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CHARACTERIZATION OF NANOSTRUCTURED ZnO:Al FILMS AND
THE EFFECT OF BETA RADIATION ON THEIR COLOUR PARAMETERS
SUMMARY
In recent years, thin film science has grown world-wide into a major research area.
The importance of coatings and the synthesis of new materials for industry have
much interest. Most of production methods of thin films as magnetron sputtering,
chemical vapor deposition, pulsed laser deposition, sol gel make them more
interesting and useful for industry. Sol gel is preferable comparing to the others
because of its low cost and easy process. ZnO materials are of great interest for their
superior optical, structural, electrical properties and chemical stability which are
essential aspects for many possible applications of sensors, optoelectronic devices,
solar cells, surface acoustic wave devices, photovoltaic device.
The determination of optical properties and colour parameters is important to
develop the opto-electronically engineered surfaces in the standards. High
transparency is one of the most important factors in the application of ZnO:Al films
when compared to TCOs. The hexagonal ZnO:Al nanocrystalline structure is
required to examine the alteration of colour parameters and the changes on the
transmittance and reflectance in the visible range according to standardization
concept. Therefore the investigation of the light transmittance, light reflectance and
the colour parameters at the electron implanted ZnO:Al nanocrystallites can be
important for the commercialization of the ZnO:Al according to the standards in
major markets.
In this study Al doped ZnO thin films were produced by sol gel dip coating
technique. Soda lime and boro silicate glasses were used as substrate material.
ZnO:Al thin films optical, structural and electrical properties were investigated to
determine the optimum process conditions and parameters. In accordance with this
purpose effects of dopant element concentration, thermal treatment conditions as
atmosphere and temperature on these properties were investigated. Some of the
samples were exposed beta radiation of 90Sr with 2.86 µCi activity and changing of
optical properties was observed. Colour parameters and optical properties of the
films were compared before and after irradiation.
From the X-ray results, (100), (002) and (101) diffraction peaks were observed for all
the samples with different peak intensity which change with annealing temperature,
atmosphere and dopant concentration. With the doping concentration increasing,
peak intensity of (100) orientation increasing were observed. Meanwhile, the c-axis
orientation along the (002) plane increases with increasing of post-deposition heating
temperature.
Changes on the film thickness were investigated according to annealing temperature
and dopant concentration changes. Although any effects of dopant concentration
were not seen on film thickness, increasing of annealing temperature cause an
obvious increase on film thickness. Electrical resistivity changes depends on
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thickness and dopant concentration were examined and all samples showed same
tendency as decreasing of resistivity with increasing dopant concentration below 11.2 at. % dopant concentrations, above 1-1,2 at % Al concentrations resistivity of the
films were increased.
Optical properties of the films were investigated by measuring transmittance,
absorbance, and reflectance percentages and making calculations to reach optical
density, optical band gap values change. From the results it could easily said that all
the films has high optical transmittance at both of UV and VIS wavelength ranges.
Transmittance of the films was investigated also after irradiation process.
Colour can be specified with two dimensions using CIE tristimulus system to show
the changes at chromaticity diagrams. The evaluation of colour change on the
ZnO:Al is possible using the colour system in the standardization concept. Colour
co-ordinates were used for the determination of the dominant wavelength and
excitation purity of ZnO:Al thin film in the CIE tristimulus system. Therefore the
changes on the dominant wavelength, brightness and excitation purity of transparent
and conductive ZnO:Al structure were evaluated.
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NANOYAPILI ZnO:Al FİLMLERİN KARAKTERİZASYONU VE BETA
RADYASYONUNUN RENK PARAMETRELERİ ÜZERİNE ETKİSİ
ÖZET
Son yıllarda ince film teknolojisi temel araĢtırma alanında dünya çapında bir geliĢme
göstermiĢtir. Kaplamaların önemi ve endüstri için yeni malzemelerin sentezi büyük
ilgi çekmektedir. Manyetik sıçratma, kimyasal buhar biriktirme, darbeli lazer
biriktirme, sol gel gibi birçok üretim tekniğinin olması endüstri için kaplamaları daha
ilgi çekici ve kullanıĢlı hale getirmiĢtir. Diğer yöntemlerle karĢılaĢtırıldığında, düĢük
maliyeti ve uygulama kolaylığı açısından sol gel tekniği daha tercih edilir
durumdadır. ZnO filmler olağanüstü optik, yapısal, elektriksel özelliklerinden ve
kimyasal kararlılıklarından dolayı sensörler, opto elektronik aygıtlar, güneĢ pilleri,
yüzey akustik dalgası aygıtları, fotovoltaik aygıtlar gibi uygulamaları için esas teĢkil
etmekte ve ilgi çekmektedir.
Optik özelliklerin ve renk parametrelerinin belirlenmesi standartlarda
optoelektroniksel mühendislik yüzeylerinin geliĢmesi için çok önemlidir. ġeffaf
iletken oksit (TCO) filmler ile kıyaslandığında yüksek geçirgenlik Al katkılı ZnO
filmlerin uygulanıĢında en önemli özelliklerden biridir. Standardizasyon konsepti
hegzagonal ZnO:Al filmlerin renk parametreleri, geçirgenlik ve yansıtıcılık
özelliklerinin görünür bölgedeki değiĢimini incelemeyi gerekli kılar. Bu nedenle
elektron implantasyonlu ZnO:Al nano kristallerinin ıĢık geçirgenliği, ıĢık yansıtıcılığı
ve renk parametrelerinin incelenmesi bu filmlerin temel marketlerde standartlara
göre standartlaĢtırılması açısında önemli olabilir.
Bu çalıĢmada; Al katkılı ZnO filmler sol gel daldırmalı kaplama yöntemiyle
üretilmiĢtir. Soda kireç ve bora silikat camlar altlık malzemesi olarak kullanılmıĢtır.
ZnO:Al filmlerin optik, yapısal ve elektriksel özelikleri optimum üretim
parametrelerinin belirlenmesi amacıyla incelenmiĢtir. Bu amaç doğrultunda, katkı
elementi konsantrasyonu, ısıl iĢlem sıcaklığı ve atmosferi gibi parametrelerin bu
özellikler üzerine etkileri incelenmiĢtir. Numunelerin bir kısmı 2,86 µCi aktivite
değerine sahip 90Sr radyoizotop ıĢımasına maruz bırakılmıĢ ve optik özelliklerdeki
değiĢim gözlenmiĢtir. Renk parametreleri ve optik özellikler radyasyon öncesi ve
sorası incelenmiĢtir.
X ıĢınları difraksiyonu sonuçlarına bakıldığında, tavlama sıcaklığı, katkı elementi
konsantrasyonuyla değiĢebilecek farklı pik Ģiddetlerinde (100), (002) ve (101)
yönlenmeleri incelenen bütün örneklerde gözlenmiĢtir. Katkı elementi
konsantrasyonunun artıĢıyla en yüksek Ģiddet değerleri gözlenen (100) düzlem
doğrultusunda pik Ģiddetlerine artıĢ gözlenmiĢtir. Bunun yanında, tavlama sıcaklığı
artıĢıyla (002) düzlemi boyunca gözlenen c-ekseni yönlenmesinde artıĢ gözlenmiĢtir.
Tavlama sıcaklığı ve katkı elementi konsantrasyonunun değiĢimiyle film kalınlığı
değiĢimi gözlenmiĢtir. Katkı elementi konsantrasyonunun kalınlık üzerine herhangi
bir etkisi gözlenmemesiyle beraber, tavlama sıcaklığı artıĢı belirgin olarak film
kalınlığının artıĢına sebep olmuĢtur. Elektrik iletkenliğinin film kalınlığı ve katkı
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elementi konsantrasyonu etkisiyle davranıĢı incelenmiĢ ve incelenen tüm
numunelerde benzer davranıĢ olan % 1-1,2 at. katkı oranı altında özdirenç
değerlerinde düĢme, bu değerden sonra yükselme gözlenmiĢtir.
Optik özellikler; geçirgenlik, yansıtıcılık, soğurma değerlerinin ölçümü ve bu
değerler ile optik bant aralığı, optik yoğunluk değerlerinin hesaplanarak değiĢimin
gözlenmesi doğrultusunda gerçekleĢtirilmiĢtir. Bu sonuçlar doğrultusunda optik
yansıtıcılık değerlerinin ultraviyole ve görünür bölgede çok yüksek değerlerde
olduğu kolaylıkla söylenebilir. Geçirgenlik değerleri radyasyon sonrası tekrar
incelenmiĢtir.
Renk değiĢiminin kromatiklik diyagramında gösterimi için renkler CIE standartları
doğrultusunda 2 boyutlu olarak belirlenebilirler. ZnO:Al filmlerindeki renk
değiĢimlerinin değerlendirilmesi standardizasyon konseptinde renk sistemlerinin
kullanılmasıyla mümkündür. Renk koordinatları, ZnO:Al filmlerin CIE renk
değerleri sisteminde baskın dalga boyu, eksitasyon saflığı değerlerinin belirlenmesi
için kullanılmaktadır. Bu sebeple, geçirgen ve iletken ZnO:Al filmlerin radyasyon
öncesi ve sonrası baskın dalga boyu ve eksitasyon saflığındaki değiĢimi
değerlendirilmiĢtir.
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1. INTRODUCTION
Metal oxide semiconductor films have been widely studied and have received
considerable attention in recent years due to their optical and electrical properties.
Some of them are good candidates for transparent conductive oxide films. Among
them, ZnO is one of the metal oxide semiconductors suitable for use in optoelectric
devices [1-3]. It is an alternative material to tin oxide and indium tin oxide, which
have been most used to date [3]. The transparent conducting film should have low
resistivity, high transmittance in the visible range and high stability against heat [4].
The demand of low cost and high performance optoelectronic devices lead to the
development of more efficient transparent conductive oxide (TCO) thin films, mainly
for applications such as solar cells liquid crystal displays heat mirrors, photo thermal
conversion system, gas sensors, optical position sensors and acoustic wave
transducers, etc. [5]. From all the TCO materials studied, in last years, zinc oxide
(ZnO) has emerged as one of the most promising materials due to its optical and
electrical properties, high chemical and mechanical stability together with its
abundance in nature, which makes it a lower cost material when compared with the
most currently used TCO materials (ITO, SnO2) [5-7].
During the last years there has been a renewed interest in ZnO based electronic and
optoelectronic devices. With a wide band gap of 3.4 eV and a large exciton binding
energy of 60 meV [8] at room temperature, ZnO could be important in the
development of blue and ultra violet optical devices [9]. Zinc oxide is one of the
versatile and technologically interesting semiconducting materials because of its
typical properties such as resistivity control over the range 10-3 –105 Ωcm,
transparency in the visible range, high electrochemical stability, direct bandgap,
absence of toxicity and abundance in nature [10-12]. At room pressure, ZnO
crystallizes in the hexagonal (wurtzite) structure (W–ZnO) with a = 3.25 ˚A and
c=5.12 ˚A and transits to the rock-salt structure (RS–ZnO) at about 9 Gpa. [13] . ZnO
is one of the semiconductors having good chemical stability against hydrogen plasma
and suitable for photovoltaic applications because of its high-electrical conductivity
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and optical transmittance in the visible region of the solar spectrum, which is
primarily important in solar cell fabrications [12].
Among the advantages of zinc oxide are its inexpensiveness and relative ease of
etchability. Zinc oxide is a semiconductor with high concentration of free charge
carriers due to deviation from stoichiometry [14]. The free charge carriers mainly
arise from the shallow donor levels associated with oxygen vacancies and interstitial
zinc. Further reduction of resistivity of zinc oxide can be achieved either by doping
with group III elements such as B, Al, In and Ga to replace zinc atoms or group IV
elements, for example, F, to substitute oxygen atoms [14, 15]. It is generally
accepted that doping of ZnO with Al decreases its resistivity contrasted with Li,
which is known to increase resistivity in ZnO. Al acts as a donor when it is
substitutionally incorporated on zinc lattice sites [16].
Zinc oxide has recently gained much interest because of its potential use in many
applications, ranging from antireflection coatings, transparent electrodes in solar
cells , thin film gas sensors, varistors, spintronic devices, photo detectors, surface
acoustic wave devices, photovoltaic device [17] and room temperature ultraviolet
lasers [18] and light emitting diodes, to nano lasers, attributed to its wide and direct
band gap, excellent chemical and thermal stability, and specific electrical and
optoelectronic property of being a II–VI semiconductor with a large exciton binding
energy [17].
Fabrication of high crystalline quality ZnO film is of great importance for practical
applications, especially, for construction of nano-devices. A great number of
techniques such as chemical vapour deposition [19], sol–gel technique [20, 21],
chemical solution deposition [22], spray pyrolysis [23], magnetron sputtering [24] ,
pulsed laser deposition [25] , and molecular beam epitaxy have been employed for
the fabrication of ZnO films [26].
The sol–gel process offers many advantages for the fabrication of thin films,
including excellent control of the stoichiometry of precursor solutions, ease of
compositional modification, customizable microstructure, ease of introducing various
functional groups or encapsulating sensing elements, relatively low annealing
temperatures, feasibility of deposition on large-area substrates and inexpensive
equipments. Another important benefit is that the mixing level of the various doping
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constituents is retained in the final product, even on the molecular scale. In general,
the metal salts offer a more convenient operation in preparing the solution and less
costly than the metal alkoxides. Therefore, many transparent conducting thin films
have been fabricated using metal salts as raw materials in the sol–gel process [15].
The main factors affecting the sol–gel film microstructure and properties are:
solution chemical equilibrium (chemical composition, concentration, pH, order-timetemperature of reagents mixing), substrate– film interaction during film deposition
(sol viscosity, spin/dip coating parameters) and thermal processing of the asdeposited gel film (time and temperature of preheating between each layer
deposition, time-temperature- atmosphere of post heating, time-temperature
atmosphere of final annealing) [27]. The effect of pH, being one of the important
factors which determine the quality of films, is usually ignored. The variation of pH
in the precursor sol affects the hydrolysis and condensation behavior of the solution
during the gel formation, which, in turn, influences the structure of the resultant gel
and the film. Furthermore, the pH of sol controls the amount of H+ or OH_ ions in
the sol that effectively determines the polymerization of the metal–oxygen bonds.
The pH of sol has been observed to be a very critical process controlling parameter
that determines the phase formation, particles size and morphology of the final film
during sol–gel processing. This is, in turn, affects the electrical and optical behavior
of the films [15]. Additionally, the opto-electrical properties of AZO thin films could
be modified by thermal treatment in a reducing atmosphere [28].
The primary effect of radiation on metals, semiconductors and ionic salts consists in
the changing of the positions of elementary particles in the lattice. The crystal
structure is modified by direct impacts of energy-rich particles as well as by further
collisions. The removal of particles from their original positions in the crystal lattice
is possible if the impact delivers energy higher than a threshold value [29].
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2. SOL GEL PROCESS
The coating is made in a four steps that preparing the substrates, film deposition, preheating and annealing. In preparing the substrates step, the substrates are cleaned
ultrasonically in acetone, alcohol and distilled water and dried in air. Sol–gel
deposition involves immersion of a substrate in a chemical solution for some time
thereby ensuring that the substrate is completely wetted, withdrawal at a controlled
rate, and subsequent heat treatment [30, 31]. Organic residuals are evaporated by preheating and the strong radicals are decomposed and crystal structure is consisted by
annealing.

•
•
•
•

Preparing the
substrate
Acetone
Alchol
Distilled Water
Drying in air

Fim Deposition

Pre-Heating

• Dipping
• Drawing
• Drying

• Evoperating
Organic
residuals

Post-Heating
• Decomposing
• Obtaining
Crytstal
Structure

Figure. 2.1: A schematic diagram of dip coating process step by step.

2.1 Preparation of the Solution
In the solution preparation; solvent and stabilizer, starting material and the dopant
source put into a flask according to a ratio that measure up to obtain film properties
and stir. After the solution become clear, stirring operation stops. The coatings are
usually made 1 day after the solution is prepared.
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Figure 2.2: A schematic diagram of the sol preparation.

2.2 Dip Coating Technique
Dip coating techniques can be described as a process where the substrate to be coated
is immersed in a liquid and then withdrawn with a well-defined withdrawal speed
under controlled temperature and atmospheric conditions. The coating thickness is
mainly defined by the withdrawal speed, by the solid content and the viscosity of the
liquid. [32, 33]

Fig 2.3: Stages of the dip coating process: dipping of the substrate into the coating solution, wet layer
formation by withdrawing the substrate and gelation of the layer by solvent evaporation [33].

Among the preparation techniques of ZnO films, the sol–gel process in combination
with the dipcoating process, offers the greatest possibility of preparing a small as
6

well as large-area coating of ZnO thin films at low cost for technological applications
[28,34].
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3. Al DOPED ZINC OXIDE COATINGS
3.1 Properties of Al-doped Zinc Oxide Coatings
3.1.1 Structural properties
The ZnO thin films are all in hexagonal crystallographic phase and has
predominantly (0 0 2) preferred orientation [35].
The ZnO thin films have been crystallized at different temperatures when using the
different complexing agents or stabilizers. The crystallization started from the
temperature of 300o C when using diethylenetriamine as complexing agent, and from
200o C when using diethanolamine, mono ethanolamine and acetyl acetone as
complexing agents. Moreover, only (002) plane grew rapidly from 400 o C when
preparing from the solution of mono ethanolamine and acetyl acetone while the thin
film from the diethylenetriamine homogeneously grew without preferential
orientation (Nishio et al., 1996) [36].
Other parameters that influence on ZnO thin film are preheating and post –heating or
annealing temperature for solvent vaporization and reagent decomposition. If
preheating temperature was low (>300°C), the (100), (002) and (101) diffraction
picks appeared and had random preferential growth because the complete
vaporization and thermal decomposition of precursor did not

occur at this

temperature but they occurred at post heating temperature over 500 °C. On the
contrary, when the pre-heating temperature was higher (<300°C), the film was more
preferred (002) orientation, because the structural relaxation of the gel film before
crystallization more easily occurred at higher temperature (Lee at. Al.2003) [36].
In addition, peak intensity decreased with increasing doping concentration over %1
at. The indicating that in increasing in doping concentration deteoriated the
crystallinity of films which might be due to the formation of stresses by the
difference in size between zinc and dopant as well as the segregation of dopant in
grain boundaries for high doping concentrations [36].
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The withdrawal speed of the samples also acts on the occurrence of preferential
orientation. The films had higher degree of orientation if the withdrawal speed was
low, because the solvent and organic substances produce by thermal decomposition
could evaporate more easily out of thinner films without disturbing the oriented
crystal growth.(Ohyama et al.,1997) [36].
Film thickness of the films has an appreciable effect on the structural and electrical
properties of the films. Keh Mon Lin et al. have found a relationship between crystal
size and X-ray diffraction patterns intensity and the layer number. They found that
the diffraction intensity of the (002) plane increased along with the film thickness
(Fig 3.1). The features of the (002) peak was analyzed by using the relative intensity
i(002)= I(002) / [I(100)+ I(002)+ I(101)].

Figure 3.1:

X-ray diffraction patterns of AZO films in dependence of the number of layers , 0.5
mol/l, Al/Zn=1 at.%. [36].

Fig 3.2 shows the relevant results. It is obvious that the i(002) values of the 1-layer
and the 2-layer films distributed irregularly. The lowest value appeared at the 2-layer
or the 3-layer films. An obviously stronger i(002) appeared at the 4-layer films, and
the i(002) of the 5-layer films was close to that of the 4-layer films. At the beginning
of the repeated coating process (1-layer and 2- layer films), the crystal growth of
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AZO films was unrestrained. The relative strong intensity of the (002) peak indicated
that the AZO films tended to grow in the c-orientation. In the middle stage, the coriented growth was hindered by the newly grown film. However, the lateral growth
was relatively unstrained and therefore faster. After that, the lateral growth was also
blocked. The film grew preferentially in the c-orientation again [37].

Figure 3.2: The relative intensity changes of the (002) peaks indicated that the preferred growth
orientation of ZnO crystal was restrained by the film itself [37].

Also in Keh Mon Lin et al. study, they use The Van der Pauw method to measure the
electrical resistivity ρ of the AZO films at room temperature. They have seen a
decrease on the resistivity with the increasing of the layers (Fig 3.3) and they
interpreted this results like enhancement of the film conductivity was attributed to
the multi-layered structure and the atoms' relocation, which were observed through
the obvious increase in the XRD intensity of the (002) peak, the evolution of the
lattice deformation to a certain level, and the rise of the carrier concentration [37].
A.Maldonado have made a study about Al and F doped ZnO thin films by sol gel dip
coating method. They investigated the ageing of the solution and thickness effect on
the optical properties in a part of their study. They use 0,6 M solution [F]/[Zn] and
[Al]/[Zn] ratios in solution were kept constant at a value of 0.25at.%.
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Figure 3.3: Film resistivity versus layer number under different procedure conditions. Pre-heat
treatment 600 °C, 0.3 mol/l open symbols, 0.5 mol/l closed symbols.[37]

Fig 3.4 shows the UV–VIS transmittance spectra of ZnO:F:Al thin films recorded in
the wavelength interval 350–1100 nm. Fig 3.4 (a), and (b) reports the spectra for
films deposited from two-day and seven days aged solutions and the three
thicknesses used, 220, 330, and 520 nm, respectively. In both cases an average
transmittance in the visible range (400–700 nm) as high as 90% was obtained. From
the spectra, and using the well-known Manifacier's method, refractive index values
around 1.8 were estimated for all the films. From these results we can deduce that,
ZnO:F:Al films deposited by sol–gel hardly scatter the light, thereby they are
colourless and the optical transparency is enhanced [38].

Figure 3.4: UV–VIS spectra of ZnO:F:Al thin films with different thicknesses and prepared from
aged solutions for; (a) two-days, and (b) seven-days [38].
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3.1.2 Optical properties
AZO films also possess low infrared emissivity and high infrared reflectivity under a
certain condition, which can be applied as low-emissivity (low-e) coatings for
insulating glazing units (IGU). Lots of investigations are conducted to improve the
moisture durability of low-emissivity coatings and the low-emissivity coatings with a
layer structure of Al-doped ZnO, Ag_Al-doped ZnO possessing high moisture
durability were also reported. However, there is no systemic research reported to
explore the infrared emissivity of AZO film, which is critical property for the
infrared stealthy technology and infrared energy conservation [39].
Bamidora et al. detected a semiconductor–metal transition in AZO film by the
temperature dependent resistivity and attributed it to the forming of degenerate
semiconductor in heavier doping with the Fermi level lying in the conduction band.
And according to this, the Burstein–Moss (BM) effect was taken to interpret the
widening of optical band gap in many reports. However, it is found that the
amorphous and nanocrystalline- line phases are also responsible for the blue shift of
absorption edge in transmission spectrum for ZnO films [40].
The properties of ZnO film, such as photoluminescence and conductivity, are
strongly correlative to its crystal structure and orientation, crystalline quality, and
defect states. In some cases, the ZnO film shows strong defectrelated
photoluminescence, indicating low quality of crystalline. Otherwise, most of the
reported films exhibit highly [0001] orientation due to anisotropic [0001] preferred
growth direction of ZnO [26].
3.1.2.1 Colour parameters
Colour is a 3-dimensional psychophysical phenomenon. Colour is represented in
colour space models whereby individual colours are specified by points in these
spaces. There are many ways by which one can measure colour. In this instance we
will only refer to those that attempt to create equal perceived colour differences (e.g.
the Munsell colour system) and those that link the spectral profile of colours to the
basic units of colour perception, i.e. trichromatic colourimetry (e.g. the RGB, CIE
XYZ systems and their derivatives). For details on the theories and models of
colourimetry, the reader is referred to, amongst many others, Billmeyer and Saltzman
(1981) and Wyszecki and Stiles (1982) [41].
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3.1.2.2 Commission internationale de l’Eclairage (CIE) standard
In 1931 the Commission Internationale de l’Eclairage (CIE) standardised colour
order systems by specifying the light source, the observer and the methodology used
to derive the values for describing colour (C.I.E. 1931). The XYZ colour system was
also accepted then and it has been used ever since. In this system, Y represents the
brightness (or luminance) of the colour, while X and Z are virtual (or not physically
realisable) components of the primary spectra (Wyszecki and Stiles, 1982). The
relationships between XYZ and RGB systems are described in the Methods section
below. The system was designed to produce non-negative tristimulus values for each
colour. Often this system is used as the platform from which other colour
specifications are made and as intermediaries for determining perceptually uniform
colour systems such as CIELAB or CIELUV [41].
3.1.2.3 Red green blue colour model (RGB)
Colour in the RGB system is produced by any additive or subtractive mixture of the
spectra of the three primary colours red (R), green (G) and blue (B). Their
corresponding monochromatic primary stimuli occur at 700, 546 and 436 nm,
respectively. On a 8-bit digital system colour is quantified by numeric tristimulus R,
G, B values that range from 0 (darkness) to 255 (whiteness). Combinations of R, G,
B primaries can produce a gamut of (28)3 different colours (Wyszecki and Stiles,
1982). The colour gamut of the system forms a cube comprising orthogonal RGB
Cartesian coordinates (Fig. 3.1b). Each colour is then represented by a point on or in
the cube. All grey colours are present in the main diagonal from black (R =G=B =0)
to white (R =G=B =255) [41].

Figure 3.5: a) the CIE xy chromaticity diagram b) The RGB model [41]
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3.1.2.4 Dominant wavelength and purity
If a line is drawn from a chosen white point on the chromaticity diagram, such that it
passes through the colour to be specified and intersects the spectral locus (Fig 3.6),
the wavelength at the point of interception is called the dominant wavelength. This is
because the colour can be matched by adding appropriate amounts of this dominant
wavelength and the white. When a colour is on the purple side of the white, where
there is a gap in the spectrum locus, the convention is to take the complementary
wavelength as the dominant wavelength. The purity is the measure of the saturation
of the colour and is determined by the proportions of the monochromatic source and
the white that are needed to match the test colour additively [42, 43].
The excitation purity (Pe) can be calculated from the ratio of the distance from the
chosen white point to the colour, to the distance from the white point to the dominant
wavelength WC/WD in Figure 3.7 There are a number of ways that the purity can be
calculated, and so the appropriate CIE document should be consulted for full
information (CIE 1986a: Colourimetry, 2nd edition, Publication No. 15.2). A simple
example is given below of the calculation of this means of specification [42, 43].

Figure 3.6: Illustration of the meaning of dominant wavelength [42, 43]
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Example Given that the chromaticity coordinates of a test colour are x = 0.2, y =
0.273 and assuming a reference white with chromaticity coordinates of x = 0.48, y =
0.408, find the dominant wavelength and the excitation purity. From Figure 3.7 it
will be seen that a line from the reference white point through the test colour
intersects with the spectral locus at x = 0.069, y = 0.201 which are the coordinates
for 2 = 485 nm.
The dominant wavelength is therefore 485 nm. The excitation purity Pe is given by
Pe= WC/WD

(3.1)

So,

Obviously, the closer to 1.0 the value of Pe' the more saturated the colour. [42, 43]

Figure 3.7: The calculation of dominant wavelength and purity [42, 43]
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3.1.2.5 Details on optical measurements and colour rendering
The light transmittance of the glazing is calculated using (Comitee Europeen De
Normalisation CEN, 1998) .

780 nm

v 

 D ( )V ( )

(3.2)

  380 nm

780 nm

D V ( )


 380 nm

where D65 is the standard illuminant according to the International Standart, ISO
9050 (ISO 9050:1990(E)) and vis is the light transmittance of the glazing for
illuminant D65 (Comitee Europeen De Normalisation-CEN, 1998).  is the
spectral transmittance in wavelength range from 280 to 2500 nm. D is the relative
spectral distribution of the illuminant D65. V is the spectral luminous effciency for
photo-peak vision de_ning the standard observer for photometry. is the
wavelength interval [44-45]. The light reflectance of the glazing v is calculated
using
780 nm

v 

D  ( )V ( ) 


380 nm
780 nm

(3.3)

 DV ( )

 380 nm

Where,  is the spectral reflectance of the glazing (Comitee Europeen De
Normalisation-CEN, 1998). Intensities at different wavelengths are calculated using
the procedure specified by the Commission Internationale de l'Eclairage - CIE [4445]. The light transmittance and reectance of glass were measured for visible light in
the range of 380-780 nm with a spectrophotometer. v and v are calculated using
Eqs. (3.2) and (3.3) from spectrophotometric measurements. Light absorptance (v)
was determined using
v + v+ v = 100 

(3.4)

The red-green-blue mixture of equivalence for any colour may be represented by:
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c(C) = r(R) + g(G) + b(B)
where c units of colour C (total colour) are matched by r units of red (R); g of green
(G) and b of blue (B). This equation is termed the tristimulus equation, and r; g, and
b the tristimulus values [44-50]. The expression of the tristimulus equation for one
unit of colour C is
l(C) = r/(r + b + g) (R) + g/(r + b + g) (G) + b/(r + b + g)(B)

(3.5)

The normalised tristimulus values r=(r+b+g); g=(r+b+g) and b=(r + b + g) are
represented by the letters x; y and z, respectively, and are termed the colour
coordinates or chromaticity coordinates of the colour. The colour coordinates
efectively provide the properties of red, green and blue light, which would simulate
the colour, and are so designed that their sum is unity [46]:
x+y+z=1

(3.6)

These coordinates are represented diagrammatically by plotting the y-coordinate as a
function of the x-coordinate, to give what is known as the colour or chromaticity
chart. The locus of so-formed points is known as the spectrum locus. The area
enclosed by the spectrum locus and the line joining the coordinates, for the 380 and
the 770 nm wavelength, defines the possible colour coordinates of any colour. If Pis
the light intensity at wavelength , the red, green and blue tristimulus values, X; Y
and Z are given by [46].
X =P x
Y=Py(3.7)
Z ==P z
The factors x; y and z are known as distribution coefficients, defined by the CIE. The
summations of the product Px etc., at each wavelength are taken over by the
complete visible spectral range. The colour coordinates of the light mixture are given
by [47]
x=X/(X+Y+Z),

y=Y/(X+Y+Z)

and
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z=Z/(X+Y+Z)

(3.8)

The spectral transmission of a glass measures the fraction T of incident light of
each wavelength  transmitted by the glass, and thus the tristimulus values and
colour coordinates of the transmitted light are readily calculated provided the spectral
energy distribution (P) of the incident light is known: [46]
X =P Tx
Y =P
Ty
Z ==P Tz
The colour coordinates are given by Eq. (3.10) and these coordinates are the glasscolour coordinates for transmitted light [44-50]:
x=XT/(XT+YT+ZT),

y=YT/(XT+YT+ZT),

z=ZT/(XT+YT+ZT) (3.10)

Besides, colour can be specified in terms of colour-dominant wavelength 
excitation purity (P) and brightness (B). As the term implies, the dominant
wavelength value is that of the light most dominant in the beam, giving the essential
colour hue. Excitation purity measures the saturation or purity of the colour, ranging
from zero for white, to unity for a spectral colour on the spectrum locus. It can be
considered as measuring the relative proportions of spectral colour to white in the
colour taken as such a mixture [44-50].
3.1.3 Electrical properties
The electrical properties of the oxides depend critically upon the oxidation state of
the metal component (stoichiometry of the oxide) and on the nature and quantity of
impurities incorporated in the films, either intentionally or inadvertently [51].
Oxygen vacancies occupied with two electrons as well as zinc interstitials are the two
types of defects responsible for the n-type conductivity in pure zinc oxide [51, 52]. It
is well admitted that conduction properties of ZnO are primarily dominated by
electrons generated from O2− vacancies and Zn interstitial atoms. The electrical
conductivity in ZnO:Al thin films is higher than that of un doped ZnO films, due to
the contribution of Al3+ ions on substitutional sites of Zn2+ ions [53].
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The specific gravity of zinc oxide is 5.72 g/cm3, corresponding to 4.21×1022
molecules per cm3. Therefore, the theoretical carrier density (n) calculated under the
assumption that every dissolved Al atom supplies one free electron to the conduction
band is demonstrated by the equation: n = 4.2×1020 ×CAl, where CAl is the
aluminium concentration (at.% Al). However, practically, the earner concentration
does not increase as expected. [51]
Generally, the grain boundaries have a large effect on the electrical properties.
Indeed, the grain boundaries decrease with the increase in the thin film crystallization
and, then, the electrical resistivity decreases due to the increase in crystallization and
orientation, which induce an increase in the mobility.
3.2 Production Parameters of Zinc Oxide Dip Coated Sol gel Films
There are lots of studies in literature about the producing ZnO:Al thin films by
different coating techniques. This section is focused on the properties of ZnO:Al thin
films that produced by dip coating technique as electrical conductivity, optical
transmittance, reflectance, absorbance, structural properties and also the parameters
that affects these properties.
As mentioned in chapter 1 ZnO:Al thin films have been used for many application
because of their wide optical band gap and good electrical properties as a semi
conductive material.
Zinc oxide films (ZnO) have been studied with a focus on application to sensors,
transparent electrodes in display, heat mirrors and transparent conductive oxide
(TCO) coatings for solar cell ZnO is a wide optical band gap material with wurtzite
crystal structure, which exhibits a change in conductivity with the doping of Al, Ga
or In. Because of their chemical stability, the ZnO films, particularly, aluminiumdoped films are more useful in the fabrication of thin film solar cells compared to Sndoped In2O3 (ITO) [54].
Comparing with un doped ZnO, Al-doped ZnO (ZnO:Al) films have lower resistivity
and better stability. In most device applications, ZnO:Al films deposition was
accomplished at high processing temperatures (500 °C). Fabrication of high-quality
ZnO:Al at lower temperature would enable the production of devices and contacts on
polymer substrates and on temperature sensitive components [55].
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Crystalline structure of ZnO:Al thin films can be seen in SEM images and XRD
patterns. It can be found in Fig 3.8 that the crystalline has a geometric form of
ellipsoid instead of a columnar structure which is usually obtained by sputtering
technique as well as sol–gel technique [56].
Doping by trivalent or mono valent impurities, vacuum annealing in a reducing or
oxidizing atmosphere, conditions and techniques of preparation are numerous means
which make possible the control of its conductivity. In the case of polycrystalline
films the microstructure plays a crucial role, in addition to the stoichiometry, in the
conductivity behavior. The microstructure controls conductivity through the grain
boundaries whose presence and density are closely related to the crystallites size and
orientation. These two parameters could be affected by film thickness [57].
According to M. Bouderbala et. Al [57], conductivity can be controlled by
microstructure and microstructure depends on crystalline size and orientation. These
two parameters could be affected by film thickness [57].

Figure 3.8: Surface morphology of AZO films, 0.5 M, Al/Zn = 2 at.%, pre-heated by 600 ◦C in air,
and post-heated by 600 ◦C under vacuum: (a–e) present layer number 1–5, respectively;
(f) gives the cross-section of the five layers film. [56]
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This is well known that the optical, electrical and structural properties of ZnO:Al thin
films that produce by sol-gel dip coating technique are controlled by process
parameters, heat treatment conditions. Process parameters are sol concentration,
doping concentration, dipping and drawing speed, drying time, layer number etc. and
also heat treatment conditions are pre-heating and post- heating temperatures, time
and atmosphere. We can reach the optimum properties that according to our
application area by changing these parameters easily.

Figure 3.9: Typical SEM micrographs of ZnO thin films: (a) view of a surface, (b) view of a crosssection. [57]

3.2.1 Effects of sol concentration
The structural, optical and optoelectronic properties of sol–gel ZnO thin films have
been found to be influenced by the concentration of the sol. The crystalline quality of
the films gets better and the grain size increases as the concentration increases [9].
Fig 3.10 shows the variation of thickness of the ZnO thin films with the sol
concentration. It shows that the thickness increases almost linearly with increase in
the concentration. For a value of 0.03 M, the thickness is about 36 nm while for 0.1
M, the thickness becomes to 247 nm. [18].
The SEM images of the films are shown in Fig. 3.11(a) The grain size, as averaged
from the micrographs, increases as the concentration changes from 0.03 to 0.1 M
shown in Fig. 3.11(b) This is in conformity with the earlier results. As the
concentration increases, amount of solute (i.e. zinc acetate) increases in the sol and
therefore the electrostatic interaction between the solute particles becomes larger
thereby increasing the probability of more solute to be gathered together forming a
grain. Thus as the concentration increase, grain size also increases [18].
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Figure 3.10: Variation of thickness of ZnO films with sol concentration [18].

Figure 3.11: (a) The FESEM images of the films for sol concentrations of (i) 0.03 M, (ii) 0.05 M, (iii)
0.08 M and (iv) 0.1 M. M. (b) Variation of grain size with sol concentration [18].

3.2.2 Effects of dopant element and concentration
In last year’s, doped or un-doped zinc oxide (ZnO) thin films are preferring for many
applications. And also dopant concentration affects the particle size, hall mobility,
carrier concentration, resistivity, binding energy, crystallinity. According to Ka Eun
Lee et al. the particle size decreases with the dopant concentration increases.
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Fig 3.12 shows SEM micrographs of 650 _C-annealed samples. As seen in Fig 3.12,
the films consist of uniform granular grains. The particle size decreases from 70 to
20 nm with increasing Al doping concentration, which is consistent with the XRD
results. The cross-sectional SEM image of 1.0 at.% AZO thin film reveals that the
film thickness is about 200 nm and that the film consists of densely packed particles
[58].

Figure 3.12: SEM photographs of AZO films annealed at 650 _C with various doping concentrations:
(a) 0 at.%, (b) 0.5 at.%, (c) 1.0 at.%, (d) 2.0 at.%, (e) 4.0 at.% AZO and (f) the cross
sectional image of 1.0 at.% AZO thin films. [58]

However, the resistivity of the AZO films increases with a further increase in the Al
content up to 4.0 (at. %). It is well known that the n-type conductivity of un doped
ZnO is due to the presence of intrinsic defects such as oxygen vacancies and
interstitial zinc. The incorporation of Al into ZnO improves the electrical
conductivity due to the creation of one extra carrier as a result of substitutional
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doping of Al3+ at Zn2+ sites. As the ionic radius of Al3+ (0.53 Å) is smaller than that
of Zn2+ (0.72 Å), Al3+ easily substitutes Zn2+ at a lower doping concentration.
However, Al3+ may be segregated in the form of Al2O3 at the grain boundaries above
the solid solubility limit as observed in the XPS measurement (Fig 3.13), which acts
as a trap for free electrons and increases a potential barrier of the grain boundary As
a result, the resistivity of the AZO films decreases at a lower Al doping concentration
up to 1.0 (at. %), and then increases at higher doping concentrations [58].

Figure 3.13: XPS spectra of AZO thin films annealed at 650 °C: Al 2p spectra [58].

Figure 3.14: Variation of resistivity (q), mobility (l) and carrier concentration (N) of 650 °C-annealed
AZO thin films with doping concentration [58].

Changes in crystallinity and orientation were investigated for ZnO:Al thin films have
been coated by sol which is produced with acidic and basic catalyst in the study of
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G.G. Valle et. al. All AZO films are nanocrystalline and exhibit the wurtzite structure
with all XRD peaks identified in the recorded range. The XRD patterns measured for
AZO films deposited from precursor solutions prepared by acidic (succinic acid) and
basic hydrolysis (lithium hydroxide) are compared in Fig. 11a and b, respectively.
From the evolution of the diffraction patterns with the doping concentration in the
precursor solution it can be observed that the quantity of Al doping determines the
orientation of the nanocrystals. The film prepared by acidic catalysis (Fig 3.15a)
using a molar ratio Al/Zn of 3% shows a preferential orientation of grains along the
c-axis, perpendicular to the film surface (002). The preferential orientation at higher
aluminium concentrations changes to (100) orientation with small contributions of
(002) and (101) directions at the highest aluminium content. Films prepared by basic
catalysis (Fig 3.15b) show up to a Al concentration of 3% a preferential crystal grow
along the (100) direction. For higher Al content the presence of the three principal
peaks of the wurtzite lattice, i.e. (100), (002) and (101), reveal a random orientation
of the nanocrystals [34].

Figure 3.15: Evolution of the X-ray diffraction patterns of films prepared, at different molar ratios
Al/Zn in the precursor solution, by acidic (a) and basic (b) catalysis [34].

Hong-ming Zhou et al. found that transmittance of doped ZnO films higher than the
undoped films. Fig 3.16 indicates that the transmittance of the doped and un doped
ZnO films is always higher than 82% and the transmittance of the doped ZnO films
is higher than that of the un doped films. Moreover, the transmittance of doped film
with 1 (at. %)Al is near 90% for wavelengths over 400 nm, and is higher than that of
the doped film with 2 (at. %) and 3 at.%. This may be due to the fact that the film
with 1 (at.%) doping presents more voids than the films with 2 and 3 (at.%) doping,
which may lead to a decrease in optical scattering [28].
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Figure 3.16: The effects of doping aluminium concentrations on the optical transmittance of the
undoped and doped ZnO thin films. The experimental condition for the annealing
temperature; 500 °C; film thickness: 780 nm [28].

3.2.3. Effects of heat treatment parameters
Heat treatment parameters that heating atmosphere, temperature, time etc. are
influential on properties of ZnO:Al thin films. Changing resistivity, morphology,
optical transmittance and crystallinity of the films could be possible by changing
these parameters. M.J. Alam et. al. [28] have been studied on the annealing effects
in different atmosphere on the ZnO:Al thin films properties. In their study they have
found that resistivity is strongly related with the dopant concentrations. Fig 3.17
shows the resistivity of 0.8 (at.%) Al doped ZnO films as a function of annealing
temperature annealed in air, oxygen and nitrogen. The resistivity decreased
significantly with annealing temperature up to 500°C and then it started increasing.
The minimum value of resistivity obtained after annealing at 500°C was 1.5x10-4 Wcm in air, 1.8x10-4 W-cm in oxygen and 1.3x10-4 W-cm in nitrogen [59].
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Figure 3.17 : Resistivity of 0.8 at.% Al doped ZnO thin films as a function of annealing temperature
in air, oxygen and nitrogen [59].

In a different study R. Ghosh at. Al. [60] investigated that the effect of different
annealing temperature and atmosphere on the optical band gap. The absorption
coefficient a is given by the following equation [60].
(3.11)
Where T is the transmittance and d is the film thickness. The relation between the
absorbance coefficient a and the incident photon energy hn is given by
(3.12)
where Eg is the optical band gap energy, A is a constant having value between 105
and 106 cm-1 eV-1. The (hv)2 as a function of photon energy (h) was plotted and
the linear intercept at the h-axis gives the value of the direct band gap. Fig 3.18
shows the variation of the optical band gap values as function of annealing
temperature for the ZnO thin films annealed in nitrogen, vacuum and air. The curves
in Fig 3.18 suggest that the band gap value remains almost unchanged when
annealed up to 500 °C temperature, which is close to the decomposition temperature.
But, a little change in the value is observed when the annealing temperature is above
500 °C. In case of nitrogen and air annealing, the band gap decreases above the
decomposition temperature, which is probably due to the other transitions involving
impurities. For vacuum annealing, the band gap value increases although carrier
concentration decreases. However, this could not be explained. The band gap values
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in nitrogen annealed films are a little higher than those annealed in air and vacuum
[60].

Figure 3.18: The optical band gap variation with annealing temperatures of ZnO films in nitrogen,
vacuums and air. [60]

According to Rodrigo F. Silva et. al. [30] intensity of all peaks increased by increase
the firing temperature in XRD results. Fig 3.19 shows the X-ray diffraction (XRD)
patterns for gels spread on glass substrates and fired at 200, 300, 400 and 500 °C. No
peaks are observed in the XRD patterns at 200 °C. On the other hand, when the firing
temperature was increased to 300 °C, the (100), (002), (101), (102), (110), (103) and
(112) diffraction peaks appeared. They are coincident with the JCPDS data for
hexagonal wurtzite. Moreover, the intensity of all peaks increased as the firing
temperature was further increased. These results suggest that crystalline zinc oxide is
obtained only at temperatures above 300 °C [61].

Figure 3.19: X-ray diffraction patterns for AZO samples heat treated at different temperatures [61].
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Also in their study, they investigated that homogeneity of the films by atomic force
micrographs. Based on the analysis of the samples treated at different firing
temperatures (Fig 3.20) they suggest that the most homogeneous coatings are formed
between 400 and 500 °C. The contour of the particles is more diffuse for films heated
up to 200 °C. However, after 400 °C, the particles are more defined although they do
not present differences in morphology. The average sizes for particles forming the
AZO-AC and AZO-DE films heat treated at 450 °C are 60 and 50 nm, respectively
[61].

Figure 3.20: Atomic force micrographs for AZO films formed at different temperatures [62].

In another study of Rodrigo F. Silva et. al [54] , they have made the DTA-TGA
analyse to obtain the optimum thermal treatment parameters. The chemical processes
that take place during the decomposition of the precursor sols and the formation of
ZnO:Al were also followed by thermo gravimetry. DTA-TGA curves of powder
samples previously evaporated from sols (Fig 3.21) show an endothermic peak at 115
°C due to the loss of crystallization water. Another endothermic peak of lower
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intensity at 245 °C suggests the melting of the anidrous compound. The melt
anidrous compound is then decomposed into organic residues and AZO through an
endothermic reaction (340 °C). An exothermic peak at approximately 432 °C is
attributed to the combustion of the remaining organic material. Finally, at
temperatures above 465 °C, the mass remained constant, as previously reported
w25x. No significant changes were observed with the addition of acetyl acetone or
diethanolamine to the sols. [62]

Figure 3.21: DTA-TGA curves of the dried precursor sols [62].

In V. Musat et. al. [27] study, they have investigated three different post- heat
treatment conditions effects to the crystallographic, optical, electrical properties. The
post-heat-treatments are specified in Table 3.1. After each post-heat-treatment and
prior measurements, all the samples have been heated for final annealing at 450 °C
for 20 min in forming gas.
The influence of three different post-heat treatments (see Table 3.2) on the electrical
properties of ZnO:Al thin films has been investigated. For samples submitted to PT1,
higher (002) peak intensity (Fig.3.22) and larger grains (Figs 3.23 and 3.24) were
obtained, as compared to the samples submitted to PT2 and PT3. During PT1, the
samples are being gradually heated from room temperature to 600 °C, the
crystallization of ZnO:Al films is controlled by heterogeneous nucleation and leads
to larger grains than during the PT2 and PT3. In the case of PT2 and PT3, by
introducing the samples directly at high temperature (600 °C), the homogeneous
nucleation competes with the heterogeneous one [27].
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Table 3.1 Post-heat treatments (PT) [27].

Experimental conditions

PT1 Heating from 25 to 600 8C, maintaining at 600 8C (1 h) in air and cooling in
air
PT2 Introducing and maintaining at 600 8C (1 h) in air and cooling in air
PT3 Introducing and maintaining at 600 8C (1 h) in air, cooling until 450 8C in air,
maintaining at 450 8C (20 min) in inert or reducing (forming gas) atmosphere and
then continuing cooling in inert or reducing atmosphere

Cooling in air atmosphere during PT1 and PT2, leads to the homogenization and
stabilization of the film microstructure as a result of the larger grain size and of the
decrease of the excess concentration of free Zn atoms caused by the oxidation.
Therefore, the microstructure of these samples is less affected in terms of grain size
by the final annealing at 450 °C in forming gas.

Figure 3.22: a)XRD patterns of Al (1 wt.%)-doped ZnO thin film after PT1 (sample B) and PT2
(sample A). b) XRD patterns of Al (2 wt.%)-doped ZnO thin films after PT1 (sample C),
PT2 (sample D) and PT3 (sample E) [27].
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Figure 3.23: SEM micrographs of the surface of the Al (1 wt.%)-doped ZnO thin films after PT1
(sample B) and PT2 (sample A) [27].

Figure 3.24: SEM micrographs of the surface of the Al (2 wt.%)-doped ZnO thin films after PT1
(sample C), PT3 with cooling in N (Sample E) 2 and PT3 with cooling in forming gas
(sample F). [27]
Table 3.2: Properties of thin films samples
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4. EXPERIMENTAL PROCEDURE
In this study, the Al doped ZnO thin films were produced by sol-gel dip coating
method. Soda lime silicate and boro-silicate glasses were used as substrate. The
coating had been performed in the order of sol preparation, substrate cleaning, dipcoating, pre-heating and post heating multiprocessing. The procedure from coating to
drying was repeated five times to get the desirable thickness. Heat treatments were
performed at 450-700°C for 1 hour in oxygen, nitrogen, argon and vacuum
atmosphere.
Sr-90 radioisotope was used to investigate of radiation effects on film properties.
Heat treatment parameters, Al doping concentration and coating process parameters
effects on optical, electrical, structural properties of films were investigated.
4.1. Production Method of ZnO:Al Dip Coated Sol-gel Thin Films
4.1.1 Sol preparation
Sol preparation is the first step of the dip coating process. In the preparation of
precursor solution the starting material was zinc acetate 2-hydrate (99.5% purity,
Zn(CH3COO)2·2H2O). Absolute ethanol was used as a solvent, and diethanolamine
((CH2CH2OH)2,DEA) as a sol stabilizer. Aluminium was used in the form of
Al(NO3)3·9H2O (extra purity) as the dopant. The molar ratio of DEA to Zincacetatdihydrat was maintained at 1.0 and the final concentration of Zincacetat-dihydrat was
0.5 M. The molar ratio of dopant [Al/Zn] in the solution was prepared as four
different doping amounts as 0.8, 1.0, 1.2 and 1.6 at.%. The resulting mixture was
then stirred at 60 °C for 1 h to form clear, transparent and homogeneous mixture.
Magnetic stirrer (Heidolph MR 3001K) was used for stirring. After cooling the
solution aged for 24 h at room temperature. Keeping conditions of the solutions such
as temperature and humidity are the most important parameters that effect quality
and life time of the solutions. The humidity level was controlled as 43 % using a
dehumidifier to protect the solution quality during the preparation of the solution and
the dip coating processes.
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It is well-known that the annealing conditions affect the properties of AZO films
considerably [24]. To form an estimate of dried ZnO:Al gel bonding characteristics
and to settle on heat treatment conditions of deposited sol-gel ZnO:Al thin films
differential thermal/ thermo gravimetric (DT/TG) analyses were carried out. Thermal
analyses were performed in air from room temperature to 900°C with 10°C/min
heating rate. TG-DTA analyses of dried ZnO:Al gel indicated an endothermic peaks
between 290°C and 410°C which shows the evaporation of solvent and organic
residuals. An obviously mass loss more or less 70 % were seen at ~520°C.
According to DT/TG analyses results, the crystallization temperature of the deposited
films were defined as above 520°C and pre-heating temperature were defined as
300°C and above.

Figure 4.1: TG/DT Analyses of dried ZnO:Al gel with 10°C/min heating and cooling rate.

4.1.2 Substrate preparation
The soda lime silicate glasses substrates which in 25x45 mm dimensions and the
bora silicate glasses substrates which in 25x25 mm dimensions were cleaned
ultrasonically acetone, ethanol and de-ionized water respectively for 10 minutes, than
dried in air. For ultrasonic cleaning Bondelin Sonorex Ultrasonic Bath was utilized.
Meanwhile, all laboratory equipment that were used for sol and substrate preparation
were cleaned with detergent at first, than rinsed with the solution of sulfuric acid
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(H2SO4), Potassium dichromate (K2Cr2O7) and water. De-ionized water was used for
clear rinsing and dried in drying oven at 100°C.
4.1.3 Film preparation
Al doped ZnO films were produced by sol-gel dip coating method. The precursor
solution was deposited onto the glass by dipping into the solution and drawing. Dip
coater (KSV dip coater LMX2) with computer controlled was used (Fig 4.2).

Figure 4.2: KSV Dip coater equipment

The deposition was performed at room temperature with 200 mm/min drawing rate
to reach the appropriate thickness with low electrical resistivity and to obtain desire
crystal quality after the annealing process. Post heat treatments were performed in
oxygen, nitrogen, argon and vacuum atmosphere for 1 hour

at 450-600 °C

temperature range, the pre-heat treatments were performed in oxygen atmosphere for
10 minute at 300 °C to investigate of heat treatments parameters effect on optical,
structural, electrical and colour parameters of ZnO:Al thin films. The pressure was
0,003 mbar in vacuum and 1013,25 mbar in nitrogen and argon ambient and the flow
rate of argon and nitrogen gases were 30L/h. In addition to these parameters, for
borosilica substrates 700°C as post heating temperature, 400°C as pre-heating
temperature, argon and nitrogen as ambient were chosen to make an attempt at
investigating the effect of preheating temperature and high temperature for post
heating effect. The process from dipping to drying was repeated for five times.
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4.2 Characterization of ZnO:Al Thin Films
Material characterization consists basically in the determination of materials
structure and behaviours relevant to their different properties. And good
characterization is essential in the processing of any materials, especially for
commercial production [63]. In sol-gel process the properties of the thin film
depends on many variables and it makes difficult the reproducibility and reliability.
For example, two samples that have produced in different laboratory conditions
according to same recipe may actually differ if the relative humidity or room
temperature was not exactly the same in two cases. This makes important the
characterization of the sol-gel materials and products, when compared with other
materials that produce with some other technique.
4.2.1 Investigation of structural properties
To define the structural properties of ZnO:Al thin films X-Ray diffraction patterns,
Atomic force microscopy images were investigated. The X-Ray diffraction patterns
of the samples were recorded at room temperature using a GBC-MMA X-Ray
difractomer with Cu Kα radiation of wavelength 1,54 Å. It was operated at 35 kV
and 28,5 mA with the energy of 1 kWatt. A continuous scan mode was used to
collect 2(θ) data from 20° to 80°, with a 5° sample pitch and 2 deg/min scan rate.
4.2.2 Investigation of optical properties
Optical properties of the films were evaluated by optical transmittance and
reflectance measurements. T80 UV/VIS Spectrophotometer in the wavelength range
from 192 to 950 nm was used to perform optical measurements. Optical band gap
energy was calculated.
4.2.3 Investigation of electrical properties
The electrical resistivity of ZnO:Al thin films were measured by using “Dispensible
Four Point Resistivity Probe with Mounting Stand (SIGNATONE)” and a standard
ohmmeter with two metal pins. The resistivity values that depend on thickness were
calculated.
4.2.4 Investigation of film thickness
The thickness measurements were performed by a surface profilometer (Dektak- 6M
surface profilometer) at different parts of the film with the load of 3mg. The
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measurement depends on the thickness difference between coated and uncoated parts
of the film with the length of 2000 nm. that includes coated and uncoated parts.
4.2.5 Investigation of thermal behaviours
Thermal behaviours were investigated by performing differential thermal and thermo
gravimetric analyses (DTA/TGA). Perkin Elmer Diamond TG-DTA thermal analyses
equipment were used to determine the thermal behaviours of the ZnO:Al thin films
with a heating rate of 10°C/min.
4.2.6 Investigation of radiation effects
Sr-90 radioisotope was used as a beta radiation source (activity, 2.86 mCi) and the
radius of the used Sr-90 radioisotope is 0.015 cm. The absorbed dose of hexagonal
ZnO:Al nanocrystalline structure was ~ 0.65 kGy. The irradiation process was
performed at the room temperature. The half life of Sr-90 is 29.6 year. Significant
radiations of Sr-90 are 0.546 MeV beta from Sr-90 and 2.260 MeV beta from Y-90.
Sr-90 decays to short-lived Y-90 with very high dose rates.
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5. RESULT AND DISCUSSION
Thin films of intrinsic and Al-doped ZnO were prepared by the sol–gel technique
associated with dip coating onto glass substrates. The coatings have been
characterized by X-ray diffraction, UV–Visible spectrophotometry, atomic force
microscopy, and electrical resistance measurement. All films are polycrystalline with
a hexagonal wurtzite structure with a preferential orientation along to the direction.
The four-points technique and standard ohm-meter with two pins were used to
characterize thin films electrically. All films exhibit a transmittance above 80–90%
along the visible range up to 650 nm and a sharp absorption onset about 375 nm
corresponding to the fundamental absorption edge ~ 3.3eV.
5.1 Structural Properties
X-ray diffraction patterns of the films doped between 0,8 at. %-1,6 (at. %)are shown
in Fig.5.1.This patterns showed that all the films are polycrystalline and displayed
three orientation peak as (100), (002) and (101). Also all AZO films are
nanocrystalline and exhibit the wurtzite structure with all XRD peaks identified in
the recorded range. The dominant orientation peak is (100) for all films except 1,0
(at. %) doped film. The film using Al/Zn molar ratio 1,0 % showed a preferential
orientation that perpendicular to the film surface (002). The preferential orientation
changes to (100) with less contribution of (002) and (101) directions at the four
different Al concentrations such as 0,8-1,0-1,2-1,6 (at. %). From the evolution of the
diffraction patterns with the doping concentration in the precursor solution it can be
observed that the quantity of Al doping determines the orientation of the nano
crystals.
By application of Scherrer-Warren formula the average crystallite size were
calculated in (Eq. 5.1).
(5.1)
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Where λ is the wavelength X-ray of 1,54 A°, θβ is Bragg diffraction angle, β is the
FWHM (Full width half maximum of distinctive peak) of θβ. Table 5.1 shows the
average crystallite size of the dominant orientation peaks and relative intensity of
three peaks.
Table 5.1: Avarage crystallite size and relative intensity changing of the peak diffraction depends on
Al concentration.

Al
Concentration
(%)

Average
Crystallite
Size (nm)

The Relative
Intensity
(100)

The Relative
Intensity
(002)

The Relative
Intensity
(101)

0,8

43

63

56

54

1,0

34

62

74

55

1,2

28

60

59

51

1,6

13

71

63

64

Figure 5.1: X-Ray diffraction patterns of the AZO films annealed at 500°C for 1h. in nitrogen
ambient depends on Al concentration.

There is an increasing on the average crystallite size by decreasing of the dopant
concentration due to film crystalline detoriation and also this could be related to the
difference between ionic radius of the Zn and the dopant element Al (rZn+2=0,074
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nm-rAl+3=0,054nm). The difference between ionic radiuses of the Zn and Al might
cause a drag on grain growth by compression stress.
Table 5.2: Avarage crystallite size and relative intensity changing of the peak diffraction depends on
annealing temperature.

Annealing
Temperature
(°C)

Average
Crystallite
Size (nm)

The Relative
Intensity (100)

The Relative
Intensity
(002)

The Relative
Intensity (101)

450

15

66

65

57

500

25

63

63

63

550

20

68

73

61

600

20

71

71

70

Figure.5.2: X-ray diffraction patterns of AZO films 0,8 (at. %)doped and annealed in vacuum
ambient depends on annealing temperature.

The X-ray diffraction patterns of the films 0,8 (at. %) doped and annealed at the
temperature range of 450-600°C in vacuum ambient are shown in fig 5.2. The
intensity of the films are higher at the higher temperatures as 550°C and 600°C at the
orientation of (002) plane. All the films have preferred orientation along the (002)
plane. It is obviously seen that the increase of annealing temperature provides higher
crystal quality due to completed crystallization. According to XRD results there is no
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way to discuss any effect of the annealing temperature on the average crystal size but
from the AFM results there is an increasing by the increasing of the annealing
temperature.
The surface of ZnO:Al nanocrysttallites was examined using 2D and 3D AFM
images. The AFM images of ZnO:Al at 0.8 (at.%) Al concentration were given in Fig
5.3 a and b after ZnO:Al films were annealed in vacuum ambient. The structural
change of ZnO:Al nanocrystallites was investigated due to the annealing
temperature. The grains gathered and piled up at several places on the surface when
the ZnO:Al structure annealed in vacuum environment. It was thought the annealing
process in vacuum ambient have caused the changes on the size and the position of
grains. The surface of ZnO:Al structure has some voids. 2D and 3D AFM image for
ZnO:Al have shown the formation of small spherical grains on the surface. The
grains of ZnO:Al gathered considerably at several places on the surface after the
annealing process in vacuum environment in Fig. 5.3. With regard to the surface
morphology of the films, the atomic force microscopy – AFM images clearly reveal
larger grain sizes as the increase of the annealing temperature in Table 6.3. The grain
sizes of ZnO:Al nanocrystallites has reached the average value from 9.597 nm to
16.452 nm in diameter when the annealing temperature increased from 500 to 600
°C in vacuum environment in Table 5.3.
Table 5.3: The results of the grain size and the raughness analysis of ZnO:Al at 0.8 at.% Al
concentration according to AFM analysis.

Annealing
Temperatre
(°C)

Annealing
Ambient

500

Vacuum

550

Grain size
(nm)

Raughness(nm)
Rms(Rq)

Mean
Roughness(Ra)

9,57

3.267

2.577

Vacuum

15,47

3.978

3.204

600

Vacuum

16,45

10.572

8.579

500

Argon

49,22

18.829

15.377

500

Nitrogen

29,03

12.203

9.332
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a)

b)

c)

Figure 5.3: 2D and 3D AFM images of AZO films 0,8 (at. %)doped and annealed in the vacuum
atmosphere at a) 500°C b) 550°C c) 600°C

2D and 3D AFM images of ZnO:Al at 0.8 (at.%) Al concentration were shown in
Fig. 5.4 after the annealing process in argon atmosphere at 500 °C. The surface of

45

hegzagonal ZnO:Al structure was seen to be grainy nature after the annealing process
in argon atmosphere. There was not a considerable cluster formation at the surface
for the grains of ZnO:Al films after the annealing process in argon atmosphere in
Fig. 5.4.

Figure 5.4: 2D and 3D AFM images of AZO films 0,8 (at. %)doped and annealed in the argon
atmosphere at 500°C.

The grainy structure of ZnO:Al for the annealed film in nitrogen atmosphere at 500
°C in Fig. 5.5 have the similar surface morphology with the surface of the annealed
film in argon atmosphere at the same temperature. The surface texture and grain size
of ZnO:Al have affected with the change of annealing conditions according to 2D
and 3D AFM images.
As the most important parameter describing surface integrity is surface roughness,
the roughness analysis of the surface on ZnO:Al texture was investigated and the
results were given in Table 5.3. The surface of the texture is required in certain limits
of roughness in the nanotechnology. Besides, the measurement of the surface
roughness is vital to quality control of nanomaterials. Hence, roughness average was
measured as Ra or Roughness Average. On the other hand Root Mean Square or Rms
Roughness (Rq/Rms/Rs), is another averaging measurement in statistics as the Root
Mean Squre value. Therefore Rms values were determined for the evaluation of the
ZnO:Al surface as an another averaging measurement.
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Figure 5.5: 2D AFM images of AZO films 0,8 (at. %)doped and annealed in the nitrogen atmosphere
at 500°C

There is an increase at the grain size of ZnO:Al in Table 5.3 with the increase of the
surface roughness when the annealing temperature reached from 500 to 600 °C
vacuum environment. The surface texture of ZnO:Al thin films was found to exhibit
the variations in the roughness at the different annealing conditions. The effect of the
different annealing atmosphere on grain size and roughness of ZnO:Al were
investigated in argon and nitrogen atmospheres, respectively. The grain size and
roughness of ZnO:Al raised when ZnO:Al thin film was annealed in nitrogen
atmosphere at 500 °C. There is a considerable increase at the grain size and the
surface roughness of ZnO:Al when ZnO:Al was annealed in argon atmosphere at the
same temperature. The pressure in vacuum ambient was 0.003 mbar. However the
pressure in argon and nitrogen ambient was 1013.25 mbar and the flow rate of argon
and nitrogen was 30 L/h. The application of the inert gas to the annealing ambient
caused to the increase the granularity of growth and the surface roughness of
ZnO:Al. Besides, it is thought the surface morphology of ZnO:Al may exhibit
different roughness structure with the change of the annealing pressure and the type
of the applied atmosphere into the annealing ambient.
Fig 5.6 shows X-ray diffractions for the films annealed in different ambient as argon,
nitrogen, vacuum and oxygen. The crystallization couldn’t take place on the films
annealed in oxygen at 500°C. What is the reason of non crystallization might be
making easy in-diffusion of oxygen and creating oxygen vacancies by air. Thus, Al
might react with oxygen and formed Al2O3 and precipitate.
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Figure 5.6: X-ray diffraction patterns of AZO films 1,2 (at. %) doped and annealed at 500°C depends
on annealing ambient.

Table 5.4 shows the intensity of the peaks for the films 1,2 (at. %)doped, annealed at
500°C in different atmospheres. The films annealed in argon atmosphere have the
highest intensity of the (101) plane and films annealed in vacuum atmosphere have
the highest intensity of the (100) plane. Argon atmosphere is the most inert
atmosphere. According to results the height of the intensity is related to the
atmosphere inertness is investigated.
Table 5.4: Relative intensity changing of the peak diffraction depends on annealing atmosphere.

Annealing Atmosphere

The Relative Intensity
(100)

The Relative Intensity
(101)

Argon

83

100

Vacuum

95

95

Nitrogen

60

51

Oxygen

-

-
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For the films which are annealed in oxygen ambient the crystallization peaks were
observed on the X-ray diffraction results just for the samples that 0,8 (at. %) doped,
pre-heated at 400°C and post-heated at 550°C in oxygen atmosphere (Fig 5.7).
According to TG/DT it is easly seen that 400 °C for the pre-heating temperature is
better than the lower temperatures, also 500°C and above temperatures is more
suitable for the post-heating. This might be the reason for the complete
crystallization.

Figure 5.7: X-ray diffraction patterns of AZO films 0,8 (at. %)doped and annealed at 550°C in
oxygen ambient.

5.2 Electrical Properties and Film Thickness
Effects of the temperature and dopant concentration on the film thickness were
investigated. The thickness of 1,0 (at. %)ZnO films annealed at the temperatures
between 450°C-600°C in vacuum atmosphere were decreased obviously with the
increasing of the temperature (Fig5.8). The reason of the higher thickness at the
lower annealing temperatures might be the surface roughness, porosities and
discontinuous of the films. There is no appreciable effect were investigated of dopant
concentration on the film thickness (Fig.5.9).
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Figure 5.8 Thickness of the ZnO:Al thin films 1 at.% doped and annealed in vacuum ambient
depends on temperature.

Figure 5.9: Thickness of the ZnO:Al thin films annealed in vacuum ambient depends on dopant
concentration.

The resistivity variation of Al- doped ZnO films pre-heated at 300 °C for 10 minutes
and annealed at 500°C with different doping concentrations in argon and nitrogen
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ambient are showed in Fig 5.10 a and b. The resistivity first decreased with increased
of Al concentration. The minimum resistivity of 1,08x102 Ωcm in nitrogen ambient
and 5,89 Ωcm in argon ambient was obtained at a doping concentration 1,2 (at. %)
and 1 at. %. At these doping concentration, it also displayed a higher peak intensity
than the films that with other dopant concentrations. The higher crystal orientation,
the lower resistivity due to the reduction in the scattering of the carriers at the grain
boundaries and crystal defects, increased the apparent carrier mobility [56].
Meanwhile, the increase of Al concentration led to an increase of the carrier
concentration. The carrier concentrations of the films are providing from donor sites
associated with the redundant metal ions. However, after 1,0 (at. %) and 1,2 (at. %)
dopant concentrations for the films annealed in nitrogen and argon ambient, the
resistivity is starting to increase. Decrease in the resistivity with increased Al
concentration can be interpreted as a result of electrons come from the donor Al3+
ions incorporate as substitutional Zn2+cation sites or in interstitial position.
In the Z.Q. Xu et al. works, they saw this kind of decreasing at the resistivity after
1,5 mol % dopant concentration and they interpreted this results as at higher Al
concentrations, the carrier concentration decreases because increasing dopant atom
forms some kind of neutral defects and these neutralized Al atoms do not contribute
free electrons. The amount of electrically active Al in the film decreases when
doping is high, i.e. more Al atoms are neutralized at higher Al concentration [64].
Also films with different Al concentrations as 0,8-1,0-1,2-1,6 and annealed at 550°C
in vacuum ambient showed same behaviour with the films annealed in nitrogen and
argon atmosphere. The resistivity decrease at first and from the 1,2 Al concentration
star to increase.(Appendix A.1).
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Figure 5.10: Resistivities of Al-doped ZnO thin films as a function of dopant concentration (a)
vacuum ambient (b) argon ambient.

The electrical resistivity values of the films pre-heated at 400°C for 10 minutes and
annealed 700°C for 1hours were 1,9x10-3 Ωcm as minimum for argon ambient and
1,8x10-3 Ωcm for nitrogen ambient (Fig 5.11). According to TG-DT analyses 400°C
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is the most convenient temperature for pre-heating and 700°C is the most convenient
temperature for annealing temperature. Because maximum mass loss that means
solvent and some organic residuals evaporation were seen at 400°C and the
crystallization is mostly completed at 700°C.Thats why this films have the lowest
resistivity because of the crystallinity was enhanced.
The increase of free carriers in ZnO:Al nanocrystallite structure and/or lower degree
of aluminium oxide crystallization might contribute to the decrease in resistivity of
the films raising defects concentration in crystalline zinc oxide due to the increase of
annealing temperature. The resistivity of the films that pre-heated at 300°C and
annealed at 700°C has the lowest resistivity.

Figure 5.11: Resistivity’s of Al-doped ZnO thin films preheated at 400°C and annealed at 700°C in
argon and vacuum ambient as a function of dopant concentration.

The films resistivity variations according to annealing temperature were investigated
at the dopant concentration of 1 (at. %) and annealed in vacuum ambient. Fig 5.12
shows the annealing temperature affect on resistivity of the AZO films. Decrease of
the resistivity obviously seen with increase of the annealing temperature from 450°C
to 600°C. Resistivity of the films was moved from 5,8x102 Ωcm to 1,3x102 Ωcm. In
general, as the annealing temperature increases, the resistivity of Al doped ZnO films
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decreases because the crystallinity is enhanced. In addition, the major carrier of Al
doped ZnO thin films is the excess metal ions, while in the case of pure ZnO the
electrons due to oxygen vacancies or zinc interstitials are not very effective because
of oxygen adsorption. When the annealing treatment is performed, the carriers’
concentration may increase by desorption of the oxygen in the grain boundaries,
which act as traps for the carriers. It could partly contribute to the decrease in
resistivity [64].

Figure 5.12: Resistivity of the ZnO:Al films with 1 at % dopant concentration and annealed in
vacuum ambient as a function of annealing temperature.

5.3 Optical Properties
The effects of aluminium doping concentrations, annealing temperature and ambient
on the optical transmittance spectra at the range of 192-950 nm wavelength were
represented in fig 5.13-14-15. All films exhibit high transmission in the studied UVVIS range. An abrupt absorption edge at around 375 nm observed for the ZnO films
with different al dopant concentrations (Fig 5.13).
The transmittance of doped film with 0,8% Al is near 85% for wavelengths over 400
nm and is higher than doped film with 1 at % and 1,6 at % Al. This may be due to
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the fact that the film with 0,8 (at. %) doping has more voids than 1 at % and 1,6 at %
Al doped films, which cause a decrease of optical scattering.
In M. Sahal et. Al study, they have explained this cutting- off wavelength
proportional to the Al amount as a blue shift effect on the absorption edge.
Also decreasing on the transmittance with the increasing of the Al concentration is
obviously seen on the films pre-heated at 300°C and annealed at 500°C in nitrogen
and vacuum ambient at for 1 h. (Appendix A.2-A.3)

Figure 5.13: Optical transmittance spectra of ZnO:Al films with different dopant concentrations.

Fig. 5.14 shows that the annealing temperature effect on optical transmittance of the
films in the wavelength range of 190-950 nm for the films with (0,8 at. %) Al doped
and annealed in vacuum ambient. The optical transmittances of the films in this
range are between about 85-90 %. A decreasing on the optical transmittance in UV
region was investigated by the increasing of the annealing temperature. For the films
that annealed at 600°C is shows more decreasing on the optical transmittance till the
wavelength of 510 nm. than the film that annealed at 450°C. Moreover, at the 510700 nm wavelength range, the film that annealed at 600°C has the highest optical
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transmittance due to the annealing temperature effect on c-axis orientation which
redound higher c-axis orientation with increase of annealing temperature.

Figure 5.14: Optical transmittance spectra of the ZnO:Al films with different annealing temperature.

Annealing temperature effect on the optical transmittance were investigated on the
films that 1,2 (at. %) Al doped and annealed in vacuum ambient were investigated
and same results were observed. (Appendix A.4)
Fig. 5.15 shows that the different annealing ambient effect on optical transmittance
of the films. Different annealing ambient effects are investigated on the 0,8 (at. %)
doped and at 500°C annealed samples. It can be seen easily from the results that
annealing ambient has pretty much influences on optical transmittance. The films
have been saved high optical transmittance properties in the argon atmosphere when
compare with the other films that annealed in nitrogen and vacuum ambient. The
possible explanation about the argon atmosphere effect is the inert properties of the
argon gases which contributed to form more homogeneous film surface.
Annealed ambient effect were clearly seen on the ZnO thin films 1-1,6 (at. %) doped
and annealed at 500°C . (Appendix A.5-A.6)
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Figure 5.15: Optical transmittance spectra of the ZnO:Al films with different annealing ambient.

Dopant concentration effects on the optical density were investigated on the films
annealed at 500°C in argon ambient. Optical density versus wavelength graphs (Fig.
5.16) show that the forming of the colour centres due to the adsorption of the light.
Forming of this colour centres makes an increasing on optical density at the
wavelength range of 380-420 nm for all al dopant concentrations. In addition to this,
there is obviously another increase at the wavelength range of 450-550 nm for
different Al concentrations such as 0,8-1,0-1,2-1,6 (at. %). Moreover, at the visible
range the optical density peaks are became closer with decreasing of the annealing
temperature from 600°C to 450°C for the films 0,8 (at. %) and annealed in vacuum
ambient as shown in Fig 5.17. This can be explained by the increasing of the
transmittance and decreasing of the adsorption with the increasing of the annealing
temperature.
Al concentration effect were investigated on the films annealed at 500 °C in nitrogen
ambient also were investigated and showed the same results.(Appendix A.7) On the
other hand annealing temperature effect were investigated on the films 1,2 (at. %)
annealed in vacuum ambient and came upon same results.(Appendix A.8)
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Figure 5.16: Optical density of ZnO:Al films with different dopant concentrations.

Figure 5.17: Optical density of ZnO:Al films with different annealing temperatures.

58

The optical transmittance graph of the films that are pre-heated at 400°C and post
heated at 700°C at nitrogen and argon ambient is shown at Fig 5.18. The optical
transmittance value is about 80% at the 410 nm wavelength. There is a barely
decreasing at the transmittance for 400°C pre-heated and 700°C post-heated samples
according to 300°C pre-heated 500°C post-heated samples. It’s obviously seen at the
results that the films which are pre-heated at 400°C and post-heated at 700°C have
lowest optical transmittance. These results may be explained by the career
concentration increasing with the increasing of the annealing temperature. Sumetha
Suwanboon has found that optical properties depend on annealing temperature. He is
supporting that generally, oxygen is chemisorbed on ZnO surface and in pores as O2
by accepting an electron from occupied conduction band states. Therefore, oxygen
desorbs as increase in annealing temperature causing the shift of absorption edge due
to increase in carrier concentration [36].

Figure 5.18: Optical transmittance spectra of the ZnO:Al films that pre-heated at 400°C and annealed
at 700°C at nitrogen and argon ambient.

While optical transmittance values were decreasing barely, electrical resistivity of the
films were decreasing apparently with the increasing of the pre-heat temperature to
400°C and annealing temperature to 700°C..
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According to this results, it is seen that the higher electrical conductivity which is
saved by increasing annealing temperature cause an increase in the reflection of the
films, so decrease in the transmittance of the films. It shows that there is a relation
between transmittance and electrical properties
Two types of optical transitions can occur as direct and/or indirect transitions at the
fundamental optical absorption edge (detection wavelength). The optical transitions
involve the interaction of an electromagnetic wave with an electron in the valance
band, which is raised across the fundamental gap to the conduction band. As indirect
transitions involve simultaneous interaction with lattice vibrations the wave vector of
the electron can change in the optical transition, the momentum change being taken
or provided by phonons. Transitions involving no phonons are called direct
transitions and those involving phonons indirect transitions. For direct transitions n =
1/2 or 3/2 depending on whether the transition is allowed or forbidden in the
quantum-mechanical sense. E0 is the optical gap and n0 refractive index in Eq. (5.2)
[65-66]. In an allowed direct transition, α is given in Eq. (5.3). A is a constant [6768].

n0  ω ~ (  ω − E0)n

(5.2)

α = A(hγ − E0)1/2

(5.3)

Plots of (αhν)2 versus hν and (αhν)1/2 versus hν were analysed for ZnO:Al thin films
(Fig 5.18). Films were annealed at 500°C in argon ambient for 1 h. For this study, n
value is determined as 1/2 for (αhν)1/n. From the plot, the band gap energy was
determined by extrapolating the linear portion of the graph to hν = 0. It is determined
that there is an allowed direct transition as (αhν)2 for ZnO:Al film.
Table 5.5: Optical band gaps of ZnO films with different dopand concentrations.

Al concentration (at. %)

Optical band-gap (eV)

0,8

3,26

1,0

3,27

1,2

2,29

1,6

3,34
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Figure 5.19: The changes on the energy band gap of the ZnO:Al films with different dopand
concentrations at 500°C in argon ambient.

As clearly seen in Fig 5.19 the energy band gap is broadening with the increasing of
the dopant concentration from 0,8 (at. %) to 1,6 (at. %) for the films annealed in
argon ambient at 500°C. Also same broadening on the energy band gap

were

observed for the films annealed in nitrogen ambient at 500°C (Appendix A.9). This
broadening in the band gap is known as Moss-Burstein shift. According to the Moss–
Burstein theory, in heavily doped zinc oxide films, the donor electrons occupy states
at the bottom of the conduction band. Since the Pauli principle prevents states from
being doubly occupied and optical transitions are vertical, the valence electrons
require an additional energy to be excited to higher energy states in the conduction
band [58]. Therefore, Eopt of 1,6 (at. %) doped zinc oxide is broader than that of 0,8
(at. %) doped zinc oxide films.
The optical absorption edge has a blue shift to the region of higher photon energy
with the increase in Al concentration from 0.8 to 1.6 (at. %). The blue shift of the
absorption onset of Al doped ZnO nanocrystalline films can be associated with the
increase of the carrier concentration blocking the lowest states in the conduction
band. The Al dopant atoms associates the electrons occupy the bottom of the
conduction band in the form of an electron gas. When Al was introduced into ZnO
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thin film, Al doped ZnO thin film has a blue shift to higher energy. The optical band
gap is larger and the widening occurs since the lowest states in the conduction band
are blocked. This is well known Burstein Moss effect. Burstein pointed out that the
lifting of the Fermi level into the conduction band of the degenerate semiconductor
leads to the energy band broadening (blue shift) effect. The Burstein-Moss effect
plays a key role in this phenomenon. ZnO is a natural n-type material and the Fermi
level would move into the conduction band when it is doped with Al. Since the states
below Fermi level in the conduction band are filled, the absorption edge shifts to
higher energies. The observation might be due to the Burstein–Moss effect which
described the blue-shifting of the absorption edge with an increasing carrier
concentration after ZnO:Al thin film annealed in argon atmosphere.
A.Yavuz Oral et. Al explained their investigate on doped and un doped ZnO films as
at high doping concentrations, Fermi level lifts into the conduction band. Due to
filling of the conduction band, absorption transitions occurs between valance band
and Fermi level in the conduction band instead of valance band and bottom of the
conduction band. This change in the absorption energy levels shifts the absorption
edge to higher energies (blue shift) and leads to the energy band broadening [16].
5.4 Colour Parameters and Radiation
The selection of the radioisotope for the irradiation of ZnO:Al film is very important
depending on energy and half-life of the radioisotopes [69]. Radioisotopes whose
energy have under 0.5 MeV causes insufficient excitation and ionization at the glass
structure. If E>1 keV, the electrons are excited by the Compton Effect. The excess
energy is converted to the kinetic energy, as the electrons. Therefore they can either
recombine with positively charged holes, become trapped to form colour centres, or
if the energy is sufficiently high to produce a secondary electron cascade by knock
on collisions with other bound electrons. Additional bound electrons are ionized by
the secondary electrons through Coulomb interactions; secondary’s losing
approximately 20 eV for each ionization.
The activity of Sr-90 radioisotope was enough to effect the optical characteristics of
ZnO:Al thin film at the visible range. As the electrons of Sr-90 radioisotope have
high energy for the creation of colour centres in the film structure electrons of Sr-90
interact with the structure and penetrate homogeneously to the thin film. When the
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electrons of Sr-90 radioisotope source are slowing down in the force field of the
atoms on the film structure, the radiation is brought about that has a continuous
energy spectrum. Electrons emitting from the irradiation source interact with the
conduction electrons of ions at the film structure depending on the Coulomb
screening. The light transmittance and absorbance in the visible range indicate the
variation of the colour parameters on the induced ZnO:Al structure due to the
electron emission by Sr-90 radioisotope into the hexagonal nanocrystallite structure.
The colour of ZnO:Al nanocrystalline structure has changed to dark colour slightly
by beta irradiation due to the gathering of electrons and holes in the ZnO:Al texture
at the end of the new electronic configuration of the ZnO:Al nanocrystallites.
Electron implantation into the structure leads the micro structural change as the beta
irradiation creates new colour centres.
As high transmittance is the most important factor in the application of ZnO:Al to
TCO’s. The transmittance spectra of the un-irradiated and irradiated films that
annealed in argon atmosphere with 0,8-1,2 (at. %) are shown in Fig 5.20 and Fig
5.21 After irradiation process it is seen that the transmittance values for the films that
annealed in argon atmosphere are lower than the un-irradiated samples. Also the
adsorption edge of the 1,2 (at. %) doped sample that annealed in argon atmosphere is
slightly shifted from a higher wavelength (~450nm) to lower wavelength (~410nm)
after irradiation process.
Determination of optical properties for the soda-lime silicate glass has been
standardized by the European Committee for Standardization (CEN) in 1992. The
use of soda-lime-silica glass can be more useful and practicable for the evaluation
optical results of samples according to declared standards. Therefore, commonly
used glasses can be evaluated using the optical parameters in the standardization
concept [70]. The transmittance and reflectance of ZnO:Al were evaluated using the
colour parameters according to the standardization concept of European Norm (EN
410) in this study.
The colour coordinates of the exposed films altered by beta radiation. Changes on the
optical colour parameters of ZnO:Al were determined after the beta irradiation and
compared with unexposed ZnO:Al.
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Figure 5.20: Transmittance spectra of the irradiated and un-arradiated ZnO films that 0,8 (at. %)
doped and annealed in argon atmosphere.

Figure 5.21: Transmittance spectra of the irradiated and un-irradiated ZnO films that 1,2 (at. %)doped
and annealed in argon atmosphere.
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The changes on colour were determined sensitily using CIE tristimulus system with
two dimensions according to the standardization concept of European Norm (EN
410).
Colour co-ordinates were used to examine the dominant wavelength and the
excitation purity in the CIE tristimulus system. The results were given in Table 5.6
and Table 5.7 X and y colour coordinates of the irradiated ZnO:Al were determined
according to European Norm (EN 410) after some of the thin films were annealed in
vacuum environment (Table 5.6) and some of them were annealed in argon
atmosphere (Table 5.7). The excitation purity P(%), brightness B(%) and dominant
wavelength (λd) were determined using the colour coordinates.
The changes of the colour co-ordinates due to the transmittance and reflectance in the
visible range (380-780 nm) were resulted with the changes on the brightness,
dominant wavelength and excitation purity. The brightness of irradiated ZnO:Al thin
films decreased with the increase of Al concentration (at.%) in Table 5.6 and Table
5.7. After ZnO:Al thin films were annealed in vacuum environment the changes on
the excitation purity and the dominant wavelength of the ZnO:Al thin films was
investigated. The effects of the beta radiation on the purity and the dominant
wavelength were explained using colour coordinates at the chromaticity diagrams
(chromaticity charts) in Fig 5.22.
Table 5.6: Colour coordinates of the ZnO:Al doped films that annealed in vacuum ambient
Annealed in Vacuum Environment
Al

Unirradiated State

Irradiated State

(at.%)
x

y

z

B (%)

P(%)

λd

x

y

z

B(%)

P(%)

(nm)

λd
(nm)

0.8

0.32

0.33

0.35

83.36

6

573

0.32

0.33

0.34

80.17

6

573

1.0

0.32

0.32

0.36

65.55

4

591

0.32

0.32

0.36

72.76

4

591

1.2

0.31

0.32

0.38

56.66

2

555

0.31

0.32

0.37

57.38

2

573

1.6

0.31

0.32

0.37

49.68

2

555

0.31

0.32

0.37

51.16

2

573
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Table 5.7: Colour coordinates of the ZnO:Al doped films that annealed in argon ambient
Annealed in Argon Environment
Al

Unirradiated State

Irradiated State

(at.%)
x

y

z

B(%)

P(%)

λd

x

y

z

B(%)

P(%)

(nm)

λd
(nm)

0.8

0.31

0.33

0.36

90.38

4

555

0.31

0.33

0.36

87.94

4

555

1.0

0.32

0.33

0.36

89.95

6

573

0.32

0.32

0.36

87.38

4

591

1.2

0.32

0.33

0.35

84.10

6

573

0.32

0.32

0.36

85.37

4

591

1.6

0.32

0.33

0.36

89.95

6

573

0.32

0.31

0.36

84.17

4

499

The colour co-ordinates of ZnO:Al thin films are placed more far from the centre of
chromaticity diagram with the decrease of Al concentration (at.%) depending on the
excitation purity of ZnO:Al nanocrystalline thin films in Fig 5.23.

Figure 5.22: Chromaticity diagram for unirradiated and irradiated states.
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There was not a considerable change on the excitation purity of ZnO:Al
nanocrystallites after ZnO:Al thin film was annealed in argon atmosphere. The
numerical specification for the excitation purity of ZnO:Al thin film can be achieved
by the determining the relative distances of the sample point on the chromaticity
diagram. Excitation purity of ZnO:Al increases with the decrease of Al concentration
(at.%).

Figure 5.23: The changes on colour co-ordinates of ZnO:Al thin films at the chromaticity diagram
for unirradiated and irradiated states.
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The brightness of ZnO:Al thin film consisted of Al doped ZnO nanocrystallites
decreased slightly with the increase of Al concentration (at.%) after ZnO:Al was
annealed at vacuum environment in Fig 5.24 electron implantation to ZnO:Al
nanocrystallite structure by Sr-90 radioisotope caused to decrease the brightness of
ZnO:Al clearly after ZnO:Al annealed in argon atmosphere with the increase of Al
concentration (at.%). Besides the brightness of un-irradiated ZnO:Al decreased
slightly after the irradiation process at 0.65 kGy absorbed dose level.

Figure 5.24: The changes on the brightness of ZnO:Al thin film for unirradiated and irradiated states.
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6. CONCLUSION
Following conclusions can be drawn according to the results of this study:
1. Major markets in the solar cell, flat-panel display, and solid-state lighting
areas require development of the transparent conductive thin films materials
such as ZnO:Al to improve the optoelectronic properties. The determination
of the colour parameters on ZnO:Al thin film is important for the
commercialization of transparent and conductive ZnO:Al thin film according
to standardization concept. It can be possible to determine the changes on
colour parameters with the increase of Al concentration and irradiation
treatment in this study.
2. The changes of the colour co-ordinates due to the transmittance and
reflectance in the visible range (380-780 nm) were resulted with the alteration
of the brightness, dominant wavelength and excitation purity. The exitation
purity P(%), brightness

d)

were

investigated using the colour coordinates and these parameters altered with
the increase of Al concentration.
3. The effects of the beta radiation on the purity and the dominant wavelength
were explained using colour coordinates at the chromaticity diagrams
(chromaticity charts). Electron implantation to ZnO:Al nanocrystallite
structure by Sr-90 radioisotope caused to decrease the brightness of ZnO:Al
thin film. The colour co-ordinates of ZnO:Al thin films are placed more far
from the centre of chromaticity diagram with the decrease of Al concentration
(at.%) depending on the exitation purity of ZnO:Al nanocrystallite thin film.
4. X-ray diffraction patterns show that all AZO films are nanocrystalline and
exhibit the wurtzite crystal structure. Crystallite sizes had a tendency to
decrease with the increase of the Al dopant concentration, thus the 0,8 (at. %)
doped ZnO films have the lowest crystallite size of 18 nm.
5. Any diffraction peaks were observed for the films annealed in oxygen
ambient except pre-heated at 400°C and post-heated at 550°C.
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6. With regard to the surface morphology of the films, the atomic force
microscopy – AFM images clearly reveal larger grain sizes as the increase of
the annealing temperature from 9.597 nm to 16.452 nm in diameter when the
annealing temperature increased from 500 to 600 °C in vacuum environment.
The application of the inert gase to the annealing ambient caused to the
increase the grain size and the surface roughness of ZnO:Al thin film when
ZnO:Al structure was annealed in argon atmosphere at the same temperature.
7. Decreasing of film thickness was investigated with the increasing of the
annealing temperature. Also there was no appreciable effect of dopant
concentration on the film thickness.
8. The increase of the Al concentration improves the electrical conductivity.
Minimum resistivity was investigated on 1,0 and 1,2 (at. %)Al doped ZnO
films. The highest conductivity as 1,9x10-3 Ωcm as minimum for argon
ambient and 1,8x10-3 Ωcm for nitrogen ambient were obtain for the films preheated at 400°C and annealed at 700°C.
9. As the annealing temperature increasing, the resistivity of Al doped ZnO thin
films decreasing were investigated because the crystallinity enhanced.
10. All films have high optical transmittance values of %85-90. Transparent and
conductive thin films have higher optical transmittance at 0,8 (at. %) Al
concentration than the others. A decreasing on the optical transmittance in
UV region was investigated by the increasing of the annealing temperature.
The films have been saved high optical transmittance properties in the argon
atmosphere when compare with the other films that annealed in nitrogen and
vacuum ambient.
11. While optical transmittance values were decreasing barely, electrical
resistivity of the films were decreasing apparently with the increasing of the
pre-heat temperature to 400°C and annealing temperature to 700°C.
12. Forming of colour centres makes an increasing on optical density at the
wavelength range of 380-420 nm for all al dopant concentrations. At the
visible range the optical density peaks are became closer with decreasing of
the annealing temperature from 600°C to 450°C. This can be explained by the
increasing of the transmittance and decreasing of the adsorption with the
increasing of the annealing temperature.
13. Moss-Burstein shift were investigated with the broadening of the energy band
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gap from 3,26 to 3,34 with the increasing dopant concentration from 0,8 to
1,6 at. %.
14. The light transmittance, reflectance and absorbance of hexagonal ZnO:Al
nanocrystalline structure in the visible range (380-780 nm) was effected due
to the absorbed dose with ~ 0.65 kGy as the beta radiation cause to the micro
structural changes of ZnO:Al thin film. The light transmittance of the thin
film decreased due to the micro structural changes as the light absorbance
increased depending on the charge trapping of radiolytic electrons or holes
and the formation of defect centres and radiolytic electrons or holes. Electron
implantation altered the colour parameters of ZnO:Al due to the micro
structural changes of ZnO:Al. Electron injection by Sr-90 radioisotope leads
to the creation new colour centres by the beta particles. The emission of
electron particles by Sr-90 source caused to trapping at the holes of the film
structure. Brightness of the irradiated thin film decreased due to absorbed
dose.
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APPENDIX A.1

Figure A.1: Resistivity changes depends on Al concentration

APPENDIX A.2

Figure A.2: Optical transmittance spectra of the ZnO:Al films with different Al concentrations for
the films annealed in nitrogen ambient.
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APPENDIX A.3

Figure A.3: Optical transmittance spectra of the ZnO:Al films with different Al concentrations for the
films annealed vacuum ambient..

APPENDIX A.4

Figure A.4: Optical transmittance spectra of the ZnO:Al films depends on annealing temperature
for the films 1,2 at. Al doped annealed in vacuum ambient.

82

APPENDIX A.5

Figure A.5: Optical transmittance spectra of the ZnO:Al films depends on annealing ambient for
the films 1,0 at. Al doped.

APPENDIX A.6

Figure A.6: Optical transmittance spectra of the ZnO:Al films depends on annealing ambient for
the films 1,6 at. Al doped.
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APPENDIX A.7

Figure A.7: Optical density changes depends on Al dopand concentrations for the films annealed in
nitrogen ambient.

APPENDIX A.8

Figure A.8: Optical density changes depends on annealing temperature for the films 1,2 (at. %) Al
doped annealed in vacuum ambient.
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APPENDIX A.9

Figure A.9: The changes on the energy band gap of the ZnO:Al films with different dopand
concentrations at 500°C in nitrogen ambient.
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