyst etc [7-10]. ZnO thin film is a wide-band 

gap semiconductor having a direct band gap of 3.3 eV [11] together with high exciton 
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binding energy (~ 60 meV) [12], large electrical conductivity and simple crystal-growth 

technology paving a way to fabricate potentially low-cost optoelectronic devices [13]. 

The properties of ZnO thin films can further be improved by adding suitable dopants. To 

ensure a sustainable supply of dopant, Al, and thus aluminum doped zinc oxide (Al:ZnO), 

plays a crucial role in terms of its availability, low price and non-toxicity. Furthermore 

substitution of Zn2+ ions with Al3+ generates extra-electrons in ZnO lattice and hence 

improves the optical, electrical and structural properties of the films [13-14]. 

 

A number of techniques including sputtering, sol-gel, chemical vapor deposition, spray 

pyrolysis etc. have been used for deposition of ZnO thin films [15-18]. Sol-gel is one of 

the most versatile and dominant techniques for large-scale synthesis of thin film which 

involves the formation of a colloidal solution "sol" into a solid "gel" phase. This 

technique has distinct advantages over other film deposition techniques including 

excellent compositional control, better homogeneity and lower crystallization 

temperature. The present research work is aiming towards the synthesis of ZnO thin films 

using a cost efficient sol gel technique and study the influence of Al dopant on the 

structural, electrical and optical properties of ZnO to explore its credentials on the 

modern day optoelectronic devices. 

ZnO and doped ZnO thin films are being synthesized and characterized elaborately in last 

few years. ZnO can form alloy with many transition metals (Cr, Mn, Fe, Co, Ni, Cu, etc.), 

poor metals (Al, Ga, Cd, In, etc.) and non-metals (B, N, F, etc.). Doping causes changes 
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in structural, optical and electrical properties of ZnO. Research on ZnO- based alloys 

may reveal some unique features of ZnO and extend its field of application. 

Chapter 2 is intended to provide the reader with a comprehensive background on the 

theoretical aspects of the research related to thin films and TCOs.  

Chapter 3 and 4 provide a detailed description of the ZnO materials, their properties, 

sample preparation and the actual experimental process carried out in the deposition of 

the ZnO:Al thin films. Equipments used and the techniques carried out for all electrical, 

material and optical characterization of the deposited thin films has also been discussed. 

Chapter 5 provides the result obtained during the study for surface morphological, 

structural, optical, electrical and photo-catalytic activity of the deposited thin film.  

Chapter 6 summarizes the present research work and provides a future outlook for 

continued research.  
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Chapter- 2 

Theoretical Background 

 

2.1 Introduction 

Thin film studies have opened up a variety of new areas of research in solid state 

physics and chemistry. The act of applying a thin film to a surface is known as thin-film 

deposition. Thin film deposition is a technique for depositing a thin film of material onto 

a substrate or onto previously deposited layers. "Thin" is a relative term, but most 

deposition techniques allow layer thickness to be controlled within a few tens of 

nanometers, and some (molecular beam epitaxy) allow single layers of atoms to be 

deposited at a time. which are based on phenomena uniquely characteristic of the 

thickness, geometry, and structure of the film. Each material surface is exposed to various 

environmental influences. The surface of a solid body is subjected to corrosion and wear 

and interacts with light and electromagnetic fields. From the technological point of view 

the miniaturization of mechanic, electronic, optical and optoelectronic components 

permanently increases the surface to volume ratio of the involved materials. In modern 

material science specific surface properties therefore gain increasing importance. [1-5] 

The properties of the film or coating have to differ significantly from the bulk. 

The limit between "thin" and "thick" films cannot generally be defined, although 

literature sometimes gives an arbitrary value of 1 μm. Basically, a film can be 

considered as "thin" when its properties are significantly different from the bulk. 
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2.2 Formation of Thin Films 

2.2.1 Introduction 

The deposition process of a film can be divided into three basic phases: 

1. Preparation of the film forming particles (atoms, molecules, cluster) 

2. Transport of the particles from the source to the substrate 

3. Adsorption of the particles on the substrate and film growth 

These phases can - depending on the specific deposition process and/or on the choice of 

the deposition parameters - be considered as either independent or as influencing one 

another. The former is desirable since it allows controlling the basic steps independently 

and therefore yields a high flexibility in the deposition process. The importance of 

coatings and the synthesis of new materials for industry have resulted in a tremendous 

increase of innovative thin film processing technologies. The properties of thin film 

strongly depend on their structure. So it is important to know the factors that govern the 

structure of the film. In thin film preparation, there are involved three steps: 

 Creation of atomic or molecular species 

 Transport of these species through a medium 

 Condensation of the species on a substrate. 

Thin film is prepared by deposition of the film materials (metals, semiconductors, 

insulators, dielectric etc.) atom by atom on a substrate through a phase transformation. 

Sufficient time interval between the two successive deposition of atoms and also layers 

are required so that these can occupy the minimum potential energy configuration. In 
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thermodynamically stable films, all atoms (or molecules) will take up positions and 

orientations energetically compatible with the neighboring atoms of the substrate or to the 

previously deposited layers, and then the effect substrate or the initial layers will diminish 

gradually.[6] 

2.2.2 Different Stages of Film Formation 

Basic steps of thin film growth are- 

1. Thermal accommodation 

2. Adsorption (physisorption) of atoms/molecules 

3. Surface diffusion 

4. Formation of molecule-molecule and substrate-molecule bondings (chemisorption) 

5. Nucleation: aggregation of single atoms/molecules 

6. Structure and microstructure formation (amorphous- polycrystalline - 

singlecrystalline, defects, roughness, etc.) 

7. Changes within the bulk of the film, e.g. diffusion, grain growth etc 

In thin film formation there are three mechanisms of thin film condensations which can 

be distinguished, depending on the strength of interaction between the atoms of the 

growing film and between the atoms of the film and substrate. These are: 

 The layer by layer growth 

 A three dimensional nucleation, forming, growth and coalescence of islands 

 Absorption of monolayer and subsequent nucleation on the top of this layer 
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2.2.3 Condensation 

Much research on the mechanism of thin film growth has been done with 

evaporated films; extensive information on initial growth has been published by D. W. 

Pashley and his co-workers [7]. The structural behavior and properties of films depend on 

the growth process. Thin film is most commonly prepared by the condensation of atoms 

from the vapor phase of a material means, the transformation of a gas into a liquid or 

solid. The condensation of vapor atom is determined by its interaction with the impinged 

surface in the following manner. The impinging atom is attracted to the surface by the 

instantaneous dipole and quadruple moments of the surface atoms. As a result, the atoms 

losses its velocity component normal to the surface in a short time, provided the incident 

kinetic energy is not too high. The vapor atoms is then physically absorbed (called 

adatom), but it may or may not be completely thermally equilibrium. It may move over 

the surface and its ownkinetic energy parallel to the surface. The adatom has a finite stay 

or residence time on the surface during which it may interact with other adatoms to form 

a stable cluster and be chemically absorbed, with the release of the heat of condensation. 

If not absorbed, the adatom evaporates or desorbs into the vapor phase. Therefore, 

thermodynamically, the only requirement for condensation to occur is that partial 

pressure of the film material in the gas phase be equal or larger than its vapor pressure in 

the condensed phase at that temperature [8]. The probability that an impinging atom will 

be incorporated into the substrate is called the “condensation” or “striking” coefficient. It 

is measured by the ratio of the amount material condensed on a surface to the total 

amount impinged. In fact, often the striking coefficient is so small that condensation is 
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not observable by ordinary techniques. On the other hand, the striking coefficient is 

found to be strongly dependent on the total time during which the substrate was subjected 

to the impingement, and also on the substrate temperature. A non-unity striking 

coefficient is usually explained in terms of monomer re-evaporation form the areas on the 

substrate which are outside, the capture zones around each stable nucleus. 

2.2.4 Nucleation 

The stable clusters are called nuclei and the process of formation nuclei is called 

nucleation i.e. nucleation is the birth stage of a film. Condensation is initiated by the 

formation of small cluster through the combination of several absorbed atoms. These 

clusters are called nuclei and the process of formation is called nucleation. 

There are two types of nucleation occur during the formation of a film. 

a) Homogeneous nucleation: The total free energy is used in the formation of a cluster of 

atoms.  

b) Heterogeneous nucleation: Particular shapes of clusters are formed by collisions of 

atoms on the substrate surface, and in the vapor phase its super saturation is sufficiently 

high [9]. They initially developed within increase in free energy until a critical size is 

reached above which growth continues with a decrease in free energy. In atomistic 

theory, in low substrate temperature or very high super saturations, the critical nucleus 

may be a single atom which will form a pair with another atom by random occurrence to 

become a stable cluster and grow spontaneously. 
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2.2.5 Growth 

The growth sequence of a film was originally deduced by Andrade from the 

observed optical transmission behavior of silver films. This deduction is in remarkable 

agreement with the electron microscope observations. The process of enlargement of the 

nuclei to final form a coherent is termed as growth. 

There are four stages of the growth process based on the electron microscope 

observations are: 

i)  The island stage  

ii)  The coalescence stage  

iii) The channel stage  

iv) The continuous film stage 

2.2.5 (i) The Island Stage 

When a substrate under impingement of condenses monomers is observed in the 

electron microscope, the first evidence of condensation is a sudden burst of nuclei of 

fairly uniform size. The smallest nuclei detected have a size of 2.0 to 3.0 nm. Growth of 

nuclei is three dimensional, but the growth parallel to the substrate is greater than that 

normal to it. This is probably because growth occurs largely by the surface diffusion of 

monomers on the substrate, rather by direct impingement from the vapor phase. The 

tendency to form an island structure is increased by 

a) At high substrate temperature 

 b) At low boiling point of film material  
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 c) At low deposition rate  

d) At weak binding energy between film material and substrate  

 e) At high surface energy of the film material and  

 f) At low surface energy of the substrate. 

2.2.5 (ii) The Coalescence Stage 

As island increases their size by further deposition and come closer to each other, 

the larger ones appear to grow by coalescence of the smaller ones. The coalescence 

occurs in less than 0.1s for the small nuclei. After coalescence has taken place, the island 

assumes a more hexagonal profile is often faulted. 

2.2.5 (iii) The Channel Stage 

When larger islands grow together they have channels of interconnected holes of 

exposed substrate in the form of a network structure on the substrate. As deposition 

continues, secondary nucleation occurs in these channels and forms the last stage of 

nucleation. 

2.2.5 (iv) Continuous Film Stage 

This is the final stage of the film growth. This process is slow and filling the 

empty channels which requires a considerable amount of deposits. These empty channels 

are filled by secondary nucleation, growth and coalescence and in this way a continuous 

film are formed. 
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2.2.6 Polycrystalline and Amorphous Thin Films 

 The films deposited by sol-gel technique are generally polycrystalline or 

amorphous in structure. Lower temperature and higher gas phase concentration are 

actually favorable in forming polycrystalline film. In this situation the rate of arrival of 

the aerosol at the surface is high, but the surface mobility of absorbed atoms is low. A 

large number of differently oriented nuclei are formed, after coalesce between them the 

films that are obtained possess grains of different orientation. Further decrease in 

temperature and increase in super saturation result in even more nuclei and consequently 

in finer grained films are deposited. When crystalline is completely stopped formation of 

amorphous film is favored [10]. 

2.3 Theoretical Aspect of Different Measurement Techniques Used for Study of   

Thin Films 

2.3.1 Introduction 

Generally, the structural, optical and electrical properties of thin films are 

elucidated using different techniques. In this section, the basic principles of some of the 

characterization methods are discussed briefly. These techniques include XRD for 

structural characterization, SEM for surface morphology, EDX spectroscopy for the film 

compositional study, and UV-vis spectroscopy for the optical characterization. 

2.3.2 Measurement of Thin Film Thickness 

Thickness may be directly known by in-site monitoring the rate of deposition or it 

may be measured after the film is taken out of the deposition chamber. In the present 
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work the later method was used k known as optical interference fringe method and this is 

described below in briefly. 

2.3.2.1 Optical Interference Fringe Method 

The thickness of the film can be measurement accurately by optical interference 

method and it is one of the best method comparative others process. In this method two 

reflecting surfaces are brought into close proximity to produce interference fringes. 

Weiner was the first to use interference fringes for the measurement of film thickness. 

Latter on using Fizeau fringes, Tolansky developed this method to a remarkable degree 

and is now accepted as a standard method [11]. When two reflecting surfaces are brought 

into close proximity, interference fringes are produced, the measurement of which makes 

possible a direct determination of film thickness and surface topography with high 

accuracy. In this method, two types of fringes are utilized for thickness measurement.  

The first produces Fizeu fringes of equal thickness, using a monochromatic light 

source. The second uses a white light source and produces fringes of equal chromatic 

order. The secondThe Fizeu fringes method was used in the present work for the 

measurement of film thickness. For the experimental set up a low power microscope, a 

monochromatic source of light, a glass plate and an interferometer are required. To make 

the Fizeau fringes of equal thickness visible in a multiple beam interferometer formed by 

a thin absorbing film on a glass substrate, generally and auxiliary reflecting coating on 

the film surface is required [12]. But if the experimental sample is transparent with a very 

smooth surface no such auxiliary coating is necessary method is prepared for thinner 

films. The film whose thickness is to be measured is required to form a step on a glass 
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substrate and over it another plane glass plate (Fizeau plate) is placed. This illuminated 

with a parallel monochromatic beam of light a fringe system as shown in Fig. () is 

produced and is viewed with low power microscope. In this method, thickness from 3 nm 

to 2000 nm can be measured with an accuracy of ± 5nm. The fringe spacing and fringe 

displacement across the step are measured and used to calculate the film thickness. The 

displacement „h‟ of the fringe system across the film substrate step is then measured to 

calculate the film thickness „t” using the relation 

t =
h

spacing  fringes  
×

λ  

2
                             2.1 

Where λ is the wavelength of the monochromatic light (sodium light, λ = 5893 Ǻ) 
employed.  
If d is the fringe spacing then the film thickness t is given by, 

                                                                        
                                                     t =

h

d 
×

λ  

2   
                                              2.2 

The thickness of the film was calculated by using equation (2.2) 

2.3.3 Structural Characterization 

The term structure encloses a variety of concepts, which describe on various 

scales, the arrangement of the building blocks of materials. On an atomic scale, one deals 

with the crystal structure, which is defined by the crystallographic data of the unit cell. 

These data contain the shape and dimensions of the unit cell and the atomic position 

within its Bravais structure. They are obtained by diffraction experiments. On a coaster 

scale, one deals with the microscopic observations of the microstructure, which 

characterizes the size, shapes and mutual arrangements of individual crystal grains. It also 

includes the morphology of the surface of the materials. Microstructure and surface 
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morphology observation of coatings, which are too 'thick for direct transmission also 

depends heavily on the high resolving power of electron microscopy. Suitable technique 

is surface replication and SEM [13-16]. Frequently one has to determine whether a given 

deposit is a single crystal or polycrystalline either with a random distribution of 

orientation with respect to the coating plane. For a single crystal coating, it is important 

to know its orientation relationship with respect to the substrate [17]. 

2.3.3.1 X-ray Diffraction (XRD) 

X-Ray Diffraction (XRD) is a laboratory-based technique commonly used for 

identification of crystalline materials and analysis of unit cell dimensions. One of two 

primary types of XRD analysis (X-ray powder diffraction and single-crystal XRD) is 

commonly applied to samples to obtain specific information about the crystalline material 

under investigation. X-ray powder diffraction is widely used in geology, environmental 

science, material science, and engineering to rapidly identify unknown crystalline 

substances (typically in less than 20 minutes). A pure, finely ground, and homogenized 

sample is required for determination of the bulk composition. Additional uses include 

detailed characterization of crystalline samples, determination of unit cell dimensions, 

and quantitative determination of modal amounts of minerals in a sample. X-ray powder 

diffraction can also be applied to the identification of fine-grained minerals. 

2.3.3.2 X-ray Diffraction and Bragg Equation 

English physicists Sir W.H. Bragg and his son Sir W.L. Bragg developed a 

relationship in 1913 to explain why the cleavage faces of crystals appear to reflect X-ray 
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beams at certain angles of incidence (theta, θ).This observation is an example of X-ray 

wave interference. 

Bragg law identifies the angles of the incident radiation relative to the lattice planes for 

which diffraction peaks occurs. Bragg derived the condition for constructive interference 

of the X-rays scattered from a set of parallel lattice planes. 

W.L. Bragg considered crystals to be made up of parallel planes of atoms. Incident waves 

are reflected specularly from parallel planes of atoms in the crystal, with each plane is 

reflecting only a very small fraction of the radiation, like a lightly silvered mirror. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Schematic of X-ray diffraction and Bragg‟s equation [18]  
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2.3.3.3 Working Principle of XRD 

X-ray diffraction is based on constructive interference of monochromatic X-rays 

and a crystalline sample. These X-rays are generated by a cathode ray tube, filtered to 

produce monochromatic radiation, collimated to concentrate, and directed toward the 

sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Working principle of X-ray diffraction [19] 
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The interaction of the incident rays with the sample produces constructive 

interference (and a diffracted ray) when conditions satisfy Bragg's Law (nλ=2d sin θ). 

This law relates the wavelength of electromagnetic radiation to the diffraction angle and 

the lattice spacing in a crystalline sample. These diffracted X-rays are then detected, 

processed and counted. By scanning the sample through a range of 2θangles, all possible 

diffraction directions of the lattice should be attained due to the random orientation of the 

powdered material. Conversion of the diffraction peaks to d-spacings allows 

identification of the mineral because each mineral has a set of unique d-spacings. 

Typically, this is achieved by comparison of d-spacings with standard reference patterns. 

All diffraction methods are based on generation of X-rays in an X-ray tube. These X-rays 

are directed at the sample, and the diffracted rays are collected. A key component of all 

diffraction is the angle between the incident and diffracted rays. Powder and single 

crystal diffraction vary in instrumentation beyond this. 

X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, 

and an X-ray detector. X-rays are generated in a cathode ray tube by heating a filament 

to produce electrons, accelerating the electrons toward a target by applying a voltage, 

and bombarding the target material with electrons. When electrons have sufficient 

energy to dislodge inner shell electrons of the target material, characteristic X-ray 

spectra are produced. These spectra consist of several components, the most common 

being Kα and Kβ. Kα consists, in part, of Kα1 and Kα2. Kα1 has a slightly shorter 

wavelength and twice the intensity as Kα2. The specific wavelengths are characteristic 

of the target material (Cu, Fe, Mo, Cr). Filtering, by foils or crystal monochrometers, is 
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required to produce monochromatic X-rays needed for diffraction. Kα1and Kα2 are 

sufficiently close in wavelength such that a weighted average of the two is used. Copper 

is the most common target material for single-crystal diffraction, with CuKα radiation = 

1.5418Å. These X-rays are collimated and directed onto the sample. As the sample and 

detector are rotated, the intensity of the reflected X-rays is recorded. When the geometry 

of the incident X-rays impinging the sample satisfies the Bragg Equation, constructive 

interference occurs and a peak in intensity occurs. A detector records and processes this 

X-ray signal and converts the signal to a count rate which is then output to a device such 

as a printer or computer monitor. 

XRD is the most specific technique for studying the crystal structure of solids. Generally, 

it does not require any elaborate sample preparation and is essentially nondestructive to 

samples. XRD is a suitable tool to determine the crystal structure of any unknown 

materials, whether the sample is a single crystal or polycrystals, either with a random 

distribution of orientations or with a preferred orientation with respect to the film plane. 

Thicknesses of surface thin films are about 1000Å and those can be investigated using 

XRD [20-21]. Thicker films can be characterized by reflection high-energy electron 

diffraction (RHEED). Analysis of the diffraction patterns obtained by these techniques 

and comparison with standard ASTM data can reveal the existence of different 

crystallographic phases in the film, their relative abundance, the lattice parameters, and 

any preferred orientations. 
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2.3.3.4 Lattice constants 

The interplanar spacing for the hexagonal system is given as 

                                                     1

dhkl  
= [3

4
(h2++hk +k2 

a2 
) + l2 

c2 
] 0.5                  

 

     where, h, k and l are the indices of the crystal planes; dhkl is the interplanar spacing 

and it is related to the diffraction angle θ as  

                                                       1

dhkl  
=

2sin θhkl  

λ  
                

 

The wavelength (λ) of X-ray is used 1.54178 Å for CuKα line [22]. 

 

2.3.3.5 Crystallite size 

The crystallite size (D) of the deposited the thin films is estimated using Scherrer 

formula [23] 

                                                                                     D =
kλ

βcos θ

 

 

Here k is taken as 0.94, λ the wavelength of X-ray used and β the full width at half 

maximum (FWHM) of the highest peak in XRD pattern. 
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2.3.3.6 Micro strain 

The origin of the strain in the thin film is related to the lattice misfit, which in turn 

depends upon the deposition conditions. The strain developed in the film is known as 

microstrain (ε) and it is calculated from the relation as follows [24] 

                                                                 ε =
(βcos θ)

4 
 

 

2.3.3.7 Dislocation density 

Dislocation is an imperfection in a crystal associated with the misregistry of the 

lattice in one part of the crystal with that in another part. Unlike vacancies and interstitial 

atoms, dislocations are not equilibrium imperfections, i.e. thermodynamic considerations 

are insufficient to account for their existence in the observed densities. In fact, the growth 

mechanism involving dislocation is a matter of importance. In the present study, the 

dislocation density is estimated from Williamson and Smallman method using the 

relation [25] 

                                                             δ=
15ε 

aD  
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2.3.4 Surface Morphology and Compositional Analysis of Thin Films 

The study of surface morphology and compositional analysis of thin films is 

essential and more significant where as these characteristic X-rays are used to identify the 

composition and measure the abundance of elements in the sample. In this thesis 

scanning electron microscopy (SEM) method is used to study the surface morphology 

and compositional analysis of prepared thin films. 

2.3.4.1 Working Principle Scanning Electron Microscopy (SEM) 

A scanning microscope is provided for producing a scan image at high spatial 

resolution and in a low acceleration voltage area. An acceleration tube is located in an 

electron beam path of an objective lens for applying a post-acceleration voltage of the 

primary electron beam. The application of an overlapping voltage onto a sample allows a 

retarding electric field against the primary electron beam to be formed between the 

acceleration tube and the sample. The secondary electrons generated from the sample and 

the secondary signals such as reflected electrons are extracted into the acceleration tube 

through the effect of an electric field (retarding electric field) immediately before the 

sample. The signals are detected by secondary signal detectors located upwardly than the 

acceleration tube.  
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Electrons in the electron gun are emitted from the cathode and accelerated by the anode 

to the energy 1 – 50 keV. The electron beam is condensed by the condenser lenses (one 

or two). Magnetic field, produced by the scan coils deflects the electron beam back and 

forth. The electron beam, focused by the objective lens to very fine spot (1-5 nm), scans 

the sample surface in a raster pattern. Primary electrons interact with the atoms of the 

sample surface, causing emissions of the secondary electrons, which are detected, 

producing the image. The backscattered electrons of the electron beam may also be 

 

Figure 2.3: Working principle Scanning Electron Microscope (SEM) 
[26] 
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detected. The backscattered electron image is used for contrasting the sample regions, 

having different chemical compositions. 

2.3.4.2 Scanning Electron Microscopy (SEM) 

SEM is a type of microscope that form images the sample surface by scanning it 

with a high-energy beam of electrons in a raster scan pattern. It is a powerful microscope 

that uses electrons rather than light to form an image of objects such as fractured metal 

components, foreign particles and residues, polymers, thin films electronic components, 

biological samples, and countless others. The shorter wavelength of electrons permits 

image magnifications of up to 100,000X, as compared to about 2,000X for conventional 

light microscopy. An SEM also provides a greater depth of field than a light microscope, 

allowing complex, three-dimensional objects to remain sharp and in focus. In a typical 

SEM, an electron beam is thermoionically emitted from an electron gun fitted with a 

tungsten filament cathode. Other types of electron emitters include lanthanum hexaboride 

cathodes, which can be used in a standard tungsten filament SEM. if the vacuum system 

is upgraded. Field emission guns (FEG) of the cold-cathode type using tungsten single 

crystal emitters or the thermally-assisted Schottky type, using emitters of zirconium oxide 

can also be used. The electron beam, which typically has an energy ranging from a few 

hundred eV to 40 keV, is focused by one or two condenser lenses to a spot about 0.4 nm 

to 5 nm in diameter. The beam passes through pairs of scanning coils or pairs of deflector 

plates in the electron column, typically in the final lens, which deflect the beam in the x 

and y axes so that it scans in a raster fashion over a rectangular area of the sample 

surface. The size of the interaction volume depends on the electron's landing energy, the 
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atomic number of the specimen and the specimen's density. The energy exchange 

between the electron beam and the sample results in the reflection of high-energy 

electrons by elastic scattering, emission of secondary electrons by inelastic scattering and 

the emission of electromagnetic radiation, each of which can be detected by specialized 

detectors. The beam current absorbed by the specimen can also be detected and used to 

create images of thedistribution of specimen current. Electronic amplifiers of various 

types are used to amplify the signals which are displayed as variations in brightness on a 

cathode ray tube. The raster scanning of the CRT display is synchronized with that of the 

beam on the specimen in the microscope, and the resulting image is therefore a 

distribution map of the intensity of the signal being emitted from the scanned area of the 

specimen. The image may be captured by photography from a high resolution cathode ray 

tube, but in modern machines is digitally captured and displayed on a computer monitor 

and saved to a computer's hard disc. In this work, a thermal field emission gun scanning 

electron microscope (FEG-SEM) of model JEOL JSM-7600F is used. It has an ultrahigh 

resolution for fine surface morphology of nanostructures (secondary electron image 

resolution 1.0 nm at 15 kV). It contains built-in r-filter enabling user selectable mixture 

of secondary electron (SE) and backscattered electron (BSE) images. It has Gentle Beam 

(GB) mode for accelerating voltage in kV, top-surface imaging, reduced beam damage 

and charge suppression allows examination of charging specimens without additional 

coating. New low-angle backscattered electrons detector allows imaging of specimens at 

extremely low accelerating voltage (kV) with high spatial resolution. 
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Scanning transmission electron microscopy detector allows both bright-field and dark-

field imaging of thin, electron transparent samples with sub 0.8 nm resolution. 

 

 

 

 

 

 

 

 

 

 

For EDS this field emission SEM (FESEM) set up is connected to a Aztec Synergy    

system (Oxford AZtec energy/AZtec HKL) with X-MAX50 silicon drift detector which 

provides high counts rate and allows Nanoanalysis, Mapping, Crystal Orientation. 

2.3.5 Elemental Analysis 

Energy Dispersive X-ray spectroscopy (EDS) is the elemental analysis of the thin 

film by studying the energy dispersive table i.e. studying the net counts and net weight 

 

Figure 2.4: SEM unit at department of Glass and Ceramic Engineering,         
BUET 
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percentage we can analysis the elemental percentage. Studying the EDX table we also get 

the information about the elements in the thin film. 

 

2.3.5.1 Energy Dispersive Analysis of X-rays (EDX) 

EDS is an analytical technique used for the chemical characterization of a sample. 

It is one of the variants of X-ray fluorescence (XRF) analysis. As a type of spectroscopy, 

it relies on the investigation of a sample through interactions between electromagnetic 

radiation and matter, analyzing X-rays emitted by the matter in response to being hit with 

charged particles. Its characterization capabilities are due in large part to the fundamental 

principle that each element has a unique atomic structure allowing x-rays that are 

characteristic of an element's atomic structure to be identified uniquely from each 

otherTo stimulate the emission of characteristic X-rays from a specimen, a high energy 

beam of charged particles such as electrons or protons (see PIXE), or a beam of X-rays, is 

focused into the sample being studied. At rest, an atom within the sample contains ground 

state (or unexcited) electrons in discrete energy levels or electron shells bound to the 

nucleus. The incident beam may excite an electron in an inner shell, ejecting it from the 

shell while creating an electron hole where the electron was. An electron from an outer, 

higher-energyshell then fills the hole, and the difference in energy between the higher-

energy shell and the lower energy shell may be released in the form of an X-ray. The 

number and energy of the X-rays emitted from a specimen can be measured by an EDS. 

As the energy of the X-rays are characteristic of the difference in energy between the two 
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shells, and of the atomic structure of the element from which they were emitted, this 

allows the elemental composition of the specimen to be measured. 

2.3.6 Optical Analysis of Thin Films 

The optical behaviors of a semiconductor are investigated in term of the three 

phenomena namely transmission, reflection and absorption. When a semiconductor is 

illuminated by light, photon strikes the surface, a fraction of photons are reflected, some 

of these are absorbed within the semiconductor and the remainder transmitted into the 

semiconductor and some may be reflected. Here to calculate optical band gap of thin 

films and then other optical parameters from observation of transmission and absorption 

property of prepared samples by Ultraviolet-visible spectroscopy meter. 

2.3.6.1 Ultraviolet–visible Spectroscopy 

Ultraviolet-visible spectrophotometer (UV-Vis or UV/Vis) refers to absorption 

spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral region. This 

means it uses light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges. 

The absorption or reflectance in the visible range directly affects the perceived color of 

the chemicals involved. In this region of the electromagnetic spectrum, molecules 

undergo electronic transitions. This technique is complementary to fluorescence 

spectroscopy, in that fluorescence deals with transitions from the excited state to the 

ground state, while absorption measures transitions from the ground state to the excited 

state. 
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2.3.6.2 Absorption 

In physics, absorption of electromagnetic radiation is the way by which the 

energy of a photon is taken up by matter, typically the electrons of an atom. Thus, the 

electromagnetic energy is transformed to other forms of energy, for example, to heat. The 

absorption of light during wave propagation is often called attenuation. Usually, the 

absorption of waves does not depend on their intensity (linear absorption), although in 

certain conditions (usually, in optics), the medium changes its transparency dependently 

 

Figure 2.5: UV-Vis unit at optical microscopy lab, department of 
physics, BUET 
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on the intensity of waves going through, and the saturable (or nonlinear absorption) 

occurs [27]. 

2.3.6.3 Absorption Coefficients 

When a semiconductor is illuminated by light, photon strikes the surface, a fraction of 

photons are reflected, some of these are absorbed within the semiconductor and the remainder 

transmitted into the semiconductor. The absorption of radiation by any medium occurs through 

the excitation of electrons and photons For semiconductor, it is convenient to consider several 

types of absorption arising from  

i) Electronic transitions between different energy bands.  

ii) Electronic transitions within energy band.  

iii) Electronic transitions to localized states of impurity atoms.  

iv)  Lattice vibrations.  

v) Vibrations of impurity atoms.  

In the fundamental absorption region the transmission T is given by [28] 

 

                                                                 T= A exp (−
4πkt

λ
 ) 

Where A is a constant, k is the extinction co-efficient and t is the thickness. For K2<< n2, 

the principle variation of T occurs in the exponential term and pre-exponential term A. 

  

Therefore, T~ exp (-α t) 
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Where 𝛼 =
4𝜋𝑘

𝜆
 is the absorption co-efficient of the films. Thus the value of absorption 

co-efficient may be calculated from the relation [28] 

α = −
lnT

t
 

 

2.3.6.4 Band Gap 

In solid state physics, a band gap, also called an energy gap or band gap, is an 

energy range in a solid where no electron states exist. For insulators and semiconductors, 

the band gap generally refers to the energy difference (in electron volts) between the top 

of the valence band and the bottom of the conduction band. It is the amount of energy 

required to free an outer shell electron from its orbit about the nucleus to become a 

mobile charge carrier, able to move freely within the solid material. In semiconductor 

physics, the band gap of a semiconductor is always one of two types, a direct band gap or 

an indirect band gap. The minimal-energy state in the conduction band, and the maximal-

energy state in the valence band, are each characterized by a certain k-vector in the 

Brillouin zone. If the k-vectors are the same, it is called a "direct gap". If they are 

different, it is called an "indirect gap". Interactions among electrons, holes, phonons, 

photons, and other particles are required to satisfy conservation of energy and crystal 

momentum (i.e., conservation of total k-vector). A photon with energy near a 

semiconductor band gap has almost zero momentum. An important process is called 

radiative recombination, where an electron in the conduction band annihilates a hole in 

the valence band, releasing the excess energy as a photon. If the electron is near the 

bottom of the conduction band and the hole is near the top of the valence band (as is 
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usually the case), this process is possible in a direct band gap semiconductor, but 

impossible in an indirect band gap one, because conservation of crystal momentum 

would be violated. For radiative recombination to occur in an indirect band gap material, 

the process must also involve the absorption or emission of a phonon, where the phonon 

momentum equals the difference between the electron and hole momentum. (It can also, 

instead, involve a crystallographic defect, which performs essentially the same role.) The 

involvement of the phonon makes this process much less likely to occur in a given span 

of time, which is why radiative recombination is far slower in indirect band gap materials 

than direct band gap ones [29]. This is why light-emitting and laser diodes are almost 

always made of direct band gap materials, and not indirect band gap ones like silicon. 

The fact that radiative recombination is slow in indirect band gap materials also means 

that, under most circumstances, radiative recombinations will be a small proportion of 

total recombinations, with most recombinations being non-radiative, taking place at point 

defects or at grain boundaries. However, if the excited electrons are prevented from 

reaching these recombination places, they have no choice but to eventually fall back into 

the valence band by radiative recombination. This can be done by creating a dislocation 

loop in the material. At the edge of the loop, the planes above and beneath the 

“dislocation disk” is pulled apart, creating a negative pressure, which raises the energy of 

the conduction band substantially, with the result that the electrons cannot pass this edge. 

Provided that the area directly above the dislocation loop is defect-free (no non-radiative 

recombination possible), the electrons will fall back into the valence shell by radiative 

recombination and thus emitting light. This is the principle on which "DELEDs" 

(Dislocation Engineered LEDs) are based. 
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2.3.7 Electrical Analysis of Thin Film 

Electrical parameters like resistivity (ρ), conductivity (σ), sheet resistance (Rs), 

activation energy (Ea) etc. of thin film recognize electrical property of the prepared 

sample. The property of a material to resist the flow of electrical current is called the 

resistance and the resistance per unit length of cross-section is called resistivity. It is 

denoted by ρ and mathematically defined as 

 

ρ =
RL

A
 

 

Where, A is the cross-sectional area, R is the resistance and L is the length of the material 

along the direction of current flow. Resistivity is an intrinsic property of a material and 

depends only on the crystal structure of the material. Electrical conductivity of a material 

is reciprocal of resistivity of the material. Conductivity is denoted by σ and defined as 

σ =
1

ρ
 

 

Conductivity depends only on the structural and physical property of the material. 

2.3.7.1 Resistivity by Four Probe Method 

The experimental set up consists of probe arrangement, sample , oven 0-200°C, 

constant current generator , oven power supply and digital panel meter(measuring voltage 

and current). Four probe apparatus is one of the standard and most widely used apparatus 

for the measurement of resistivity of semiconductors.  
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This method is employed when the sample is in the form of a thin wafer, such as a thin 

semiconductor material deposited on a substrate. The sample is millimeter in size and 

having a thickness . It consists of four probe arranged linearly in a straight line at equal 

distance S from each other. A constant current is passed through the two probes and the 

potential drop V across the middle two probes is measured. An oven is provided with a 

heater to heat the sample so that behavior of the sample is studied with increase in 

temperature. A semiconductor has electrical conductivity intermediate in magnitude 

between that of a conductor and insulator. Semiconductor differs from metals in their 

characteristic property of decreasing electrical resistivity with increasing temperature. 

 

Figure 2.6: Schematic diagram of four probe method [30] 
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According to band theory, the energy levels of semiconductors can be grouped into two 

bands, valence band and the conduction band. In the presence of an external electric field 

it is electrons in the valence band that can move freely, thereby responsible for the 

electrical conductivity of semiconductors. In case of intrinsic semiconductors, the Fermi 

level lies in between the conduction band minimum and valence band maximum.Since 

conduction band lies above the Fermi level at 0K, when no thermal excitations are 

available, the conduction band remains unoccupied. So conduction is not possible at 0K, 

and resistance is infinite. As temperature increases, the occupancy of conduction band 

goes up, thereby resulting in decrease of electrical resistivity of semiconductor. 

Resistivity of semiconductor by four probe method 

1. The resistivity of material is uniform in the area of measurement. 

2. If there is a minority carrier injection into the semiconductor by the current- 

carrying electrodes most of the carriers recombine near electrodes so that their 

effect on conductivity is negligible.  

3. The surface on which the probes rest is flat with no surface leakage. 

4. The four probes used for resistivity measurement contact surface at points that lie 

in a straight line. 

5. The diameter of the contact between metallic probes and the semiconductor 

should be small compared to the distance between the probes. 

6. The boundary between the current carrying electrodes and the bulk material is 

hemispherical and small in diameter.  
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7. The surface of semiconductor material may be either conducting and non-

conducting. A conducting boundary is one on which material of much lower 

resistivity than semiconductor has been plated. A non-conducting boundary is 

produced when the surface of the semiconductor is in contact with insulator. 

2.3.8 Grains 

Metals are made up of lots of individual crystals known as grains. Different grains 

may have different alignments (i.e. the repeating pattern of atoms in the grain will point 

in a different direction to those in a neighbouring grain). In some cases they may also 

have differences in chemical composition (e.g. steel may split into cementite, perlite and 

ferrite grains).  

 

2.3.8.1 Grain Size Measurements 

Grain size is an important property, especially for metals, because grain size 

affects the mechanical properties and surface conditions of metallic materials. Because of 

the importance of the grain size, they were classified and standardized by ASTM 

(American Society of Testing and Materials.). Designation of the average grain size 

according to ASTM is like G00, G0, G1, up to G14. G stands for grain size and numbers 

define the size of grains. Generally metals with G6 or higher ASTM number can be 

considered as fine-grained respectively. Similarly, metals with lower than G5 ASTM 

number can be considered as coarse-grained respectively.  
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To determine the ASTM Grain Size Number, there is a common method: Linear 

Intercept Method. 

2.3.8.2Formation of Grain  

Grain is a small region of a metal, having a given and continuous crystal 

lattice orientation. Each grain represents small single crystal. Grains form as a result 

of solidification or other phase transformation processes. Grains shape and size change in 

course of thermal treatment processes (for example recrystallization annealing). The 

normal grain size varies between 1µm to 1000 µm. Grain structure of a solid is an 

arrangement of differently oriented grains, surrounded by grain boundaries. Formation of 

a boundary between two grains may be imagined as a result of rotation of crystal lattice 

of one of them about a specific axis. 

Depending on the rotation axis direction, two ideal types of a grain boundary are 

possible: 

 Tilt boundary – rotation axis is parallel to the boundary plane; 

 Twist boundary - rotation axis is perpendicular to the boundary plane; 

 An actual boundary is a “mixture” of these two ideal types. 

Grain boundaries are called large-angle boundaries if misorientation of two neighboring 

grains exceeds 10º-15º. Grain boundaries are called small-angle boundaries if 

misorientation of two neighboring grains is 5º or less. Grains, divided by small-angle 

boundaries are also called subgrains. Grain boundaries accumulate crystal lattice defects 

http://www.substech.com/dokuwiki/doku.php?id=metals_crystal_structure
http://www.substech.com/dokuwiki/doku.php?id=metals_crystal_structure
http://www.substech.com/dokuwiki/doku.php?id=metals_crystal_structure
http://www.substech.com/dokuwiki/doku.php?id=solidification
http://www.substech.com/dokuwiki/doku.php?id=solid_solutions
http://www.substech.com/dokuwiki/doku.php?id=basic_principles_of_heat_treatment
http://www.substech.com/dokuwiki/doku.php?id=basic_principles_of_heat_treatment
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(vacancies, dislocations) and other imperfections, therefore they effect on the 

metallurgical processes, occurring in alloys and their properties. 

2.3.8.3 Grain Boundary  

   The juncture between adjacent grains is called a grain boundary.  Metals, like 

everything else, are made up of atoms, and for explanations used here, are assumed to be 

solid spheres. For our general purposes, atoms within a metallic crystal or grain are 

regularly arranged over great distances, distances that are huge when compared with 

atomic dimensions. There is then, long-range atomic order within individual crystals. 

Where adjacent crystals join is a crystal boundary, a zone of short-range disorder. These 

crystal boundaries determine in no small way the useful properties of engineering 

materials when applied to steam generators.         

Individual grains are viewed as being made up of the cube faces of face-centered cubic or 

body-centered cubic iron. Grain boundaries are usually considered to be two dimensional, 

but are actually a finite thickness, perhaps 2-10 atomic distances. The mismatch of the 

orientation of neighboring grains leads to a less efficient atomic packing within the grain 

boundary. Hence the atoms in the boundary have a less ordered structure and a slightly 

higher internal energy. The disordered atomic arrangement and higher energy can explain 

several features associated with material degradation found in the high-temperature 

operation of boilers.    

 

 

http://www.substech.com/dokuwiki/doku.php?id=imperfections_of_crystal_structure
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2.3.9 Photocatalytic Activities 

The photocatalytic oxidation process is regarded as a promising method for the 

degradation of organic pollutants from the environment [31]. It is unique process used for 

addressing energy and environmental issues. The photocatalytic process involves 

irradiating the catalyst with energy greater than or equal to the band gap of the material 

under consideration. The organic dyes such as methylene blue (MB), methyl orange, 

methyl red, rhodamine B etc. constitute some of the important types of pollutants [32-33]. 

These are invariably derived from industrial effluents, agricultural runoff and chemical 

spills and pose a serious environmental problem due to their toxicity. As a result, they are 

harmful to human health and living creatures and need an immediate solution. In this 

regard photocatalytic material is a crying need to get relief from this problem. A good 

photocatalytic material should be non-hazardous, cheap and highly effective in utilizing 

light. In this regard, maximum interest has been focused on semiconductor based 

photocatalysis. It is reported that the photocatalyst generates reactive hydroxyl radicles 

which oxidize the toxic organic pollutants and break them into smaller fragments. 

However, the physical and chemical stability and high oxidative capacity of the 

semiconducting materials remain as some of the impotant criteria in selective them as 

photocatalysts. Photocatalysts used in ultraviolet (UV) light-activated processes are 

semiconductor materials such as TiO2, ZnO, Al2O3 and MgO. Among these the two 

predominant photocatalytic compounds found in the literatures are TiO2 and ZnO. In 

most of the studies, the work has been focused mainly on large band gap semiconductor 

oxides, such as TiO2 and ZnO, where UV light irradiated photoexcitation leads to 
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electron–hole pairs, initiating production of the hydroxyl radical in water, and accounts 

for the degradation of the organic pollutants. However, the photocatalytic efficiency of 

ZnO is better, due to its relatively high absorption tendency over a larger fraction of the 

UV spectrum. In addition, strongly luminescent ZnO acts as a highly active photocatalyst 

compared to TiO2.  

As a result, the rate of photocatalytic reactions taking place at the interface of the 

catalyst and the organic pollutant is accelerated. It is also observed that the degradation of 

the pollutants in the presence of ZnO also depends on whether its morphology consists of 

nanoparticles, nanorods, or nanoflowers, or is hierarchical, dumbbell shaped, or plate 

like. However, widely used TiO2 is uneconomical for large-scale production in water 

treatment. ZnO has been found to be an effective alternative compared to TiO2 due to its 

higher efficiency of generation, mobility and separation of photoinduced electrons and 

holes.  

 

The photocatalytic reaction mechanism is represented in the schematic diagram 

shown in figure: 2.7 
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ZnO is one of the hardest polar inorganic materials in the family of II–VI 

semiconductors. It is a well-known material having a high binding energy (60 meV) and 

a wide-band gap (~3.2 eV). Some interesting properties of ZnO are its non-hazardous 

nature and thermal stability. In addition to this ZnO has proved to be vital in the fields of 

catalysts, sensors and antibacterial. Zinc oxide has received a considerable attention as a 

cost effective alternative to other oxides.  ZnO has been synthesized in the form of a 

variety of well defined nanostructures with various morphologies such as nanospheres, 

nanowires, nanorods, nanonails and nanobridges synthesized by different methods under 

 

Figure 2.7: Schematic diagram of photocatalytic activity of ZnO and 
AZO thin films 
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different preparation conditions. Some of those methods include the hydrothermal 

process, vapor phase growth, chemical solution route, thermal evaporation, sol–gel 

process, etc. It is a challenging task for researchers to synthesize nanomaterials in a 

controllable shape and size. In adition, strongly luminescent ZnO acts as a highly active 

photo-catalyst compared to TiO2. 
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Chapter- 3 

Materials and Experimental Details  

 
In this chapter, basic properties of ZnO are discussed in brief. In this work, Al has been used as 

the dopant material. So, it is very important to know the basic properties of Al as well. There is 

also a short discussion on Al in this chapter. After that the experimental details of deposition of 

the films has been discussed. 

3.1 Properties of Zinc Oxide 

 ZnO has attracted much attention of the scientists as a promising material. ZnO has been 

widely studied since the year 1935 [1]. ZnO based electronic and optoelectronic devices are very 

popular. It is a very nice coating material and also used in pressure sensors. There are many more 

uses of ZnO which make it an important material for research. Table: 1 shows some basic 

properties of ZnO. ZnO has the ability to grow on single crystal substrates. ZnO is non-toxic and 

thermally stable; hence it is widely used as coating material. There are some other good aspects 

of ZnO such as its broad chemistry leading to many opportunities for wet chemical etching, low 

power threshold for optical pumping, radiation hardness and biocompatibility. Collectively, these 

properties of ZnO make it one of the ideal candidates for a variety of devices. Its applications 

range from sensors and ultra-violet laser diodes to display systems. Extensive research on ZnO 

and the alloys based on ZnO may discover more new type of applications of the material. 
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                                                       Table: 1. Basic properties of ZnO 

 

Name of the Property  
 

Value/Type  
 

Molecular formula  
 

ZnO  
 

Material type  
 

II-VI compound semiconductor  
 

Molar mass  
 

81.408 g/mol  
 

Appearance  
 

White solid  
 

Odor  
 

Odorless  
 

Density  
 

5.606 g/cm3  
 

Melting point  
 

1975 °C (decomposes)  
 

Boiling point  
 

1975 °C (decomposes)  
 

Solubility in water  
 

Insoluble  
 

Band gap (room temperature  
 

3.3 eV (direct)  
 

Exciton binding energy (room temperature  
 

60 meV  
 

Dielectric constant  
 

8.5  
 

Refractive index(nD)  
 

2.0041  
 

 

From Table 1 it is seen that ZnO has a wide band gap of 3.3 eV and a large exciton binding 

energy of 60 meV at room temperature. These two properties make ZnO an important material 

for blue and ultra-violet optical devices. ZnO has several advantages over gallium nitride (GaN) 

in this application range. ZnO has the ability to grow on single crystal substrates. ZnO is non-

toxic and thermally stable; hence it is widely used as coating material. There are some other 
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good aspects of ZnO such as its broad chemistry leading to many opportunities for wet chemical 

etching, low power threshold for optical pumping, radiation hardness and biocompatibility. 

Collectively, these properties of ZnO make it one of the ideal candidates for a variety of devices. 

Its applications range from sensors and ultra-violet laser diodes to display systems. Extensive 

research on ZnO and the alloys based on ZnO may discover more new type of applications of the 

material. 

3.1.1 Structure of zinc oxide 

ZnO shows crystallization in two major forms, hexagonal wurtzite [2] and cubic 

zincblende. The wurtzite structure is most stable at ambient conditions and thus most commonly 

found in ZnO. The zincblende form can be stabilized by growing ZnO on substrates with cubic 

lattice structure. For both the cases, the Zn and O form tetrahedrons, the most characteristic 

geometry for Zn (II). ZnO converts to the rocksalt motif at relatively high pressures about 10 

GPa [3]. Hexagonal and zincblende polymorphs have no inversion symmetry. Lattice symmetry 

properties result in piezoelectricity of the hexagonal and zincblende ZnO, and pyroelectricity of 

hexagonal ZnO. The lattice constants are a = 3.25 Å and c = 5.2 Å; their ratio c/a ~ 1.60 is close 

to the ideal value for hexagonal cell c/a = 1.633 [4]. As in most group II-VI materials, the 

bonding in ZnO is largely ionic (Zn2+–O2–). The radii of Zn2+ and O2- are 0.074 nm and 0.140 

nm, respectively. This property accounts for the preferential formation of wurtzite rather than 

zincblende structure [5] as well as the strong piezoelectricity of ZnO. Because of the polar Zn-O 

bonds, Zn and O planes are electrically charged. Figure 2.1 shows a hexagonal wurtzite unit cell 

of ZnO. The number of the nearest neighbors in wurtzite is four. Each O (or Zn) ion is 

tetrahedrally surrounded by four Zn (or O) ions. Furthermore each ion also has twelve next-
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nearest neighbors of the same type of ions. The O-Zn distance of the nearest neighbors is 1.992 

Å in the direction parallel to the c-axis of the hexagonal unit cell and 1.973 Å in the other three 

directions of the tetrahedral arrangement [6]. The tetrahedral arrangement of the nearest 

neighbors indicates the covalent bond between the Zn and O atoms. The covalent radii of Zn and 

O were reported to be 1.31 Å and 0.66 Å, respectively [7]. ZnO is an- isotropic crystal with the 

symmetry of point group of C6v (or 6mm). Group C6v is the point group of the hexagonal 

wurtzite structure, which includes rotations by ±60°, ±120°, and ±180° around the hexagonal 

axis and two sets of three equivalent mirror planes that are parallel to the hexagonal axis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              Figure 3.1: The hexagonal wurtzite structure of ZnO [8] 
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There are 12 phonon modes corresponding to 4 atoms per unit cell in a single crystal wurtzite 

ZnO. Phonon modes are important for understanding the thermal, electrical and optical 

properties of the crystal. There are one longitudinal acoustic (LA), two transverse-acoustic (TA), 

three longitudinal-optical (LO) and six transverse-optical (TO) branches. The A1 and E1 

branches are Raman and infrared active, while the two E2 branches (non-polar) are only Raman 

active. The E2low mode is associated with the vibrations of the Zn sub-lattice, whilst the E2high 

mode is associated with the oxygen atoms only. The B1 branches are always inactive. The 

phonon modes of ZnO have been extensively studied and modeled. 

3.2 Properties of Aluminum 

Aluminium or aluminum is a chemical element with symbol Al and atomic number 13. It 

is a silvery-white, soft, nonmagnetic, ductile metal in the boron group. By mass, aluminum 

makes up about 8% of the Earth's crust; it is the third most abundant element 

after oxygen and silicon and the most abundant metal in the crust, though it is less common in 

the mantle below. The chief ore of aluminum is bauxite. Aluminum metal is so chemically 

reactive that native specimens are rare and limited to extreme reducing environments. Instead, it 

is found combined in over 270 different minerals.  

Aluminum is remarkable for its low density and its ability to resist corrosion through the 

phenomenon of passivation. Aluminum and its alloys are vital to the aerospace industry and 

important in transportation and building industries, such as building facades and window 

frames. The oxides and sulfates are the most useful compounds of aluminum.  
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                                    Table: 2. Basic properties of Al 

 

Name of the Property  
 

Value/Type  
 

Molecular formula 
 

Al 

Atomic weight 
 

26.98 

Odor 
 

Odorless 

Melting point 
 

933.47K 

Boiling point 
 

2743K 

Appearance 
 

Silvary gray metallic 

 

 

3.3 Experimental Details 

Zinc Oxide (ZnO) and aluminum doped zinc oxide (AZO) thin films of different 

concentration of Al (0wt%-8wt %) have been prepared using sol-gel dip coating technique at 

room temperature. A homemade dip coating unit has been used for the deposition of the film 

onto glass substrate. Zinc acetate dehydrate [Zn (CH3COO)2.2H2O] and Aluminum chloride 

hexa-hydrate [AlCl3.6H2O] are being used as the source materials for Zn and Al respectively. An 

alcoholic medium i.e. ethanol, is used as the solvent for both whereas Di-ethanol amine (DEA) is 

used as the stabilizer.  

Stock solutions have been prepared by dissolving zinc acetate (0.3M) in ethanol by stirring for 1 

hour with magnetic stirrer which yields us. Then the resultant solutions will be stirred at room 

temperature to yield clear and homogeneous sols and then water will be used for hydrolization 
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and will be stirred for better homogeneity which will be used as the coating material. For the 

fabrication of Al: ZnO thin film aluminum chloridre hexahydrate [AlCl3.6H2O] will be dissolved 

in [Zn (CH3COO)2.2H2O], where isopropanol will be used as solvent, at various wt%. The thin 

films will be fabricated by dipping a microscope glass substrate at a constant speed. The 

thickness of the films depends on the speeding condition of the substrate onto the solution. 

 

                                              Table: 3. Necessary Materials 

 

   Precursors                                                                   
 

       Zn (CH3COO)2.2H2O, AlCl3.6H2O 

   Solvent                                                            
 

       Isopropanol, Distilled water 

   Stabilizer         
                                                 

         Diethanolamine (DEA) 

 

 

                                               Table: 4. Deposition Condition 

 

 Deposition Temperature      
                                        

Room temperature (300k)         

 Concentration of Zn (CH3COO)2.2H2O       
                

  0.3M      

 Doping percentage of Al 
                                           

0, 2 and 6 wt%     
 

 Dipping and withdrawal speed of substrate    
       

20mm/min          
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3.4   Sol-gel Technique 

Sol-gel method [10] is a wet chemical process for the synthesis of colloidal dispersions of 

oxides which can be altered to powders, fibers, thin films. In general, sol-gel method consists of 

hydrolysis and condensation reactions. Sol-gel is one of the most versatile and dominant 

techniques for large-scale synthesis of thin film which involves the formation of a colloidal 

solution "sol" into a solid "gel" phase. The growing interest of many researchers in the sol-gel 

method became apparent only in the mid--1970´s, with an increasing number amount of 

published work since that time and, consequently, an increasing of potentially attractive 

applications as high technology glasses and ceramics. In case of my research purpose I have 

follow the sol-gel dip coating route. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic diagram of formation of film in sol-gel dip coating technique [9] 
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 During sol-gel thin film formation via dipping, polymeric or particulate inorganic 

precursors are concentrated on the substrate surface by a complex process involving gravitational 

draining with concurrent drying and continued condensation reactions. The structure of films 

deposited from polymeric precursors depends on such factors as size and structure of the 

precursors, relative rates of condensation and evaporation, capillary pressure, and substrate 

withdrawal speed. Also, the nano-materials used in modern ceramic and device technology 

require high purity and facilitate to control over composition and structure. For the fabrication of 

the films onto the substrate at first we make the precursor sol of the materials then we submerge 

the substrate into the sol and finally when we withdraw the substrate from the beaker of the sol 

thin film is coated at the surface of the substrate. The sol gel coating is one of the interesting 

methods because it has many advantages. The following figure shows the schematic of sol-gel 

dip coating. 

3.5   Sol-Gel Deposition Unit 

For the deposition of the thin films, a sol-gel dip coater had been designed and made 

locally with some specification to get everything right. To get the films deposited on the glass 

substrate a constant dipping and withdrawal speed of the substrate holder is kept throughout the 

whole process. The dipping and withdrawal speed of the substrate holder can be changed by 

using the knob attached with the dip coater. The substrate has to be clipped carefully lest it 

should be cracked. Variation of the speed can contribute to the thickness of the deposited thin 

films. 
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Schematic diagram and the fabricated unit of a sol-gel dip coater are given in the following 

figure: 

 

 

 

 

 

 

 

3.6   Advantages of Sol-Gel Technique 

Sol-gel is one of the most versatile and dominant techniques for large-scale     synthesis 

of thin film which involves the formation of a colloidal solution "sol" into a solid "gel" phase. It 

has drawn the attention of the researchers as it has some unique properties which include: 

 Simple experimental set up. 

 Excellent compositional control.  

 Better homogeneity.  

 Lower crystallization temperature.  

 Large area deposition. 

 

 

 

Figure 3.3: Schematic and homemade sol-gel dip coating unit in Department of Physics, BUET 
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    Chapter -4 
 

   Thin Film Deposition Technique 
 
 
 

4.1 Introduction 

 

The act of applying a thin film to a surface is known as thin-film deposition. Thin-

film deposition is any technique for depositing a thin film of material onto a substrate or 

onto previously deposited layers. "Thin" is a relative term, but most deposition 

techniques allow layer thickness to be controlled within a few tens of nanometers, and 

some (molecular  beam  epitaxy) allow single  layers of  atoms  to  be  deposited  at  a  

time. Modern thin film technology has evolved into a sophisticated set of techniques used 

to fabricate many products. Applications include very large scale integrated (VLSI) 

circuits, electronic packaging, sensors, and devices; optical films and devices; as well as 

protective and decorative coatings. Generally thin films are prepared by depositing the 

film material, atom by atom on to a substrate. One of the examples is the condensation of 

vapor to give a solid or liquid film. Such process of deposition involves a phase 

transformation. It is useful in the manufacture of optics (for reflective or anti-reflective 

coatings, for instance), electronics (layers of insulators, semiconductors, and conductors 

form integrated circuits), packaging (i.e., aluminum-coated PET film), and in 

contemporary art. Similar processes are sometimes used where thickness is not important: 

for instance, the purification of copper by electroplating, and the deposition of silicon and 

enriched uranium by a CVD-like process after gas-phase processing. 
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http://en.wikipedia.org/wiki/Uranium
http://en.wikipedia.org/wiki/Chemical_vapor_deposition
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4.2 Classification of the deposition process 

There are three categories of thin film processes:      

(I)   Physical Vapor Deposition (PVD) 

(II)  Chemical Vapor Deposition (CVD)  

(III) Chemical Bath Deposition (CBD 

(I)  Physical Vapor Deposition (PVD) 

Physical vapor deposition (PVD) [1] is fundamentally a vaporization coating technique 

Involving   transfer of material on an atomic level. It is an alternative process to 

electroplating. It is a process by which a thin film of material is deposited on a substrate 

according to the following sequence of steps: 

1) The material to be deposited is converted into vapor by physical means; 

2) The vapor is transported across a region of low pressure from its source to the 

substrate;  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.1: Schematic of physical vapor deposition technique 
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PVD covers processes such as: 

1. Sputter coating                                                                                                                        

2. Pulsed laser deposition (PLD) 

3. Cathode arc deposition 

Advantages of the Physical vapor deposition process as materials can be deposited with 

improved properties compared to the substrate material, almost any type of inorganic 

material can be used as well as some kinds of organic materials, the process is more 

environmentally friendly than processes such as electroplating etc. and some 

disadvantages of the physical vapor deposition process as it is a line of sight technique 

meaning that it is extremely difficult to coat undercuts and similar surface features, high 

capital cost, some processes operate at high vacuums and temperatures requiring skilled 

operators, the rate of coating deposition is usually quite slow. 

(II)  Chemical Vapor Deposition (CVD) 

Chemical vapour deposition or CVD [2] is a generic name for a group of 

processes that involve depositing a solid material from a gaseous phase and is similar in 

some respects to physical vapour deposition (PVD). 

PVD differs in that the precursors are solid, with the material to be deposited being 

vaporised from a solid target and deposited onto the substrate. 
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It has emerged one of the powerful techniques of thin film growth. Among the reasons 

for the growing adoption of CVD methods is the ability to produce a large variety of 

films and coatings of metals, semiconductors, and compounds in a crystalline or vitreous 

form, possessing high purity and desirable properties 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In general, chemical vapor deposition (CVD) is the formation of thin films via chemical 

reactions from gaseous precursors. The activation of the chemical reaction is initiated by 

thermal or electric discharge plasma treatment. Decomposition or reduction of 

compounds like fluorides, chlorides, bromides, organometallics, hydrocarbons, 

phosphorus trifluoride and ammonia complexes provides the deposition of the metallic 

component. After dissociation the element or compound to be deposited condenses 

(reacts) on the substrate surface while the volatile component leaves the reaction 

chamber. The temperature has to be in the range between about 350 °C and 1100 °C. 

 

Figure 4.2: Schematic of chemical vapor deposition technique 
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Chemical reactions already in the gas phase lead to particle generation (powder 

formation). The thin film quality is dependent on the reaction kinetics, the temperature, 

the surface preparation, the purity of the precursor, the gas flow and the chamber 

conditions. The deposition can be carried out in vacuum, under normal or high pressure 

conditions. The term "in vacuum" includes all pressures lower than atmospheric. Plasma 

activation possesses the advantage of significantly lower reaction temperatures. The 

particle energy is very low. In general, the deposition process is reaction controlled. That 

means, among others, that the dependence of the film growth on the angle distribution of 

the incoming reactants is very low. 

(III) Chemical Bath Deposition (CBD) 

The technique of CBD [3] involves the controlled precipitation from solution of a 

compound on a suitable substrate.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Schematic of chemical bath deposition technique 
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The technique offers many advantages over the more established vapor phase synthetic 

routes to semiconductor materials, such as CVD, MBE and spray pyrolysis. Typical CBD 

processes for sulfides employ an alkaline media containing the chalcogenide source, the 

metal ion and added base. A chelating agent is used to limit the hydrolysis of the metal 

ion and impart some stability to the bath, which would otherwise undergo rapid 

hydrolysis and precipitation. The extent of the heterogeneous reaction on the substrate 

surface is limited by two major factors, the competing homogeneous reaction in solution 

(which results in massive precipitation in solution) and deposition of material on the 

CBD reactor walls. This deposition takes place in a beaker with DI water where it is 

heated between temperatures of 85 C to 90 C. Chemicals needed for preparing materials 

are poured individually and its chemical reaction results in the deposition of materials 

onto all surfaces in the bath, including the surfaces of the ITO coated glass. Typically, for 

a 20-minute run, a thickness of 800-1000 Å can be achieved. The substrate is usually 

annealed before another deposition of other materials takes place. We have more 

deposition processes as Molecular beam epitaxy (MBE), Reactive sputtering etc. 

4.3 Various deposition techniques 

Different kinds of deposition techniques are described as bellow: 

4.3.1 Sol-gel Process  

During sol-gel thin film formation via dipping, polymeric or particulate inorganic 

precursors are concentrated on the substrate surface by a complex process involving 

gravitational draining with concurrent drying and continued condensation reactions. The 

structure of films deposited from polymeric precursors depends on such factors as size 
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and structure of the precursors, relative rates of condensation and evaporation, capillary 

pressure, and substrate withdrawal speed.  

Sol-gel method [4] is a wet chemical route for the synthesis of colloidal dispersions of 

oxides which can be altered to powders, fibers, thin films and monoliths. In general, sol-

gel method consists of hydrolysis and condensation reactions. Sol-gel coating as shown 

in Fig. 2.2 is a process of preparation of single or multi component oxide coating which 

may be glass, glass ceramic or crystalline ceramic depending on the process. Also, the 

nano-materials used in modern ceramic and device technology require high purity and 

facilitate to control over composition and structure. The sol gel coating is one of the 

interesting methods because it has many advantages.  

 

4.3.1.1Advantages of Sol-gel Process 

 

1. The chemical reactants for sol-gel process can be conveniently purified by distillation 

and crystallization.  

2. All starting materials are mixed at the molecular level in the solution so that a high 

degree of homogeneity of films can be expected.  

3. Organic or inorganic salts can be added to adjust the microstructure or to improve the 

structural, optical and electrical properties of oxide films.  

4. The sol-gel coating is almost exclusively applied for fabrication of transparent layers 

with a high degree of planarity and surface quality. 
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4.3.2 Pulsed Laser Deposition (PLD) 

The principle of pulsed laser deposition, in contrast to the simplicity of the system set-up, 

is a very complex physical phenomenon. It does not only involve the physical process of 

the laser-material interaction of the impact of high-power pulsed radiation on solid target, 

but also the formation plasma plume with high energetic species and even the transfer of 

the ablated material through the plasma plume onto the heated substrate surface.  

 

 

 

      

 

 
 
 
 
 
 
 
 
 
 
 
  
Thus the thin film formation process in PLD generally can be divided into the following 

four stages.  

1. Laser radiation interaction with the target  

2.Dynamic of the ablation materials  

3. Deposition of the ablation materials with the substrate  

4. Nucleation and growth of a thin film on the substrate surface 

 

Figure 4.4: Schematic of pulsed laser deposition technique 
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Each stage in PLD is critical to the formation of quality epitaxial crystalline, 

stoichiometric, uniform and small surface roughness thin film. Vacuum Evaporation. 

In evaporation the substrate is placed inside a vacuum chamber, in which a block (source) 

of the material to be deposited is also located. The source material is then heated to the 

point where it starts to boil and evaporate. The vacuum is required to allow the molecules 

to evaporate freely in the chamber, and they subsequently condense on all surfaces. This 

principle is the same for all evaporation technologies, only the method used to the heat 

(evaporate) the source material differs. There are two popular evaporation technologies, 

which are e-beam evaporation and resistive evaporation each referring to the heating 

method. 

4.3.2 Electron beam evaporation: 

         Molecular beam epitaxy (MBE) [5] is a process for growing thin, epitaxial films of 

a wide variety of materials, ranging from oxides to semiconductors to metals. 

       It was first applied to the growth of compound semiconductors. That is still the most 

common usage, in large part because of the high technological value of such materials to 

the electronics industry. In this process beams of atoms or molecules in an ultra-high 

vacuum environment are incident upon a heated crystal that has previously been 

processed to produce a nearly atomically clean surface. The arriving constituent atoms 

form a crystalline layer in registry with the substrate, i.e., an epitaxial film. These films 

are remarkable because the composition can be rapidly changed, producing crystalline 

interfaces that are almost atomically abrupt. Thus, it has been possible to produce a large 

range of unique structures, including quantum well devices, superlattices, lasers, etc., all 

of which benefit from the precise control of composition during growth. Because of the 
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cleanliness of the growth environment and because of the precise control over 

composition, MBE structures closely approximate the idealized models used in solid state 

theory.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

4.3.4    Resistive evaporation 

In resistive evaporation, a tungsten boat, containing the source material, is heated 

electrically with a high current to make the material evaporate.  

Many materials are restrictive in terms of what evaporation method can be used 

(i.e. aluminum is quite difficult to evaporate using resistive heating), which typically 

relates to the phase transition properties of that material. 

 

Figure 4.4: Schematic of electron beam evaporation technique 
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4.3.5 Sputtering 

Sputtering [6] is a technology in which the material is released from the source at much 

lower temperature than evaporation. The substrate is placed in a vacuum chamber with 

the source material, named a target, and an inert gas (such as argon) is introduced at low 

preasures.  

 

 

 
 
 
 
 
 

 

Figure 4.5: Schematic of resistive evaporation technique 
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Gas plasma is struck using an RF power source, causing the gas to become ionized. The 

ions are accelerated towards the surface of the target, causing atoms of the source 

material to break off from the target in vapor form and condense on all surfaces including 

the substrate. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As for evaporation, the basic principle of sputtering is the same for all sputtering 

technologies. The differences typically relate to the manor in which the ion bombardment 

of the target is realized.  

 

 

 

 

 Figure 4.6: Schematic of sputtring technique 
 



                                                                                                                                      Chapter-4: Thin Film Deposition Technique 

 

71 
 

4.3.6 Spray Pyrolysis 

During the last several decades, coating technologies have garnered considerable 

attention, mainly due to their functional advantages over bulk materials, processing 

flexibility, and cost considerations. Thin film coatings may be deposited using physical 

methods or chemical methods. Spray pyrolysis [7] is a technique which uses a liquid 

source for thin film deposition. The particular substrate heat plays a crucial part to form 

the film. Once the substrate heat will be under 200°C, the spray slipping for the substrate 

will certainly endure incomplete decomposition (oxidation) supplying increase into a 

foggy film which is with transparency and also electric power conductivity will probably 

be inadequate. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the event the substrate heat will be too much (> 500°C) the spray becomes vaporized 

previous to accomplishing the substrate along with the film will become almost powdery. 

 
Figure 4.7: Schematic of spray pyrolysis technique 
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Typical spray pyrolysis equipment consists of an atomizer, precursor solution, substrate 

heater, and temperature controller. The following atomizers are usually used in spray 

pyrolysis technique: air blast (liquid is exposed to a stream of air), ultrasonic (ultrasonic 

frequencies produce the short wavelengths necessary for fine atomization) and 

electrostatic (liquid is exposed to a high electric field).  
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Chapter -5 

Results and Discussion 

 
 
5.1 Introduction 

 After the fabrication of the thin films onto the substrate, the characterizations of the 

deposited films are needed to carry out to explore the various properties, nature and 

compatibility of the films in terms of its usability, importance and increasing demand on 

technological sectors including electronics and optoelectronic devices, solar cells, gas 

sensors and more importantly its contribution in cleaning the environment. In this chapter 

the results obtained from various experimental measurements on Zinc Oxide (ZnO) and 

Aluminum doped Zinc Oxide (AZO) thin films are presented and discussed. 

 

5.2 Surface morphology Analysis 

 The surface of the deposited undoped ZnO and AZO thin films of various 

concentrations have been investigated using Field Emission Scanning Electron 

Microscopy (FESESM). SEM is a type of microscope that form images the sample 

surface by scanning it with a high-energy beam of electrons. It is a powerful microscope 

that uses electrons rather than light to form an image of objects such as fractured metal 

components, foreign particles and residues, polymers, thin films electronic components, 

biological samples, and countless others. The shorter wavelength of electrons permits 

image magnifications of up to 100,000X, as compared to about 2,000X for conventional 

light microscopy. SEM micrograph of undoped ZnO and its corresponding histogram are 

presented in the following figure (5.1) where the micrograph has been taken at 100k 
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magnification. It has been observed that the undoped ZnO is homogenously distributed 

onto the substrate with the formation of nano-particles.  

 

 

 

 

 

 

 

 

 

 

 

 

It has also been seen that the particles are spherical and agglomerated in case of undoped 

ZnO. Incorporation of dopant into the lattice of pure ZnO makes significant changes of 

the morphology of ZnO. In our study we have doped aluminum as dopant at different 

concentrations (2 and 6 wt %) and investigated its effect on the surface morphology of 

the deposited thin films. It is obvious from the following figures (5.2 and 5.3) that the 

addition of Al dopant makes the surface more homogenous and the distribution of the 

particles become more uniform comparing to that of undoped ZnO thin film. The 

corresponding histograms show that the particle distribution gets narrower with the 

increase of dopant concentration indicating the decrease of particle size.  

 
Figure 5.1: SEM micrograph of undoped ZnO and its corresponding histogram 
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Figure 5.2: SEM micrograph of 2 wt% Al doped ZnO and its corresponding histogram 

 

Figure 5.3: SEM micrograph of 6 wt% Al dopedZnO and its corresponding histogram 
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5.2.1 Summary 

 The summary of the surface morphological investigation of the deposited thin films 

are as follows: 

 

  Spherical nano-particles are found for all the deposited samples.  

  Particle size decreases with the incorporation of Al 

 More uniform particle (grain) size distribution occur with the 

incorporation of Al   

 

 
5.3 Structural Properties Analysis 

            In order to examine the crystallinity, structure and relation among various crystal 

parameters, the prepared undoped ZnO and AZO thin films were characterized by X-ray 

diffraction (XRD) pattern. 

X-Ray Diffraction (XRD) is a laboratory-based technique commonly used for 

identification of crystalline materials and analysis of unit cell dimensions. One of two 

primary types of XRD analysis (X-ray powder diffraction and single-crystal XRD) is 

commonly applied to samples to obtain specific information about the crystalline material 

under investigation. English physicists Sir W.H. Bragg and his son Sir W.L. Bragg 

developed a relationship in 1913 to explain why the cleavage faces of crystals appear to 

reflect X-ray beams at certain angles of incidence (theta, θ). By scanning the sample 

through a range of 2θangles, all possible diffraction directions of the lattice should be 

attained due to the random orientation of the material. XRD is a suitable tool to determine 



                                                                                                                                                              Chapter -5: Results and Discussion 
 

 

77 
 

the crystal structure of any unknown materials, whether the sample is a single crystal or 

polycrystals, either with a random distribution of orientations or with a preferred 

orientation with respect to the film plane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analysis of the diffraction patterns obtained by these techniques and comparison with 

standard ASTM data can reveal the existence of different crystallographic phases in the 

film, their relative abundance, the lattice parameters, and any preferred orientations. 

Thicknesses of surface thin films of about 1000Å and those can be investigated using 

XRD. Thicker films can be characterized by reflection high-energy electron diffraction 

(RHEED). Figure 5.4 shows the XRD pattern of prepared ZnO and AZO thin films of 
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                     Figure 5.4: XRD spectra of undoped and Al doped ZnO thin film samples 
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different concentration (0, 2 and 6 wt %). Undoped ZnO thin film appears to be highly 

crystalline having well defined diffractions reflections at 2θ = 31.5, 34.4, 36.1, 47.6, 56.5, 

63.9, 68.1, corresponding to the wurtzite hexagonal phase ZnO lattice planes of (100), 

(002), (101), (102), (2-10), (103), (200) and (2-12) respectively [1]. Along with undoped 

ZnO thin films both of the AZO thin films are found to be polycrystalline having 

hexagonal wurtzite structure [2]. As shown in figure 5.4 the AZO thin films show a c-

axis preferential orientation normal to the substrate surface after the addition of Al dopant 

and the intensity of the (002) plane decreased with the increase of Al doping 

concentration. This indicates that the excessive Al doping deteriorates the crystallinity of 

the films [3]. These phenomena might be happened due to several reasons including: 

 Formation and increase of stress due to smaller ionic radius of Al3+ (0.054nm) 

comparing to that of Zn2+
 (0.074 nm). 

 Replacement of Al in ZnO lattice 

 Transformation of Al to the non-crystalline area in the grain boundary. 

 Due to the Oxygen vacancy. 

 In case of higher doping concentration, the nuclear charge of aluminum ion 

arrests more oxygen then zinc ion and causes the decrease of crystallinity. 

 Figure (5.5) shows the change of crystallite size and lattice strain with the incorporation 

of Al doping. It is seen from the figure 5.5 that the crystallite size decreases with the 

increase of the Al doping concentration and the opposite phenomenon is seen in case of 

lattice strain which is proportional to the stress produced due to the difference of ionic 

radius of aluminum and zinc ions that causes the decrease of peak intensity hence the 

crystallinity of the deposited films [4]. 
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The crystallite size has been calculated using the following equation called Debye-

Scherer formula: 

 

                                               

 

where λ is the X-ray wavelength, θ is the Bragg diffraction angle of the  peak, K is a 

constant which has a value of 0.9  and ᵦ is the full width at half maximum (FWHM) of the 

XRD peak. 
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   Figure 5.5: Change of crystallite size and lattice strain with Al doping concentration 
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 It is also obvious from the table-5.1 that the maximum crystallite size is found for the 

undoped Zno thin film where the minimum is for the 6 wt% Al doping. Lattice constant a 

and c and the volume of the unit cell is also found to be decreasing with the increase of 

Al doping concentration. 

5.3.1 Summary 

We can summarize the result found for structural properties of the deposited films 

are as following:  

 

 Pure ZnO is highly crystalline having diffraction peaks belonging to (100), (002), (101) 

plane. 

 The different peak intensity reduces with the increase of dopant concentration 

 Preferential orientation of the thin film changes from (100) to (002) with doping. 

 Crystallite size decreases with the incorporation of Al dopant concentration. 

 

5.4 Optical Properties  

The optical behaviors of a semiconductor can be investigated in terms of the three 

phenomena namely transmission, reflection and absorption. When a semiconductor is 

illuminated by light, photon strikes the surface, a fraction of photons are reflected, some 

of these are absorbed within the semiconductor and the remainder transmitted into the 

semiconductor and some may be reflected. Here to get the transmission and absorbance 

data of the prepared samples we have used ultraviolet visible spectrophotometer. 

Ultraviolet-visible spectrophotometer (UV-Vis or UV/Vis) refers to absorption 
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spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral region. This 

means it uses light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges. 

5.4.1 Transmittance and Optical Band Gap 

Optical transmittance (T %) of prepared undoped and aluminum doped Zinc Oxide (ZnO 

and AZO) thin films are shown in the figure 5.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The maximum transmittance of 81% is found for the undoped ZnO thin films while with 

the increase of Al doping concentration the transmittance is found to be decreasing. A 

relatively high transmittance value for undoped ZnO thin films may be attributed to its 

highly crystalline nature. It is evident from the structural property analysis that the 
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Figure 5.6: Variation of Transmittance as a function of wavelength for ZnO and 
AZO thin films of different concentrations 
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incorporation of Al doping causes the films to loss crystallinity which may be the 

possible reason for the decrease of transmittance with the increasing Al concentration 

into the structure of the ZnO [5]. The optical band gap (Eg) for the direct band gap 

semiconductors is determined using the Tauc model and parabolic bands, (αhν) 2 = A(hν-

Eg), where A is a proportionality constant, hν is the incident photon energy (hν), α is the 

absorption coefficient, and Eg is the optical band gap. Figure 5.7 shows (αhν)2 as a 

function of, hν for the ZnO and AZO thin films deposited at various doping 

concentrations.  
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Figure 5.7: Variation of band gap energy for ZnO AZO thin films of different Al 
doping concentration 
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The optical band gap is found to be decreasing with the increase of doping concentration. 

The band gap of the deposited thin films varied from 3.17 to 3.51 for 6wt% AZO and 

undoped Zno respectively. This decrease of band gap may be attributed to the presence of 

unstructured defects, which increase the density of localized states in the band gap and 

consequently decrease the energy gap [6]. 

5.4.2 Summary 

We can summarize the result found for Optical properties of the deposited films 

are as following:  

 Pure ZnO thin film gives highest transmission of 81%. 

 Transmittance decreases with the increase of Al dopant. 

 Band gap of the thin film decreases with the Al content. 

 

5.5 Electrical Properties Analysis 

Electrical parameters like resistivity (ρ), conductivity (σ), sheet resistance (Rs), 

activation energy (Ea) etc. of thin film recognize electrical property of the prepared 

sample. In our case we have studied the resistivity of the prepared samples. 

 

5.5.1 Resistivity 

In order to measure the electrical property of the deposited thin films we have 

used the four probe method. Four probe apparatus is one of the standard and most widely 

used apparatus for the measurement of resistivity of semiconductors. The experimental 

set up consists of probe arrangement, sample, constant current generator, digital panel 
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meter (measuring voltage and current). The resistivity, ρ of the thin films is calculated 

from Four Point Probe Method and using following equation: 

 

 

where V is the potential difference between inner probes in volt, I is the current through 

the outer pair of probes in ampere, S is the spacing between the probes in meter. The 

variation of electrical resistivity (ρ) of undoped ZnO and AZO thin films with increasing 

Al concentration is shown in Figure 5.8. 
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Figure 5.8: Variation of electrical resistivity for ZnO AZO thin films of 
different Al doping concentration 
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Pure ZnO thin film gives higher resistance. Resistivity decreases with the increase of Al 

doping concentrations into the lattice of ZnO. The reduction in ρ with the increase in 

dopant concentration is due to the increase of carrier concentration induced by the Al and 

lower scattering of excess conduction electrons. Furthermore the decreased band gap due 

to the presence of dopant is responsible for the higher conductivity [7].  

Maximum resistivity is found (112.82±18.68) kilo-ohm for pure ZnO thin film where the 

resistivity decreases to (42.94±9.34) kilo-ohm for 6 wt% Al doping. 

5.5.2 Summary 

We can summarize the result found for electrical properties of the deposited films 

are as following: 

 Resistivity decreases with the increase of Al dopant concentration. 

 Decreased band gap due to the presence of dopant is responsible for the higher 

conductivity. 

 

5.6. Photo catalytic Activity 

The photo catalytic oxidation process is regarded as a promising method for the 

degradation of organic pollutants from the environment [8]. It is unique process used for 

addressing energy and environmental issues. The photo catalytic process involves 

irradiating the catalyst with energy greater than or equal to the band gap of the material 

under consideration. The organic dyes such as methylene blue (MB), methyl orange, 

methyl red, rhodamine B etc. constitute some of the important types of pollutants [9]. 

These are invariably derived from industrial effluents, agricultural runoff and chemical 

spills and pose a serious environmental problem due to their toxicity [10]. As a result, 



                                                                                                                                                              Chapter -5: Results and Discussion 
 

 

86 
 

they are harmful to human health and living creatures and need an immediate solution. In 

this regard photo catalytic material is a crying need to get relief from this problem. A 

good photo catalytic material should be non-hazardous, cheap and highly effective in 

utilizing light. In this regard, maximum interest has been focused on semiconductor based 

photo catalysis. It is reported that the photo catalyst generates reactive hydroxyl radicles 

which oxidize the toxic organic pollutants and break them into smaller fragments [11]. 

However, the physical and chemical stability and high oxidative capacity of the 

semiconducting materials remain as some of the impotent criteria in selective them as 

photo catalysts. Photo catalysts used in ultraviolet (UV) light-activated processes are 

semiconductor materials such as TiO2, ZnO, Al2O3 and MgO. Among these the two 

predominant photo catalytic compounds found in the literatures are TiO2 and ZnO. In 

most of the studies, the work has been focused mainly on large band gap semiconductor 

oxides, such as TiO2 and ZnO, where UV light irradiated photo excitation leads to 

electron–hole pairs, initiating production of the hydroxyl radical in water, and accounts 

for the degradation of the organic pollutants. However, the photo catalytic efficiency of 

ZnO is better, due to its relatively high absorption tendency over a larger fraction of the 

UV spectrum. In addition, strongly luminescent ZnO acts as a highly active photo 

catalyst compared to TiO2. As a result, the rate of photo catalytic reactions taking place 

at the interface of the catalyst and the organic pollutant is accelerated. It is also observed 

that the degradation of the pollutants in the presence of ZnO also depends on whether its 

morphology consists of nanoparticles, nanorods, or nanoflowers, or is hierarchical, 

dumbbell shaped, or plate like. However, widely used TiO2 is uneconomical for large-

scale production in water treatment. ZnO has been found to be an effective alternative 
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compared to TiO2 due to its higher efficiency of generation, mobility and separation of 

photo induced electrons and holes. ZnO is one of the hardest polar inorganic materials in 

the family of II–VI semiconductors. It is a well-known material having a high binding 

energy (60 meV) and a wide-band gap (~3.2 eV). Some interesting properties of ZnO are 

its non-hazardous nature and thermal stability. In addition to this ZnO has proved to be 

vital in the fields of catalysts, sensors and antibacterial. Zinc oxide has received a 

considerable attention as a cost effective alternative to other oxides.  ZnO has been 

synthesized in the form of a variety of well defined nanostructures with various 

morphologies such as nanospheres, nanowires, nanorods, nanonails and nanobridges 

synthesized by different methods under different preparation conditions. Some of those 

methods include the hydrothermal process, vapor phase growth, chemical solution route, 

thermal evaporation, sol–gel process, etc. It is a challenging task for researchers to 

synthesize nonmaterials in a controllable shape and size. In addition, strongly 

luminescent ZnO acts as a highly active photo-catalyst compared to TiO2. In the present 

study we deal with man-sized undoped ZnO and aluminum doped ZnO (AZO) which has 

been synthesized by sol–gel dip coating technique. Further the prepared ZnO and AZO 

samples are used as a catalyst to degrade organic pollutants. The degradation efficiency 

of ZnO and AZO thin films are discussed. 

Room temperature photo catalytic activity of the Al/ZnO nanostructure thin films 

were tested for the decomposition of methylene blue (MB) under ultraviolet irradiation. 

A 100 mL beaker was used as the reaction vessel to carry out the photo catalytic 

degradation. In a typical procedure, 5 ppm of MB was mixed with 120 ml of water. The 

resulting mixture was stirred in the dark for 60 min. After this, the entire solution was 



                                                                                                                                                              Chapter -5: Results and Discussion 
 

 

88 
 

irradiated with 15W UV light at room temperature. The solution was collected from this 

at different time. The concentration of MB in the solution was monitored by recording 

the corresponding changes in the intensity of the absorbance peak at 664 nm as a function 

of reaction time.  
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Figure 5.9.1: Variation of intensity of Methylyne blue (MB) solution under UV 
light irradiation 
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In the photo catalysis mechanism, electrons are promoted from the valence band to the 

conduction band, generating photo excited electrons (e−) and holes (h+) which diffuse to 

the surface of the semiconductor catalyst, followed by interfacial electron transfer to and 

from the adsorbed acceptor and donor molecules [12].  
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Figure 5.9.2: Variation of intensity of Methylyne blue (MB) solution + pure ZnO 
thin film under UV light irradiation 
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The heterogeneous photo catalysis is a surface-based process and therefore a large 

surface area provides more surface active sites for the adsorption of reactant molecules, 

which makes the photo catalytic process more efficient [13]. 
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Figure 5.9.3: Variation of intensity of Methylyne blue (MB) solution + AZO thin 
film under UV light irradiation 
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The variation in the absorption intensity of MB dye solution without the presence of 

catalysts and with the presence of catalyst (undoped ZnO and AZO thin film samples) at 

different irradiation times is recorded in figure 5.9.1, 5.9.2, 5.9.3 respectively. It shows 

that the MB solution hardly degrades with the irradiation time. But with the presence of 

undoped ZnO thin films the degradation fastens while aluminum doped ZnO (AZO) has 

the higher degradation rate comparing to others. It is seen that the maximum absorption 

of MB dye solution is at 664 nm and the intensity of the absorption peak decreased with 

irradiation time with the presence of samples on the MB solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.10: Photocatalytic degradation ratio of MB in the presence of pure ZnO 
and 4 wt% AZO thin films 
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This is because the thin-film photo catalyst deposited on the substrate leading to a 

significant decrease in the absorption of light and contact with pollutant molecules. Based 

on these changes in absorbance intensity, the photo catalytic degradation ratios of MB 

solutions in the presence of pure ZnO, and 4 wt% AZO thin films are expressed in figure 

5.10. It is seen from the figure the photo catalytic degradation efficiency follows the 

order 4 wt% AZO > pure ZnO. It is clear that the 4 wt% AZO thin film shows the better 

photocatalytic activity. About ~80% of the initial MB decomposed after 380 min in the 

presence of 4 wt% AZO where as ~60% of the dye molecules were decomposed over the 

pure ZnO thin film after the same time period. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

Figure 5.11: Plot of ln(C0/C) versus irradiation time of thin film samples     
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Although the concentration of MB was low, a long irradiation time (nearly 380 min) was 

needed for almost complete degradation of MB in the presence of the pure and AZO thin 

films. This is because the thin film photo catalyst is deposited on a substrate, leading to a 

significant decrease in the absorption of light and contact with pollutant molecules [14]. 

Therefore, the photo catalytic activities of thin films are often lower than those of powder 

photo catalysts. However, thin film photo catalysts can be repeatedly used without 

complicated recycling processes, which are required for conventional powder photo 

catalysts, and are hardly lost during photo catalytic reactions; these are the main 

advantages of thin film photo catalysts. 

The degradation of dyes was reported to proceed via a pseudo first order reaction with a 

Langmuir–Hinshelwood model [15] when the initial concentration (C0) of the dye 

solution is 

small. 

                                               ln(C0/C) = kt, 

where C0 and C are the initial concentration and remaining concentration of MB solution, 

respectively, k is the first order reaction rate constant, and t is the irradiation time. In our 

case, the initial concentration of MB is relatively small; thus, the Langmuir–Hinshelwood 

model was applied to estimate the first order reaction rate constant. Figure 5.10 displays 

the plots of ln(C0/C) versus irradiation time. It is found that the reaction rate constant of 

the AZO thin film is greater than that of the pure ZnO thin film. 

The photo catalytic reaction mechanism is represented in the schematic diagram shown in 

figure 5.12. 



                                                                                                                                                              Chapter -5: Results and Discussion 
 

 

94 
 

When the energy of UV light in terms of photon is equal to or greater than the band gap 

of ZnO, the electrons receive energy and transfer of electrons takes place from the 

valence band (VB) to the conduction band (CB) which result in the formation of a hole 

(h+) in the VB and an electron (e−) in the CB. The holes react with water and generate 

OH radicals, which can oxidize the organic pollutants. The conduction band electron 

reacts with oxygen in the reduction process and produces OH radicals. These radicals 

reduce the organic pollutants. These oxidation and reduction processes were capable of 

degrading the organic pollutants under UV light irradiation [16].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Schematic diagram of photocatalytic mechanism of ZnO    
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When Al/ZnO absorbs a photon energy equal to or greater than its band gap width, 

electron migrate from the valance band (VB) to the conduction band (CB) creating the 

same number of holes in the valance band. Furthermore, these holes are captured by the 

water molecules and produce hydroxyl radicals (OH-), which act as extremely strong 

oxidants for the degradation of MB as shown below [17]: 

 

                          ZnO + hv → e- + h+ 

                           H2O2 + h+ → OH- + H+ 

                           MB + OH- → oxidized MB  

 

Recent studies have shown that the doping of a metal in a semiconductor shifts the Fermi 

level towards more negative potentials and improves the efficiency of the interfacial 

charge transfer process. Therefore, it is anticipated that the transfer of the electrons take 

place from the conduction band of the ZnO to the new Fermi level in the Al/ZnO 

nanostructure. Such an electron transfer between the photo excited semiconducting ZnO 

and the aluminum metal prevents electron hole recombination. As a result, the photo 

degradation of MB is enhanced, due to the production of more OH-, thereby making the 

AZO a more effective photo catalyst in comparison to pure ZnO.  
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                                     Chapter-6 

          Conclusion and Suggestions for the Future Work 

 
6.1 Conclusion 

The purpose of this chapter is to summarize the results obtained in this work. Nano-structured 

Zinc Oxide (ZnO) and Aluminum doped Zinc Oxide (AZO) thin films of different dopant 

percentage (0, 2, 6 wt%) have been synthesized and their surface morphological, structural, 

optical and electrical properties together with the photo catalytic activity have been studied. 

The surface of the deposited undoped ZnO and AZO thin films of various concentrations have 

been investigated using Field Emission Scanning Electron Microscopy (FESESM). The particle 

size was measured using image processing software. . It is observed that in all cases 

nanoparticles are formed and they are uniformly deposited over the film deposition area. For the 

pure ZnO thin film the nano particle size varied over a wide range between 10 to 70 nm. It is also 

notice that, after incorporation of Al, for 2%, the particle size reduced and the distribution of size 

become more uniform. And the particle size further reduced after increasing the amount of 

dopant. 

In order to analyze the crystalline structure and various structural parameters of the undoped 

ZnO and AZO thin films,  X-ray diffraction (XRD) study was performed. The undoped ZnO thin 

film is highly crystalline all all the major peaks are present here. After the addition of Al dopant 

the intensity of various peaks decreases. This indicates that the crystallinity of the films 

decreases after addition of Al inside the crystal structure. From the XRD spectra we have 

calculated the crystallite size, stress and other lattice parameters such as a, b, c and unit volume 
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of the cell. The crystallite size decreases with the increase of the Al doping concentration and the 

opposite phenomenon is observed for lattice strain. 

The maximum transmittance of 81% is found for the undoped ZnO thin films while with the 

increase of Al reduces the transmittance of the film. The band gap of the thin film is found to 

decreases with the increase of Al content. 

Pure ZnO thin film gives higher resistance and the Resistivity decreases with the increase of Al 

doping concentrations into the lattice of ZnO. 

AZO thin films sample shows the maximum degradation rate comparing to ZnO thin film. 

6.1 Suggestions for Future Work 

This is the first time that ZnO and AZO thin films using sol-gel dip coating technique have been 

synthesized in our laboratory. In order to improve the quality of the thin film of this material and 

their characterization more works are required, for example: 

i. Study the Hall effect and measure the carrier concentration. 

ii. Study of anti-bacterial  properties of the Al doped ZnO films 

iii. Study the effect of Al dopant on the of photo-current 

iv. Measurement of temperature dependent Hall effect.  

v. Study the annealing effect.  

 

 

 


