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INVESTIGATION AND CHARACTERIZATION OF PH EFFECT 

ON TiO2 THIN FILM SURFACE 

ABSTRACT 

Thin film solar technology is used various devices that convert the sun light into 

electrical energy. These applications have been crucial for human life since they 

supply us clean and alternative energy sources. For this application many 

components can be used Cu2S, CdTe, CIGS, CNTS, and TiO2 etc. TiO2 is one of 

them and preferable for this technology because of its good electrical and physical 

properties.  

TiO2 based solutions prepared completely transparent are coated on ITO glass with 

different Ph values, sol gel dip coating method. This coated glass annealed with same 

temperature and same holding time.  

Previous research shows that pH factor has significant effect on the surface 

morphology of films.  Surface area and surface roughness are pH dependent 

parameters that very important for light conversion efficiency.   

In this study, the effect of pH on thin film surface morphology is investigated.  4 

different Ph values sols are coated on ITO glass. These glasses annealed in the 

furnace with same temperatures and same holding time. The results are determined 

with several methods. Chemical properties determine by X-ray photoelectron 

scanning (XPS), X ray diffraction scanning (XRD) surface properties and roughness 

values investigated by atomic force microscopy (AFM), and ellipsometry. The XPS 

and XRD results show that, because of the low working temperatures there is not any 

change in chemical structure of TiO2. The material that we study is glass. Above 

600°C chemical structure of glass can be deteriorated. We carried out our experiment 

below this temperature. 

Keywords: TiO2, Thin Film, pH, surface area, surface roughness. 
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TiO2 İNCE FİLM YÜZEYİNE PH FAKTÖRÜNÜN ETKİSİNİN 
ARAŞTIRLMASI VE KARAKTERİZASYONU 

ÖZ 

Bu çalışmada TiO2 esaslı farklı pH değerine sahip çözeltiler hazırlanmış ve cam altlık 

üzerine kaplaması yapılmıştır. Kaplanan çözeltiler ısıl işleme tabii tutularak ince film 

oluşumu gerçekleştirilmiştir. Amaç pH etkisinin film yüzey alanına etkisini 

araştırmak ortalama pürüzlülük değerlerini hesaplamaktır. Bu amaçla sol gel 

daldırma kaplama yöntemi ile kaplaması yapılan numuneler aynı sıcaklık ve 

sürelerde ısıl işleme tabii tutulmuştur. Alınan sonuçlara göre artan pH ile daha 

pürüzlü bir film yüzeyi elde edilmesine sebep olmuştur. 

Anahtar kelimeler: TiO2, İnce Film, pH, yüzey alanı, yüzey pürüzlülüğü. 
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CHAPTER 1 

INTRODUCTION 

Increasing human population cause increasing energy demand and bring together 

some problems. The sources in our world became insufficient.  For this reason 

alternative resources attract researchers and various devices developed to take an 

advantage of our natural power. Photovoltaic and solar cell technology provided us 

obtaining alternative energy from the sun. Solar cell technology is available for 

transform solar energy into electrical energy. This technique is performed 

to power electrical devices. In a lot of homes and workplaces SCs are used for 

supporting alternative energy. The importance of this technology is undeniable. In 

near future such an alternative devices became a must. With further development and 

larger admission this technology became a solution to the increasing energy demand. 

So, improve the efficiency of these cells have been our priority objectives [1]. 

Various SCs are available such as, thin film SC, polycrystalline and single crystalline 

silicon SC, photochemical SC etc. Thin film SC is produced by coating one or more 

thin layers on a substrate material. These layers whish coated on a substrate also be 

PV material, glass, plastic or metal. Due to large scale power generation TF 

photovoltaics are advantageous. This technology offers us high production capacity 

with using less material and energy entrance in the manufacturing step process and 

by the deposition process this technique can be integrated module structures [2-4]. 

According to Green the crystalline silicon is the first generation photovoltaic 

technology and the second one is TFPVs. TF crystalline silicon, copper indium 

gallium diselenide (CIGS), amorphous silicon (a-Si), cadmium telluride (CdTe) etc. 

all of them are TFCS materials. “(Green, 2001).” 

Typical silicon SC has less absorption absorption coefficient than TF semiconductors 

and also TFSCs needs thinner layer than Si. So with this way less material used for 

the semiconductor layer in TFSC. Thus, the cost of semiconductor material is 
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decreased; more expensive semiconductors can be used in TF. 

“(Goetzberger&Hebling, 2000).” 

The properties which given below are the reasons for the preference of TF 

technology. 

 There are many deposition techniques for fabrication of thin film. These 

techniques are chemical, physical, electrochemical and plasma deposition 

techniques. 

 According to deposition technique, process parameter and substrate material 

different microstructures can be obtained in TF materials. 

 Different shapes, sizes, areas and various types of substrate materials are 

present. 

 Due to easy solubility properties compatible and incompatible materials can 

be produced. 

 With appropriate components the deactivation operation of grain surface and 

the boundaries is possible. 

 Various kinds of arrangements can be obtained. For example, single, tandem 

and electronic junctions. 

 Various characteristic features can be obtained with desired value. 

 Surface properties can be changed to supply barrier effect for interlayer 

diffusion. 

 For obtaining proper optical reflectance-transmission ratio surface 

modification can be possible. 

 For fabricating SC, combination of unit and singular SC can be accessible. 

 TFs are called ‘Green Processes’ apart from material and energy 

conversation they are environmentally benign [5]. 
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1.1 TiO2 and Polymorphism of TiO2 

Titanium dioxideis used in this study because of its attractive properties. Among all 

elements TiO2 is the ninth most abundant element in the earth.“(Gullichsen, 2000)”.  

Pure TiO2 is a form of crystalline. It is situated in d block of periodic table and shows 

same properties as other d block elements. “(Lewis 1988).” 

At atmospheric pressure condition Ti is naturally found in oxide form of titanium. 

Rutile, anatase and brookite terms are three polymorphs structure of TiO2.  Rutil is 

stable and the others are metastable phase. Brookite phase is rarely studied because 

its synthesis is quite difficult. Besides them TiO2 has five high pressure phase.   

 Type of srilankite polymorph, 

 Type of cubic fluorite polymorph,  

 Type of pyrite polymorph 

 Type of monoclinic baddeleyite polymorph, 

 Type of cotunnite polymorph [6]. 

Rutile and anatase are two different forms of TiO2 are given below [2]. 

 

Figure 1.1.Crystal structure of anatase titanium dioxide [2]. 
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Figure 1.2.Crystal structure of rutile titanium dioxide [2]. 

A crystal structure of rutile form is more compact than anatase form. Due to this 

chemical structure density and refractive index values of anatase is very low and less 

stable than rutile ”(Gullichsen, 2000)” 

 

 

Figure 1.3 Reaction boundaries of phase transitions in TiO2 [6]. 
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Table 1.1 Properties of anatase and rutile [6]. 
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Titania is also used various technological areas; 

• Energy 

 Electrolysis of water to produce hydrogen  

 DSSCs 

• Environment 

 Purification of air 

 Water treatment 

• Built Environment 

 Self-cleaning coatings  

 Non-spotting glass  

• Biomedicine 

 Self-sterilizing coatings [6]. 

As Sommeling and Späth(2008) said thatTiO2 SC has the potential to reach low costs 

in future power technologies. 

An equipment of TiO2 SC needs quite low power output since this is easily obtained. 

Fabrication process of SC is more flexible due to the efficiency concern is less strict.  

Since the fabrication process is more flexible and the costs are lower, SC technology 

provides to researchers alternative production. “(Sommeling&Späth 2008).” 

Due to the good photocatalytic properties of TiO2 it is very fine material for solar 

cells. 
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Figure 1.4 Working Principle of TiO2 Solar Cell [2]. 

Three primary steps of the working phenomena of PV cell are given below: 

 Light absorption  

 Charge separation 

 Charge collection 

TiO2 is very attractive material because of its good properties. It has convincing 

energy conversion efficiency values, fabrication process of it is quite easy and also 

low cost material. Additionally all the photocatalytic effect of TiO2 is relatively 

high.  

1.2 Photocatalysed reactions of TiO2 

TiO2 surface contains adsorbed radical groups which are come from air or water. 

Through these radicals photo catalysed reactions happen easily. These radicals have 

free unpaired electrons. When TiO2 surface exposed the radiation energy these free 

electrons formed. Than en electron is move to conduction band from the valance 

band. As shown in Figure 1.5 these electrons which move from valance band to 

conduction band leave behind an electron hole in the conduction band. The electrons 

cause the reduction of electron acceptors while the holes cause an oxidation of 

electron donors. Following reactions are given below explained the photo generation 

of radicals clearly. 
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TiO2  ݒ݄ ↔ hା  eି        (1) 

hା  H2Oabsorbed ↔ Hା  OH       (2) 

hା   OHି
absorbed ↔ OH       (3) 

 

 

Figure 1.5Schematic illustration of photo-generation of charge carriers [6]. 

 

eି  O2absorbed ↔ O2ି        (4) 
 

In this reactions, a point is demonstrated an unpaired electron, h+ is the electron hole 

of valance band and an conduction band electron is symbolized by e- . 

Positive and negative charge carriers are formed by UV radiation. They tended to 

recombine and one way or another semiconductor is working as a photocatalyst. 

Titania’s photocatalytic ability is depends on its high surface area. This property 

affects its optical properties at the same time. Due to high surface area the electrons 

of which energy values are between the conduction band and valance band have 

higher density. These electrons are come from finalized and unsaturated bonds on the 

surface. Because of these sites charge separation phenomena is occurred easily. For 

photo-generated charge carriers, these areas are excellent trapping sites. Among all 

semiconductors TiO2 has rather small rate of charge recombination. There is a 

suggestion about this situation point out the photo generated electron-hole pair 
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requires min 0,1 ns life time for chemical reactions. And this situation makes TiO2 

quite advantageous [6]. 

Reactive components adsorbed by the catalyst surface, photo generated charge 

carriers prefer transferring to these adsorbates and forming radicals to recombining. 

So, it can be understood that for better and effective photo catalysation presence high 

density of reactive adsorbed species is essential [6]. 

One of the main reasons of TiO2usage in DSSC research is having high energy 

conversion efficiency. The table shows the efficiency result which are found by 

Gratzel group “(Green 2001, Grätzel 2000, Nazeeruddin et al. 1993, 

O'Regan&Grätzel 1991)” 

Tablo 1.2Some TiO2 SC application results and their efficiency behaviour.“(Halme 2002)” [2]. 

 

L=2,2’bipyridyl-4,4’-dicarboxylic 
L’’=2,2’bipyridine 
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For achieving high energy conversion efficiency in the DSSCs a dye is very 

important. The dye must be an efficient charge transfer sensitizer and the table shows 

also the most favored dye is improved by the Gratzel group. 

According to Gratzel as an electron acceptor to support a molecular or DT sensitizer 

in DSSC technology TiO2 is the most major nanocrystalline semiconductor oxide 

electrode [7]. 

Zhu et alin DSSC technology new researches shows that TiO2 surface morphology is 

fairly important for cell efficiency and light scattering phenomena. In order to 

enhance these parameters, DSCC can be made by frequently ordered TiO2 nanotube 

arrays [8]. 

According to Gratzel and Brian O’Regan they determine a PC technology made from 

the materials which their purity gradients vary from low-medium values. Through 

low cost fabrication methods which exhibits a commercially energy-conversion 

efficiency. This cell made with TiO2transparent film with the thickness of 10 mm. 

the area of the film surface and the spectral properties of the dye mainly effect the 

circumstance of solar energy flux (%46) and the light conversion efficiency is high 

(over %80). A range of the total energy conversion is 7.1-7.9% in simulated solar 

light and 12% in adsorbed daylight [9]. 

Zainun et al. reported about Cu2O/TiO2heterojunction solar cells made by using 

electrochemical deposition (ECD).  They demonstrated simple and low cost of solar 

cells by used ECD methods. However, its efficiency is still lower (less than 0.1%) 

[10]. 

Li and Wang et al. using TiO2 nanoparticles less than 20 nm prepared dye sensitized 

solar cell. The efficiency of the cells depend upon the size and crystallinity of the 

particles [11]. 
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Murakami, Gratzel and Ito found that optimization the thickness of the TiO2 layer 

acting as the working electrode affect both photo voltage and photocurrent of the 

device coated on the TiO2 photo anode by an antireflection film results in 

enhancement of the photocurrent. Each of these components of film fabrication 

exerts a significant influence on the overall photovoltaic parameters of the devices 

resulting in improvements in the net energy conversion performance [12]. 

During the formation of thin film the coating technique is very important part. One of 

the good feature of the thin film solar cell is various simple or sophisticated 

deposition techniques can be possible. According to working condition or application 

area the coating technique can be varied. 

For manufacturing TFs various methods have been used to fabricate thin films. But 

generally thin film deposition techniques divided in two groups; chemical and 

physical coating methods. Chemical vapor deposition, sol-gel,spray pyrolysis, atomic 

layer epitaxy and spin coating which are application of chemical coating technology.  

Physical coating techniques are separated into two class; sputtering and evaporation 

such as ion beam sputtering, magnetron sputtering, vacuum evaporation, electron 

beam evaporation and laser evaporation [13]. 
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1.3 Chemical Coating Techniques 

1.3.1 Chemical Vapor Deposition(CVD) 

In CVD technique vapor phase components react with each other. End of the this 

reaction a solid film occurred on the surface. This process is carried out with the 

presence of thermal and radiation energy the pressures vary from 0.01 to 1 bar and 

the temperature values are between 200°C to 2000°C.  

During the CVD process in reaction chamber, there is an inert gas which mostly used 

Ar react with the gaseous precursor components. End of the process, the solid is 

formed with two ways. As a coating solid, the reaction proceeds heterogeneously but 

as a powder solid, the reaction proceeds homogenously. (In chamber the formation of 

films occur with heterogenous and homogenous reaction. Coating is done with 

heterogenous but for the powder formation happened with homogenous reaction) 

[14]. 

Fundamental aspect of this method is chemical reaction; therefore, the basic 

parameters of coating process and the reactions of the components should be 

properly examined. There are numerous types of chemical reactions occurred during 

this process. They are oxidation, pyrolysis, reduction, hydrolysis, synthetic chemical 

transport reaction etc [14]. 

CVD processes are essential techniques that used numerous applications such as 

refractory and other metals coating. CVD is also used for coating of semiconductors, 

borides, nitrides, carbides and oxides. Another important property is at the end of the 

deposition step the difference between the density value of coated material and the 

material common theoretical density is quite small. And also the material can be 

obtained with high purity, high thickness and the surface also has good adhesion 

properties.  In this technique the chemical abilities of the substrate are very 

important. Substrate material must be chemically inert at high temperatures and its 

structure has to be durable and must not be degradable with high temperature points 

[14]. 
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1.3.2 Sol-Gel Deposition Techniques 

Colloidal solid particles within the size of 0.1-1 μm dispersed in a liquid. Suspension 

of the particles occurs with the Brownian motions. Than two of the phases; liquid 

and solid are dispersed in each other. End of this chemical events a sol state is 

occurred. Sol state presents a solid network containing liquid components. The sol-

gel coating method follows four stages. For the first stage to form a sol, the solid 

particles dispersed in a liquid. Than for the coating step a deposition is performed 

with 3 different ways. These techniques are spray coating (SC), dip coating (DC), 

and spin coating. After that the colloidal sol particles are polymerized and with 

removal of the stabilizing compounds. Than producing a gel state which in a 

structure of a continuous network is completed. Organic or inorganic components 

remains and pyrolize at the final heat treatments and form an amorphous or 

crystalline deposition. 

There are some advantages of sol-gel technology. 

 It is possible to produce thin band-coating to provide perfect adhesion 

between the substrate and the coating  

 For provide corrosion resistance layer, thick coating can be produced. 

 Materials are shape into complex geometries in a gel state. 

 High purity products are obtained with this coating method. Also the sol and 

the gel composition can be controllable.  

 For the sintering step, the temperature can be kept low for example 200-

600°C 

 Despite the process is a very simple, economic and effective, high quality 

coating can be obtained.  

Besides them this technique has many disadvantages and some limitations due to the 

weak bonding, low wear-resistance, high permeability, and difficult controlling of 

porosity this technique used in only small scale production, not suitable for full 

industrial production. The maximum thickness of coating is 0.5 μm. Above this value 

the trapped organics caused failure during thermal treatment. And also substrate 
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material is very important in this technique. Thermal expansion property of the 

substrate is limits the application of sol gel coating [15-18]. 

Sol gel coating technique is divided into 5 classes. 

1.3.2.1. Dip Coating Method: 

Dip coating is one of the most desirable sol-gel coating technique that used by many 

researchers. In this process a substrate material is dipped in a liquid, hold in liquid 

with enough time than pulled with a specified speed. The experiment is carried out 

under atmospheric conditions and controlled temperature. 

Dip coating process divided into basically three steps: 

1. Dipping and holding time: the substrate is dipped into a transparent precursor 

solution at a constant speed than waited enough time for the interaction of the 

substrate with the coating solution is occurs. And so the sols reached every 

point of substrates. 

2. Deposition and drainage: The substrate is pulled upward at a constant speed. 

By the way excess liquid drained from the surface and the film deposition is 

occurred. 

3. Evaporation: evaporation of solvent from the fluid which can be promoted by 

heat drying. Than subsequent heat treatment burned out the residual organics 

and induced crystallization of the functional oxides [19]. 

The process of dip coating is schematically represented below. 

 

Figure 1.6 Coating steps of dip coating process (1) dipping (2) immersing (3) evaporation 

(1) (2) (3) 
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In dip coating process, evaporation of the solvent and destabilization of the sols 

controlled by the atmosphere and then with the solvent evaporation, gelation process 

occurs. Finally because of the particles, which in the size of nanometer range in the 

sols, transparent film is formed. The gelation process during dip coating is 

represented in Figure 1.7. 

 

Figure 1.7Schematic representation of dip coating process 

The resulting film must be dense. And this densification obtained by thermal 

annealing. The annealing temperature determination is depends on the composition 

and this temperature is limited by the properties of the substrate. 

The thickness of coatings is mainly depends on the substrate withdrawal speed, the 

viscosity of the liquid, and the solid content. The forces which are effective on the 

withdrawing step of the coating are represented below. 

1. Viscous drag upward on the liquid by moving substrates 

2. Gravity forces 

3. Resultant force of surface tension in the concavely shaped meniscus 

4. Inertial force of the boundary layer liquid arriving at deposition region 

5. Surface tension gradient 

6. The pressures of conjoining and disjoining process (important for films less 

than 1µm thick).  
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The processes of dip coating are used for plate, glass and bulbs and have also been 

improved for curved surfaces like eye glass lenses. Besides all of them dip coating 

technique is applying a scratch resistant coatings for plastic substrates [20]. 

1.3.2.2. Spin Coating Method 

Spin coating method is another technique of sol gel deposition. In this process the 

substrates rotated around an axis which must be vertical to the coating area.  This is 

very simple and rapid process. Due to the centrifugal force spin coating provides 

very uniform coating on the surface of the substrate. There are four stages of spin 

coating process shown in figure given below. They are; 

1. deposition of sol,  

2. spin up,  

3. spin off and  

4. gelation by solvent evaporation.  

 

Figure 1.8Schematic diagram of the stages of the spin coating process [20] 

(1) (2) (3) (4) 
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In spin coating process owing to centrifugal force the coatings are tend to be more 

uniform and thinner than coating of dip coating process. The shape of the substrates 

does not matter in spin coating. 

The rhelogical parameters of the coating limit mainly effect the quality of coating. 

Rheology is the parameter that relies on particle shape, temperature, solvent, 

concentration and particle interaction. Reynolds number of the surrounding 

atmosphere is another important parameter. High Reynolds number means high 

turbulence. If the rotation velocity is in a range that the atmospheric friction leads to 

high Reynolds numbers, disturbances in the optical quality are observed [20]. 

1.3.2.3. Spray Coating Method 

Spray coating is known as an industrial method for organic lacquers. Coatings of 

irregularly shaped glass such as pressed glass parts, lamps or container glass are also 

possible with spray coating process. This technique is advantageous because it is fast 

and waste of sols is quite small. 

In spray coating method very fine droplets which are in nanometer range are sprayed 

onto a substrate surface and due to these fine droplets very homogenous coatings can 

be obtained. Because of the high reactivity of these particles when hitting the hot 

surface, a continuous glass film can be formed [20]. 

1.3.2.4. Flow Coating Processes: 

A Figure 1.9 is given below shows the flow coating process schematically. In flow 

coating process, the coating material is poured over the substrate to be coated. The 

thickness of coating is depends on the angel of slope of the substrate, viscosity of 

coating material and the evaporation rate of solvent. This method is used for 

automotive glazing application and functional coating application.  For more 

homogenous coatings the spinning of the substrate process can be employed after the 

coating step [20]. 
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Figure 1.9 Schematic diagram of the flow coating process [20] 

1.3.2.5. Capillary Coating: 

Spray and spin coating process are characterized by the fact the coating material 

cannot be brought all onto the substrate. So, in spray coating process more than 

100% overspray is obtained, and similar amounts are wasted with spin coating.  To 

overcome these wasted problems this method is developed. The capillary coating 

process provides solution reservoir collecting the excess of fluid and a pumping 

system to ensure a continuous solution feed during the deposition travel besides the 

coating. The coating thickness is depends on the deposition rate. Schematic 

representation of this process is given below [20]. 

 

Figure 1.10 Schematic representation of capillary coating [20] 
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1.3.3 Spray Pyrolysis Technique 

Spray pyrolysis is a sophisticated and useful technique. Spray pyrolysis technique is 

used in production of thin and thick films, application of ceramic coatings and wide 

variety of powders. Metal oxide, chalcogenide and even metal films have been 

produced by this technique. Spray pyrolysis is very simple and economic process 

which does not need high-quality substrates or chemicals. For dense, porous and 

multi layered films the method of spray pyrolysis can be feasible and very important 

method for solar cell application [21]. 

Typical spray pyrolysis equipment consists of an atomizer, precursor solution, 

substrate heater, and temperature controller. In spray pyrolysis process there are 

several types of atomizers used for coating such as air blast (the liquidis exposed to a 

stream of air) ultrasonic (ultrasonic frequencies provides fine atomization) and 

electrostatic (the liquids exposed to a high electric field). 

In spray pyrolysis, there are parameters that strongly affect the quality and the 

properties of the film. One of the most important parameter is the surface 

temperature of the substrates. When the substrate temperature increases, we could 

obtain the films which are rougher and more porous and also the temperature is too 

low the films might cracked. The deposition temperature also influences the 

crystallinity, texture, and other physical properties of the deposited films. Other 

major parameter is precursor solution which affects the morphology and the 

properties of the deposited films. In addition, the film morphology and properties can 

be strongly changed by using various additives in the precursor solution [21]. 

1.4 Physical Coating Techniques 

1.4.1 Sputter deposition 

Sputtering is the ejection of atoms by the bombardment of a solid or liquid target by 

energetic particles, mostly ions. Sputter deposition is a commonly used technique to 

deposit thin films on substrates. This technique is part of the class of physical vapor 

deposition techniques. The method is based on ion bombardment of a source 

material, the target. Ion bombardment results in a vapor due to a purely physical 
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process, i.e. the sputtering of the target material. The target can be powered in 

different ways, ranging from dc for conductive targets, to rf for non-conductive 

targets. This technique is applied in both research laboratories and industrial plants to 

deposit a lot of materials.  

In this technique the interaction between the ion and the target, is a first priority. 

Sputtered target atoms are ejected with substantial kinetic energy, of the order of or 

larger than bond energies, and hence can significantly affect film growth kinetics and 

microstructure. Thus, energy loss mechanisms during transport in the gas phase are 

important [22]. 

In a characteristic sputtering system positive ions are move from plasma to a target 

that is at a negative potential with respect to the plasma. (Figure 1.6.)the ions hit the 

target surface due to an energy coming from the potential drop between the target 

and the plasma. The surface of target is considered as the source of material. The 

films are grown on target surface. And also the sputtered material is liberated from 

the bombarded surface that finally formed as a film. At the target surface many other 

events can be occurred. They are, secondary electron emission, secondary positive 

and ion emission, emission of radiation, heating, chemical dissociation or reaction 

and others. These events may influence the film growth. 

 

Figure 1.11 Sputtering mechanism [23] 
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In sputtering principle, clean substrate must be used prior to deposition process of 

film. The substrates are cleaned and their surfaces are free from the grass and the 

other surface contaminations before the substrates are put into vacuum chamber [23]. 

Types of sputtering techniques are; Ion beam sputtering, magnetron sputtering, 

reactive sputtering. 

1.4.2 Evaporation deposition 

Evaporation is the common and very old method of coating thin films. Among 

physical vapor deposition techniques thermal evaporation is the longest standing 

tradition. [24]  

In evaporations technique, material source is heated to high temperature with thermal 

or electron beam methods and evaporated in a vacuum chamber.  Through the high 

vacuum the vapor material transport to the substrate and stick onto the surface. Then 

the vapor material back to the solid phase thus the coating through the evaporation is 

completed [25]. 

A typical evaporation system is consists of an evaporation source (which can be a 

thermally heater, electron beam, laser beam, etc.) source material, the substrates 

material and the vacuum chamber. The substrate is placed at a suitable distance 

facing the source of evaporation. In a high vacuum chamber (P < 10-5 Torr) substrate 

material is heated with resistive or e-beam sources. And also high vacuum is 

performed for minimize the collisions of source atoms with background things 

(light). Desired material is in vapor phase, transports the target surface in vacuum 

atmosphere. Film thickness must be controlled with using a quartz balance because 

the deposition process can not be performed again. Physical surface interaction force 

are too fast (>1m/min). High sticking coefficient which means atoms stays 

wherever it hits, causes poor coverage due to the limited surface migration. Because 

of this situation with this method desired densely film could not be produced. But 

this also makes this process very advantageous choice for nanofabrication using 

liftoff process [25]. 
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In evaporation techniques deposition rate is determined by emitted flux and by 

geometry of the source and wafer [25]. 

Evaporation techniques is offers us some advantages such as high film deposition 

rates, due to the involving high energy particles substrate materials damage is less, 

high purity of film, etc. This method has some disadvantages:  control of film 

composition is quite difficult, the technique does not capable of in situ cleaning of 

substrate surfaces, step coverage is difficult, etc. 

Evaporation techniques are divided into 3 groups. They are; Vacuum evaporation, 

Electron beam evaporation, laser evaporation [26]. 

In thin film studies, choosing deposition techniques and optimizing the better 

conditions is very important step. The studies with using different coating techniques 

are available in literature. Nanocrystalline TiO2 thin film prepared by chemical vapor 

deposition techniques. CVD parameters optimized for better thickness and the 

conclusion is for better thickness homogeneity appropriate conditions are high Ar 

flux and longer plasma distance [27]. 

Transparent conductive Nb-doped TiO2 films deposited by reactive sputtering 

method. For the oxidation of the substrate surface is controlled by the reactive 

sputtering feedback system across the entire range of O2 flow ratio in the transition 

region, enabling a stable and highly reproducible deposition. the reactive sputtering 

with an impedance feedback system successfully controlled the metal-oxygen 

stoichiometry  precisely [28]. 

Sn-doped ZnO thin films with 0%, 0.5%, 1%, 1.5% and 2% Sn were grown by spray 

pyrolysis method on glass substrates under optimized conditions. Low concentration 

Sn-doped ZnO thin films grown on glass substrates by the simple and low cost spray 

pyrolysis technique, the doping improves the optical properties of the films, 

especially for a 0.5%Sn concentration, facilitating the incorporation of such films 

into low cost optoelectronic devices [29]. 

Transparent conducting phosphorus fluorine Co-doped tin oxide (SnO2:(P,F)) thin 

films have been deposited onto preheated glass substrates using the spray pyrolysis 
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technique by the various dopant quantity of spray solution. The physical properties of 

the prepared films with various levels from very low to high doped was investigated. 

It was observed that the physical properties of the films strongly depend on the 

doping level.  The study shows that for multi doping of semiconductor films, very 

low level doping is necessary [30]. 

As we can see above, tens of coating techniques are mentioned in literature.  To 

fabricate TiO2 films, there are number of methods including sputtering, chemical 

vapor deposition, and sol-gel process. The sol-gel technique offers many advantages 

over other deposition techniques due to the use of very simple and inexpensive 

equipment [31,32]. 

1.5 Synthesis Reaction of TiO2 Nanoparticles by Sol-Gel Method 

TiO2 nanoparticles are synthesized with sol-gel method, using titanium based 

chemicals as a precursor. Successfully synthesized TiO2 nanoparticles are reported. 

The sol-gel technique is most useful methods due to its possibility of obtaining 

metastable structure at low reaction temperatures and perfect chemical homogeneity. 

In sol-gel process TiO2 is obtained by the reactions of hydrolysis and 

polycondentaion of titanium alkoxide (TiOR)n to form oxopolymers, which are 

transformed into an oxide network. These reactions can be presented in below.  

Hydrolysis; 

M(OR)n + H2O → M(OR)n-1 (OH) + ROH     (5) 

Condensation Dehydration; 

M(OR)n + M(OR)n-1 → M2O(OR)2n-2 + ROH    (6) 

Dealcoholation; 

2M(OR)n-1(OH) → M2O(OR)2n-2 + H2O                (7) 

The overall reaction is; 

M(OR)n+ H2O → MO n/2 + nROH        (8) 

Ti is represented by M, alkyl group shown by R. the relative rates of hydrolysis and 

condensation strongly depended on the structure and properties of metal oxides. 
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Important factors that effect the formation of metal oxides are reactivity of metal 

alkoxides ,alkoxides ratio, pH of sols, nature of solvent, additives and reaction 

temperature. Due to the this parameters different surface chemistry and 

microstructure can be produced [33]. 

Several pH-dependent rate profiles have also been reported for the hydrolysis and 

condensation reactions, where it has been found that reaction rates are largely 

dependent on pH, For instance, at pH = 7, molecular hydrolysis occurs at a slow rate, 

while molecular condensation occurs at a fast rate. It is this inverse relationship 

between the rates of the hydrolysis and condensation reactions that must be taken 

into account in controlling the kinetics of the reaction and therefore controlling the 

ultimate network structure [34]. 

About pH effect, some studies are available in literature. ZnO films deposited at 

different pH values. A strong influence of pH on the crystalline growth is clearly 

observed. The surface morphology of the films is found to improve with increase in 

increasing pH values. The size distribution of grains appears to be less homogenous 

for lower pH values. The grain size increases with increase in pH of the precursor 

solution. This study shows also the increase in pH values of range 4,6,8 and 10 

decreases the band gap energy from 3.32 to 3.14 eV [35]. 

Another study shows that the surface morphology of the films is greatly dependent 

on the type of the sol. the film from the base sol consists of agglomerated titania 

particles which may cause the surface to be non uniform. The films from the acid 

sols, however, are very dense with much smoother surface. The sol pH influences 

thickness and grain size. Indeed, grain size and thickness increase with increasing the 

sol pH. It should be mentioned that film weight for the acid and base sols are 0.2 and 

0.5g respectively. The surface of the film deposited from the base sol is composed of 

agglomerated titania particles while distribution of the particles on the surface is non 

uniform. The roughness of the surface which is about 16 nm. However, the film from 

the acid sol is dense and its surface is smooth and uniform, in this case the roughness 

profile of the acid film is 6 nm [36]. 
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According to other experiment, the thin films prepared at pH 3 showed homogeneous 

and well covered on the substrate. These films consist of small grains (0.2 µm) which 

lead to deposition of smoother films (17 nm). As the pH increases up to 7, the 

number of grains decreases and larger grain size could be obtained. The roughness 

values of 31 and 56 nm have been observed for samples prepared at pH 5 and 7. Root 

mean square (RMS) roughness is defined as the standard deviation of the surface 

height profile from the average height, is the most commonly reported measurement 

of surface roughness “(Jiang et al. 2005)”. The surface roughness of the film is 

unavoidable since grains were grown with different sizes and spherical in shapes. On 

the other hand, the fine grains were observed for the film prepared at pH 9. The grain 

size of the film was estimated to be 0.15 µm in diameter, which is much smaller than 

the grain size of the film prepared at pH 3. Therefore, the pH leads to change of the 

film morphology. The thickness of the film with pH for ZnS thin films. It is clear that 

the thickness of the film increased as the pH was increased up to 7. However, the 

films deposited at pH 9 produced thinner films compared to other pH values [37]. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURES 

2.1 Materials 

2.1.1. Indium tin oxide (ITO) 

ITO is a complex compound that includes indium, tin and oxygen elements in 

different proportions. The oxygen contents can varies and according to this contents 

ITO structure may be ceramic or alloy. The formulation of ITO is 74% In, 18% O2, 

and 8% Sn by weight. The compounds of oxygen saturated compositions are so 

usual, but unsaturated compositions are called oxygen deficient ITO. In thin layer 

form, it is colorless and transparent but the structure in bulk form it is yellow to 

grey.It is behave as a metal like mirror in spectrum infrared region [37]. 

ITO is most used TCO compounds. The main reasons of this usage are,its electrical 

conductivity and optical transparency. Due to low electrical resistivity properties (10-

4 Ω) ITO thin films are worked as n-type semiconductors. The reason of low 

resistivity value of ITO thin films is high career concentration. Additionally, ITO is a 

wide band gap semiconductor (Eg=3.5-4.3 eV) so that in the visible range of the 

electromagnetic spectrum, it shows high transmittance (˃80%). The optical and 

electrical properties of ITO are mainly depends on the concentration of Sn+. 

The areas in which ITO used extensively are;  

 Flat panel displays (FPD)  Gas sensors 

 Antireflection coatings  Energy efficient windows 

 Heat reflecting mirrors  Solar cells 

There are various techniques to produced ITO thin films; [38]. 

 dc and rf sputtering  Electron beam evaporation 

 Spray pyrolysis  Pulsed laser deposition 

 Ion-assisted deposition  Sol-gel process 
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In a powder form, indium tin oxide (ITO) is yellow-green in color, but it is 

transparent and colorless when deposited as a thin film at thicknesses of 1000-3000 

angstroms. When deposited as a thin film on glass or clear plastic it functions as a 

transparent electrical conductor [39]. 

ITO glass slides were used as a substrate for fabricating polymer solar cells based on 

blends of polymeric semiconductors and organic light emitting diodes (OLEDS). 

Transparent heater arrays were fabricated by etching on ITO substrates for a 

cantilever-free printing tool [40]. 

 

Figure 2.1 Indium Tin Oxide Glass 

Properties of ITO coated glass is given table 2.1 below. 

Table 2.1Properties of  ITO coated glass(Sigma Aldrich) 

                             

Chemicals which containing TiO2 are obtained from Alfa-Aesar. They are ordered 

for solution preparing of sol gel coating step. The list of chemicals that we ordered 

for solution preperation is shown in Table 2.2. 
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Table 2.2List of chemicals 

Name Company Linear Formula Molecular Weight 

Titanium ethoxide ALDRICH Ti(OC2H5)4 228.11 

Titanium butoxide Alfa-Aesar C16H36O4Ti 340.36 

Titanium methoxide ALDRICH Ti(OCH3)4 172.00 

Titanium nitride Alfa-Aesar TiN 61.91 

Methanol ALDRICH CH3OH 32.04 

Acetyl acetone ALDRICH CH3COCH2COCH3 100.12 

Hydrochloric acid ALDRICH HCl 36.46 

Acetic acid ALDRICH CH3CO2H 60.05 

Potassium Hydroxide ALDRICH KOH 56.11 

 

2.1.2. Sample preparation 

2.1.2.1 Solution 

Solutions prepared with TiO2 containing chemicals, acetyl acetone (chelating agent) 

and methanol (solvent).  

According to solubility properties of the mixing components amount of acetyl 

acetone can be increased with little amount.  

Solution is mixed with the magnetic stirrer between 2 and 24 hours, according to 

solublity properties of the components. 

 

Figure 2.2The resulting solution is totally homogenous. 
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As a TiO2 based chemicals we used titanium ethoxide, titanium bütoxide, titanium 

metoxide and titanium nitride. Titanium methoxide and bütoxide are very suitable 

components for coating solution due to their good solubility properties.  

On the other hand, because of the chemical situation of the titanium ethoxide, it was 

not possible to solve it, and also solution is prepared with titanium nitrate we cannot 

achieved complete dissolution. 

 

 

 

 

 

 

2.1.2.2 Ph Value of Coating Solution 

We are especially focused on the ph effect on the surface properties of thin film. For 

this reason solutions with different pH values prepared step by step. The pH value of 

the solution is measured by pH meter which is trade mark of pL-700PD bench pH 

meter. 

Figure 2.3 The  sollution prepared with 
Titanium methoxide is fully transparent. 

Figure 2.4 The sollution prepared with titanium 
nitrade cannot be solved completely 
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Figure 2.5 Desktop type Ph meter 

The desired pH value is achieved by adding acetic Acid. Because of the pH ranges 

arranged in a quite small value, acetic acid is added with a millimetric burette. By 

using a strong acid, solution preparation process would be very difficult. That is why 

we used acetic acid. 

Solution pH values vary between 3,5 - 5,0. For dense and non porous film coating, 

the solution pH values must be in acidic limits [19]. After the acid addition process 

the solution is mixed for 24 hours.  
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Figure 2.6Solutions with different pH values 

After the solution preparation the coating step is performed. The coating technique is 

sol gel dip coating method. 

2.1.2.3 Drying/Firing the Coating 

The furnace is made for only coating process. In a vertical position furnace has a 

chamber with equal temperature distribution. For the coating step the furnace 

temperature is setted at 450 ºC this temperature kept constant during the coating 

process. 
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Figure 2.7. Vertical Drying Furnaces 

2.1.2.4 Samples 

ITO glasses with 25*25 mm size are cleaned firstly, than without doing any 

operation samples pulling into the vertical furnace chamber than hold for 15 second 

for the purpose of removal the oxide residues on surface.  ITO coated-glass 

substrates are ready for coating by thermal cleaning. 

2.1.2.5 Etching 

Coated films are used in solar cell so that efficiency measurement is very important 

at this point. For this reason the ITO substrates are etched with HCl+Zn mixture. In 

this way, indium tin oxide layer on the glass is removal and conductivity should be 

measured directly on the glass with multimeter.  
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2.1.2.6 Process 

The solution which became totally homogeny, taken on the magnetic stirrer. 

ITO coated glass dipped into the solution. The solution reaches every point of 

substrates. Then pull into the furnace. Coated substrates pull into the furnace heated 

before for the first gelation and formation of film. The coated glass holds for 15 

seconds into the furnace.  Thus, the first gelation process is carried out. 

Amount/number of dipping can be varying according to after coating processing 

desired properties or characterization methods that will be applied. Forming of thin 

film can be seen in figure given below. 

 

 

Figure 2.8 Sol-Gel Dip Coating Method 
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2.1.2.7 Annealing Process 

After the coating and first gelation step the samples are put horizontal tube furnace 

for the final annealing process.  During the step of determining the temperature range 

of annealing process, it must be considered that the samples are glass.  Above the 

600ºC the glass samples may be cracked. For this reason, annealing temperatures are 

kept below this temperature point. For determine the effect of temperature and 

holding time on surface properties annealing process steps given table 2.3 below 

Table 2.3Process steps 

Process 

Temperature(ºC) Time(min) pH 

450 60 3.5 

450 60 4.0 

450 60 4.5 

450 60 5.0 

 

 

Figure 2.9 Annealing furnace  



 

35 
 

 

 

Figure 2.10 Temperature profile applied for thermal treatment of the samples 

After annealing process the samples are stored clean and pure conditions. 

Table 2.4Sample list 

Sample code 
Annealing 
Temperature(ºC) 

Annealing 
time(Min) 

pH Precursor 

A1 450 60 3.5 Titanium metoxide 

A2 450 60 4.0 Titanium metoxide 

A3 450 60 4.5 Titanium metoxide 

A4 450 60 5.0 Titanium metoxide 

B1 450 60 4.5 Titanium butoxide 

 

2.2 Characterizations 

2.2.1 Surface Analysis 

If a scientist is studying samples at nano scale, obviously make sense the using 

atomic force microscopy (AFM), because of its properties such as most versatile and 

powerful microscopy technology. It is the surface characterization techniques and 

used for measuring the surface topography. This device can investigate the surface 

morphology from angstrom level up to 100-150 microns [41].  To observe the 
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surface properties of the specimen such as roughness at a high resolution, and to 

discriminate a specimen based on its mechanical properties (such as roughness and 

hardness) and, additionally, to carry out the microfabrication properties of a 

specimen (such as, an atomic manipulation), an atomic force microscope (AFM) can 

be used [42]. 

This technique is based on the interactions between the tip and the surface atoms. 

Working principle of typical AFM is rather simple. As can be seen in the Figure 2.10 

A tip which is in the size of few microns level is placed end of the cantilever. These 

tip scanned over the sample surface. During the scanning process the interatomic 

forces (10-11-10-6 N) which are occurs between the surface and the tip, lead to 

deflection of the cantilever. This deflection measured with a probe to get the 

topography of the scanned area. With this way, the information about the growth 

mode, surface roughness parameters, types of surface defects and the volume/density 

of the surface defects can be measured from the AFM results [41]. 

 

 

Figure 2.11Working principle of AFM instrument 

The working principle of AFM is depends on 3 basic steps. 

Surface sensing, detection method and imaging. 
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2.2.1.1 Surface Sensing 

An AFM can scan the surface with three modes. They are contact mode, non-contact 

mode and tapping mode. The modes of analysis are determined by the distance of the 

sample surface to tip. A Figure 2.11. given below shows the interaction forces 

between the sample surfaces to tip versus the surface-tip distance.  

For the first situation when the tip come near to the sample surface, the tip is 

attracted weakly by the surface. (right side of the curve) When the Surface-tip 

distance decreased, this attractive force increased until the atoms which are on the 

sample and the tip surface begin to repulse each other. As a result of the distance 

decreased slightly repulsive force increased and total force at a specific distance is 

equal to zero. (0) at this point the physical contact occurs between the tip and the 

sample. After this point attractive force dominates the repulsive force (left side of the 

curve). In contact mode the distance between the sample-tip is in a level of a few 

angstroms. So the tip is physically contacted with the sample surface and subjected 

to repulsive forces. (10-9 N) In this mode, surface topography is obtained by the 

deflection of the tip or the change difference of the surface height. 

In non-contact mode the distance between surface-tip is approximately 50-150 Å. At 

this point attractive force is weaker than the forces at the contact mode and less 

sensitive the changes of surface height. The tip does not contact the sample surface 

but cantilever vibrates with specific frequency. When the tip approaches the surface 

the the changes of the frequency is measured. Using a feedback loop to monitor 

changes in the frequency amplitude due to the attractive forces than the surface 

topography can be measured.  

In tapping mode, the cantilever is oscillated at its resonant frequency. The probe 

gently taps on the surface of the specimen. By maintaining constant oscillation 

amplitude o constant tip-sample interaction is maintained and an image of the surface 

is obtained. [42] 
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Figure 2.12Schematic representation of interaction forces versus tip distance 

2.2.1.2 Detection Method 

For detecting the deflections of cantilever that caused from the surface features of the 

specimen, a laser beam is used. An incident beam reflects the surface and due to the 

slight changes which are encountered during the scanning of the specimen surface, 

are deflected the on the way of the reflected beam. For track this changes, a positive-

sensitive photo diode (PSPD) is used. So, an AFM tips passed over a raised surface 

feature the resulting cantilever deflection and the PSPD recorded the subsequent 

change in direction of the reflected beam [43]. 

2.2.1.3 Imaging 

An AFM images helps to achieve the topographical properties of a surface 

ofspecimen by scanning the cantilever over a region that we interested in. The 

deflection of the cantilever affected by the raised and the lowered features on the 

surface of the specimen, and it is possible to observe these features with help of 

PSPD. Using the feedback loop helps to control the height of the tip above the 

specimen surface thus, the atomic force microscope (AFM)able toproducea 

topographic map of the surface properties. 

In our experiment we worked AFM with contact mode. The measurement parameters 

are given table below. 
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Table 2.5The analysis parameters of AFM 

Head mode NC-AFM 

Source Topography 

Data Width 1024 (pxl) 

Data Height 256 (pxl) 

X Scan Size 5 (μm) 

Y Scan Size 5 (μm) 

Scan Rate 1.25 (Hz) 

Set Point -0.2 

Data Gain -26.433E-6 (μm/step) 

 

2.2.2 Thickness Measurements 

With improvements of thin film application in our everyday lives, a numerous of thin 

film thickness measurements have attracted a lot of attention from both researchers 

and manufacturers. Film thickness is very important parameter for material 

properties of thin films. For semiconductors, microelectronics, photonics, 

microsystems and the other engineering industries thickness measurements are 

excessive attention for researchers [44-45]. 

Many other various techniques can be used for measuring the thickness of thin films. 

Stylus profilometry, interferometry, ellipsometry, spectrophotometry and EPMA 

(Electron Probe Microanalyzer) are the few techniques, but not limited to, measuring 

thin film techniques. Also the proper measuring techniques to be used depending on 

the film characteristics are under continuous investigation. 

Throughout the production of thin film process even during the deposition step, it is 

essential to have much information about the current film thickness and so the 

primary duty of the thin film technology is specification on thickness of the thin film 

and the rate of deposition [46]. 
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A number of tools are used to measure properties such as surface roughness, texture 

and thin film thickness. Popular techniques to measure the thickness of thin films are 

such as stylus profilometry, interferometry, ellipsometry, spectrophotometry (XRF), 

Atomic force microscopy (AFM) and scanning electron microscopy (SEM), Electron 

Probe Micro Analyzer(EPMA). And the suitable method is chosen according to the 

film characteristic under ongoing investigations [47]. 

The stylus profilometer is the most common method to measure the thin film 

thickness. It is able to scan areas of tens of millimeters with a perpendicular range 

starting from few nanometers up to hundreds of microns. During the analyzing this 

tool contacts through the sample surface and able to cause a destruction of the 

surface of sample.  This situation is the main disadvantage of stylus profilometer[48]. 

Atomic Force Microscopy technique is used measuring in nano scale and for a 

surface scanning. It is possible to scratch the surface of film with using the contact 

mode of AFM. Instead of contact mode semi-contact AFM measurement can be 

performed. Besides them,for measuring of thin film, the AFM technique is expensive 

and time consuming. Moreover, both contact and semi-contact modes of AFM are 

scanning within less than hundreds of microns area with approximately tens of 

microns displacement in the vertical direction. The advantage of this technique is not 

required the electronically conductive sample [48]. 

For thickness measurements ellipsometer is another tool that evaluates the film 

surface. Ellipsometry uses the fact that light undergoes some change in polarization 

when the reflection from a surface of a material. The polarization change is 

characteristic of the surface structure of the sample. Besides the ellipsometer is non 

destructive methods also in stu study which means there is no affection on the 

process from this tool. And also this method requires only a low-power light source. 

The parameters that ellipsometer can be determined that given below. 

 Film thickness   Anisotropy Retardation  

 Refractive Index (n)   Phase Difference  

 Extinction Coefficient (k)   Surface Roughness 
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Many thickness measurement methods can not be used the films which have small 

dimensions and intricate geometries. Under this circumstance for the thickness 

measurements the techniques based on scanning electron microscopy (SEM), 

scanning transmission electron microscopy or electron energy loss spectroscopy can 

be preferable [49]. 

These methods are destructive and the samples should be prepared with cross-

sectional shape. Sample preparation for TEM and SEM by focused ion beam (FIB), 

the selection of sampling location is critical. Then the cross-sectional scanning 

images saved by the SEM built in FIB system [50-51]. 

An electron beam hit a sample surface, and the surface produced the secondary 

electrons as signal electrons. The signal intensity of electrons is dependent on the 

thickness of the measurement sample film thicknesses. The film thickness is reached 

200 nm, the intensity of backscattered electron changes. Below 200 nm intensity 

rapidly decreases. The maximum depth of the electrons scattered from the sample is 

approximately 200 nm. If the sample is thicker than this depth, the signal is constant. 

If the film is thinner than this depth the signal volume is reduces. 

Monitoring the back scattered electron intensity produces stable thickness 

measurements because the signal volume of backscattered electrons is less 

influenced by surface conditions than that of secondary electrons [52]. 

Thickness measurement is performed with SEM-FIB technique before with the same 

condition. 

2.2.3 Chemical Measurements 

2.2.3.1 XPS Analysis 

This method is one of the most admired surface characterization technique that also 

known as Electron Spectroscopy for Chemical Analysis (ESCA). XPS 

characterization technique has been in use extensively since it firstly developed by 

Kai Siegbahn. Because of the simplicity and ability in examination in chemical 

analysis with a high precisions and sensitivity this technique is used intensively. 
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As shown in Figure 2.12 XPS analysis, which uses X-rays as a photon source, is 

based on the photoelectric effect. So, as a probe source, X-ray source is used and 

electron analyzer analyzed kinetic energy of discharge electrons for obtained 

chemically resolved output. The electron energy analyzer consists of a sequence of 

electrostatic lenses, kinetic energy separator and a detector [53].  

 

Figure 2.13Working principle of XPS. 

The XPS analysis must be done in ultra high vacuum (UHV) atmosphere to increase 

the possibility of photoelectrons reaching the detector is increased against getting 

lost. The photoelectrons are separated by the electronic lenses and the analyzer, 

according to their kinetic energies to reach the detector. The energetically separated 

photoelectrons, which pass through the electron energy analyzer for a certain time 

period, are counted by the detector. The previous step the binding energy value 

evaluated from the kinetic energy information. The binding energy is calculated from 

the equation of Einstein’s relation 

BE = hυ = KE − Фspec       (9) 
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The binding energy shown by BE, KE is the kinetic energy of photoelectron, and hυ 

refers to the energy of X-ray photons. Фspec is the work-function of the electron 

energy analyzer of the instrument and this parameter should be eliminated the 

equation for conductive samples [53].  

XPS signals which are obtained from the binding energy of the photoelectron are 

varies, so XPS signals are classified and represent different atoms and provides 

distinct chemical and physical information about the sample [54].  

The XPS device can analyze only a few atomic layers that are on the top of the 

sample surface. Due to the inelastic collisions of photoelectrons XPS is able to scans 

s 1-20 μm depth into the sample [54]. 

The areas of XPS can be in used for; Elemental analysis, Chemical state analysis, 

Quantification, Depth profiling [54]. 

 Elemental analysis: XPS technique is mainly used to evaluate the sample 

surface. Besides this, clear elemental determination of atoms is performed 

owing to the specific value of peak position. (Binding energy) Many elements 

characterized by with this way except for helium and hydrogen elements. The 

amount of binding energy also supplies information about orbital of the atom 

from which photoelectron is released. The peak area is also important. In XPS 

technique theratios of the relative area between two spin-orbit peaksfor each 

p, d, and f orbital have evident values as 1:2, 2:3 and 3:4 respectively. 

 Chemical state analysis: XPS technique is able to determine the chemical 

state of the surface atoms of sample. Different chemical states are belongs to 

same elements in a sample might results shifting in the energies of binding. 

Different states of oxidation might cause some changes in the energy levels of 

core electrons in atoms than the kinetic energies of electrons can be effected. 

This shift is called ‘chemical shift’. 

 Quantification: The quantitative information about the sample surface is 

obtained out of the elemental analysis characterization by XPS. This 

determination of the sample surface in a range of 1 to 20 nm is done by 

calculating the relative atomic ratios by using the peak areas. 
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 Dept profiling: Depth profiling is the analysis of compositional on the 

vertical path through the surface plane of the specimen. 2 types of depth 

profiling methods are available; Destructive, Non destructive [54]. 

 

 

Figure 2.14 X-ray Photoelectron Spectroscopy (UNAM) 

XPS is the most sensitive chemical analyze device. It also provides etching with 

Argon before scanning. This etching carried out for cleaning the surface from 

residues, contamination and performed better phase analysis [53,54]. 

XPS analysis performed at Bilkent University which is trade mark of XPS Thermo 

K-Alpha. The scanning parameters are given below. 

Table 2. 6 Scaning parameters of XPS analysis 

Parameter 

 

Total acquisition time 2 mins 16.1 secs 

Number of Scans 2 

Source Gun Type Al K Alpha 

Spot Size 400 µm 

Lens Mode Standard 

Analyser Mode CAE : Pass Energy 200.0 eV 

Number of Energy Step 1361 
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2.2.3.2 XRD Analysis 

X-ray diffraction is very important characterization method used in solid state 

chemistry and materials science. This technique provides very definitive structural 

information and so most preferable technique used for illumination of crystal 

structure. [55]  

For determine the orientation of a single crystal or grain and find the crystal structure 

of an unknown material XRD scanning is performed. The size and the shape of the 

crystal structure and the distance between the crystal planes are also characterized 

with this method.The atomic planes of a crystal cause an incident beam of X-rays to 

interfere with one another as they leave the crystal. The phenomenon is called X-ray 

diffraction. 

Many substances have a periodic structure and interatomic distance in crystal 

structure is in the range of X-ray wavelength. These reasons allow the XRD 

technique for illumination of the crystal structure. [56] 

X-ray diffractometers are made up of three key instruments: a X-ray tube, a sample 

holder, and a X-ray detector. X-ray beams are generated in a way of producing 

electrons by heating a filament in the cathode ray tube. The electrons are accelerated 

on the way to a target by applied voltage, and the target material is being bombarded 

with these electrons. Lastly, when the electrons that were produced, have an adequate 

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

spectra are generated. [57].  

The electrons in an atom is scattered the light. The atoms which are placed in a 

crystal with a periodic array can diffract the light. The crystal structure shows the 

atomic arrangement of a material. The wavelengths of X ray are similar to the 

distance between atoms. The scattered X rays produces a diffraction pattern provides 

very clear information about the atomic arrangement within the crystal. Different 

arrangement of atoms caused different diffraction patterns [56]. 

Bragg Law is the easiest way to understand the essential conditions for production of 

diffraction. Diffraction only occurs in the angle values of which provide this equation 

[56]. 
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ߣ݊ =  Ɵ        (10)݊݅ݏ2݀

As can be shown in figure, d is the space between the crystal planes, Ɵ is the incident 

angle, n is any integer and λ is the wavelength of the X ray beam. If n=0 there is no 

diffraction can be observed. The value of n must be minimum 1 [56]. 

 

Figure 2.15Schematic representation of Bragg Law 
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Figure 2.16 X-Ray Difractometer 

XRD analysis performed at Bilkent University which is trade mark of XRD 

PANalytical Xpert Pro MPD. The scanning parameters are given below. 

Parameters  

2Ɵ 0-90° 

Intensity 0-120 
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CHAPTER 3 

RESULTS AND DISCUSSIONS 

3.1 Chemical Analysis 

3.1.1 XPS Characterization 

XPS scanning is performed to evaluate the surface of the samples, chemical 

properties and analysis. Samples are prepared and put into the vacuum chamber. 30 

minutes later experimental is finished.  

 

Figure 3.1XPS scanning result of TiO2 thin films 

The first scanning data is shows the peaks are about C are very sharp. (Figure) Top 

layers of the coating are containing high percentage of carbon. It is obvious that the 

surface of B1 sample is not clean enough. These contaminations may cause from the 

storage conditions of samples or the dirt coming from the operating environment.   
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Figure 3.2XPS scanning result of TiO2 thin films after Ar etching 

For the better phase analysis the peaks arising from in the presence of C should be 

reduced as much as possible. So, the surface was etched by Argon. According the 

scanning data, the Ti-TiO2 bonds were observed significantly. The operation 

temperature of coating step is kept constant at 450°C.  As it is shown in the figure 4 

TiO2 were formed noticeably but the crystallization process and transformation of 

anatase- rutil has not been occurred. The crystallization from amorphous to anatase 

and from anatase to rutile usually occurs in the temperature ranges of 450∼550 °C 

and 600∼700 °C, respectively [11]. The reason for that the phase transformation 

does not occur at the operating temperature which is lower than the phase formation 

temperature. Due to the heating limitation of glass substrate crystallization 

temperature must be kept under 550 ͦC. Above that temperature glass substrate will 

be cracked. 
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As can be seen in the figure, the XPS scanning of the TiO2 thin film, there are only 

the peaks of titanium and oxygen. Therefore, the structure of the film contains only 

titanium and oxygen atoms.  

To determine the stoichiometry of the film, the data’s, obtained from the XPS results, 

examined and the areas divided into appropriate Atomic Sensitivity Factor values 

than the ratio of the O2 to Ti is obtained. 

ܶ݅ =
ଵଵ଼଼଼.ଶଽ

ଵ.଼
= 899391.83       (11) 

ܱ =
ଵଶସଶଶ.଼ହ

.
= 1889807.35       (12) 

ை

்
=

ଵ଼଼ଽ଼.ଷହ

଼ଽଽଷ଼ଵ.଼ଷ
= 2.101       (13) 

The result, 2.101 is, showed us TiO2 is formed successfully [58].  

 

Figure 3.3Binding energy peaks of TiO2 and O2 

Figures given above shows that the binding energies of peaks which belong to Ti2 

p3/2 and Ti2 p1/2 , are 459 eV and 464 eV also the binding energy of O1s that is 

detected in 530.95 eV. These findings are consistent with other studies in literature. 
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3.1.2 XRD Characterization 

For XRD scanning, the substrate material must be conductive. But our samples are 

glass and as it is known ceramic materials are good insulator. So for the 

characterization of XRD, Al plate was used as substrate material, since it is not 

possible to get a XRD peak from thin film on glass substrate. TiO2 thin film is coated 

on Al plate to get the same conditions. Before the characterization Al samples are 

first grinded and polished than coated with titanium butoxide.   

 

Figure 3.4XRD analysis results of thin films 

According to first scanning results a position of the peaks are shows that there was 

too much background noise (figure given above). The peak density is too low. We 

cannot achieve to get reliable results. The data’s must be recollected with more 

scans. For less noise and better phase analyses the experimental is repeated with 

scanning time was increased. 
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Figure 3.4XRD results of thin films second scanning result 

Figure shows X-ray diffraction pattern of TiO2 thin films prepared at Titanium 

butoxide with pH values of 4.5. As a substrate material we use Al plate. A 

crystallinity property of Al is very high, so the peaks shown in the diagram are 

almost arrised from the Al. since the operating temperature 450°C the phase 

transformation of TiO2 does not occur. And also the low temperature cannot 

stimulate the crystallization process. A characteristic anatase peak which must be at 

about the point of 25° cannot be observed. This situation may be caused by high 

scanning speed or low operating temperature.  

According to XRD results the peaks corresponding to the 38°, 45°, 65° and83° 2Ɵ all 

belong to Al substrate.  The peak observed 78°belongs to TiO2. Thus, TiO2 formation 

is observed successfully. But both XPS and XRD results, the phase transformation of 

TiO2 cannot be observed. 

3.2 Thickness Measurements 

3.2.1 SEM and Focused Ion Beam Microscopy Examinations 

Thickness measurement is done by FIB-SEM examinations. In another word 

thickness of the film which is coated with same conditions of this work is measured 

[59].  
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Figure 3.5 Thickness measurements with SEM [59]. 

Film thickness was measured by ionically etching the coated film. As it is seen from 

Figure 3.5, coated surface of the film was etched ionically by focused ion beam 

(FIB) then tilted 53° in the vacuum chamber of the SEM. It can be seen from the 

image, which is taken from the etched and tilted surface, that film thickness about 

120 nm. The examined film was coated by dipping two times so the film thickness 

for each dip can be said as 60-70 nm [59].  
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3.3 Surface Morphologies of Films 

3.3.1 Atomic Force Microscopy (AFM) 
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Figure 3.6AFM XEI program profilometer images the samples of A1, A2, A3, and A4 

Surface examination was performed with atomic force microscopy (AFM). Coated 

surfaces are detected and pH effects on surface modification of thin films were 

investigated. 5-5μm of surface is scanned and the output images are saved. 

According to scanning results pH factor is very important factor on film morphology. 

Different pH values caused different surface morphology. The images of AFM 
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results are given above. They show that surface properties and structures of grains 

vary with different pH values. Previous research shows that the pH change of sol is 

directly affect the grain morphology [60]. 

 

 

 

 

 

Figure 3.7AFM images of TiO2 samples with different pH. (A1, A2, A3, A4 and B1) 

The images show the ph effect on surface morphology. Increasing pH brings 

increasing in average surface area. Low pH values caused small grain structure and 

A1 A2 

A3 

A4 B1 
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the boundaries are more prominent and they can be seen very clearly in the 

profilometer results. Structure of thin film surface is small and the boundaries can be 

seen clearly. 

This profilometer images obtained from AFM XEI program. The results are given in 

tiff format from the XEI program. The profilometer images to be obtained from 

AFM were characterized with the program, Gwyddion-2.36.win32.pro. This program 

make possible to examine the images from different angles. By using Gwyddion-

2.36.win32.pro, average height of the grains in the structure of the thin film is 

calculated approximately.  

From all of these calculations, it is clearly seen that pH change is a key effect on 

surface morphology of tin film. A graph below, the ph values versus average 

roughness values shows the ph effect on average roughness parameters. As can be 

seen in the graph roughness values are increasing linearly with the increasing pH. 

 

Figure 3.8 Average roughness versus pH 

Our pH values of sols are all in acidic range so the pH values are quite low. Due to 

the low pH values, the grain structure of thin film surface is small and the boundaries 

can be seen clearly.  Working pH range is fairly narrow. The difference between 

each pH values is 0.5. so roughness values of each samples are very close to one 
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another(each other). Low pH values caused smaller and specific grain structure. 

Small and specific grain structure provides the increasing of surface area. Increase in 

the surface roughness is to increase the surface area. (Figure 1.8)   By using this 

property an increase of the efficiency of thin films used in solar cells could be 

succeeded. 

Table 4.Effect of pH on surface Ra values of samples (Gwyddion-2.36.win32.pro) 

Precursor pH Code 
Ra (nm) 
(average roughness) 

Titanium Methoxide Ph =4,0 A1 1,175 

Titanium Methoxide Ph =4,5 A2 1,285 

Titanium Methoxide Ph =5,0 A3 1,290 

Titanium Methoxide Ph =3,5 A4 0,715 

Titanium Butoxide Ph =4,5 B1 1.27 

 

Different solutions are prepared by using different precursors for investigation the 

precursor effect on film roughness parameter. It is clearly seen in Table 4 that, the 

precursor material also has an effect on film morphology. Roughness results are 

calculated and so the precursor effects can be analyzed. It is possible to say that the 

methoxide on at the same pH increased the roughness value of sample surface.  
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Figure 3.93D AFM images of samples (A1, A2, A3, A4, and B1) (Gwyddion-2.36.win32.pro) 

 

 

 

 

 

 



 

60 
 

CHAPTER 4 

CONCLUSION AND RECOMMENDATIONS 

4.1 Conclusion 

Experimental results show that, 

1. Coating and formation of TiO2 observed successfully on ITO substrates.  

2. The thickness of tin films is about 60 nm for per dipping.   

3. pH effect on film surface is investigated intensively.  

4. It can be said that one more time, for homogeny coating and formation of thin 

film on the surface sample can be occurred the pH ranges must be in acidic 

limits. 

5. Increasing pH caused to increase in roughness values of film surface.  Also it 

is clearly observed that the roughness of surface value is a pH dependent 

factor.  

6. Used precursor, is also effective on the surface properties of tin films. By 

means of precursor affect, the roughness parameter of titanium methoxide is 

higher than the roughness parameter of titanium butoxide. 

7. TiO2 were formed noticeably but the crystallization process and 

transformation of anatase to rutil has not been occurred since the operating 

temperature is lower than the phase formation temperature 

4.2 Recommendations 

Several recommendations for the future researches are listed as below. 

1. Besides the pH effect, the annealing time effect can be measured with 

different holding times. 

2. Annealing temperature could be increased with this way phase transformation 

of TiO2 will be occurred. 

3. Samples could be annealed with different temperatures that the temperature 

effect can be determined. 
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4. Ph ranges of sols can be changes. In acidic and basic sols are prepared and 

with same conditions substrates will be coated and effect of the acidic and 

base sols could be measured. 

5. As a precursor material very different materials could be used and according 

to solubility properties thickness and the roughness parameters can be 

evaluated. 
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