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GROWTH AND CHARACTERIZATION OF TITANIUM 
DIOXIDE THIN FILMS BY SOL-GEL SPIN COATING AND DIP 

COATING METHODS 
ABSTRACT 

Titanium dioxide is an advantageous metal oxide semiconductor material for solar cell 

applications such as photovoltaic and photocatalytic applications owing to its 

outstanding optoelectronic properties with good chemical stability. Researchers 

conducted studies to investigate and improve the characteristics of titanium dioxide 

thin films. In this study, titanium dioxide thin films were grown by sol-gel spin coating 

and sol-gel dip coating methods on glass substrate. The properties of the titanium 

dioxide thin films were investigated as a function of the aging time, layer number, and 

dipping time effect. For this purpose, the aging time, layer number and the dipping 

time changed as 1, 7, 14, 21, 28 and 56 days, 3, 5 and 10 layers and 5, 10 and 20 

seconds, respectively. Besides that, to investigate the influence of annealing 

According to the characterization results, all the titanium 

dioxide thin films were succesfully grown by Sol-Gel method. As-grown thin films 

 Films by sol-gel dip 

coating contain isolated nano-sphere features according to top-down scanning electron 

microscopy images. Optical measurements showed that absorption thresholds shifted 

with changes in growth parameters. The bandgap values were calculated in the range 

between 2.97  3.63 electronvolt for all titanium dioxide thin films. The refractive 

index, dielectric constant, static dielectric constant, and porosity were improved with 

increasing annealing temperature. As a results it is found that the aging day, number 

of layers, dipping time and annealing temperature affected the structural, surface and 

optical properties of the titanium dioxide thin films.  

Keywords: Titanium dioxide, thin films, sol-gel, spin coating, dip coating, 

characterization 
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CHAPTER 1 

INTRODUCTION 

Semiconductor materials are solid-state materials that lies between a conductor and an 

insulator in terms of electrical conductivity. Semiconductor thin films constitute an 

indispensable part of constantly evolving technology. Semiconductor materials exhibit 

versatile uses due to their superior optical and electrical properties. The thin-film 

coating in the semiconductor industry determines the application and performance of 

the semiconductor. The coating of a semiconductor can be made of conductive metals 

or non-conductive metal oxides, depending on the kind of semiconductor. Metal 

oxides, which are of great importance in semiconductor technology, are used in many 

areas such as gas sensors, transistors, solar cells, photovoltaic devices, information 

storage devices and photocatalytic applications with their unique properties [1]. 

1.1 Titanium dioxide (TiO2) 

Titanium dioxide (TiO2), also known as titania, is a organic compound with properties 

such as high dielectric constant, wide band gap, high refractive index, excellent 

mechanical durability, good chemical stability. TiO2 is a metal oxide semiconductor 

material that is most commonly used in applications such as photocatalytic, 

photovoltaic, electrochromic devices, hydrogen storage, sensing due to its superior 

properties [2]. 

The first studies of the preparation of TiO2 as a thin films were made by Matthews 

(1986). In his study, he investigated the passage of photocatalytic oxidation in aqueous 

solution through the flow reactor of TiO2 thin films under UV light and observed a 

significant decrease on the flow rate and reached the effect on the flow rate and 

solution concentration of the products [3]. 

1.1.1 Crystal Structure and Properties of TiO2 

TiO2, one of the IV-VI group binary compound semiconductors, is formed by the 

combination of the titanium atom in the group IV and the oxygen atom in the group 
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VI of the periodic table. Titanium is an element with atomic number 22 and atomic 

weight 47.9. It is one of the transition elements and its electronic configuration is 1s2 

2s2 2p6 3s2 3p6 4s2 3d2. There are three different main crystal structures of titanium 

dioxide, these are; rutile, anatase and brookite [4]. The lattice structure of the anataze, 

rutil and brookite phase and phase diagram are shown in Figure 1.1. 

 

Figure 1.1 The phase diagram of TiO2 (a) [5] and lattice structure of the rutil (b) anatase (c) and 

brookite phase (d) [1]. 

Anatase and rutile structure are defined by the arrangement of TiO6 octahedra chains. 

In both structures, each Ti+4 ion is surrounded by an octahedron of 6 O-2 ions. An 

oxygen atom bonds with 3 titanium atoms, so it belongs to three octahedra. Anatase 

and rutile are both tetragonal and brookite is orthorhombic. The anatase and rutile 

structure contain 12 and 6 atoms per unit cell, respectively. While the distance between 

Ti-Ti is shorter in anatase structure than in rutile structure, the distance between O-Ti-

O is longer than in rutile structure [6]. Of the 6 bonds a Ti atom with oxygen atoms, 

two are longer. In both structures, there are two different bond angles between Ti-O 

a b 

c d 
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and O-Ti-O. The number of octahedra neighbors in the anatase structure is less than 

the number of neighbors in the rutile structure. In anatase structure, each octahedron 

has 8 neighborhoods on 4 sides and 4 corners, while rutile structure has 10 

neighborhoods on 2 sides and 8 corners [7]. The crystal parameters for the three phases 

are summarized in Table 1.1. 

Table 1.1 The crystal properties of TiO2 [8]. 

Phase Anatase Rutile Brookite 

Crystal structure Tetragonal Tetragonal Orthorhombic 

Lattice constant 
( ) 

=3.784 

c=9.515 

=4.5936 

c=2.9587 

=9.184 

b=5.447 

c=5.145 

Space group I41/amd P42/mnm Pbca 

Molecule/cell 4 2 8 

Volume/molecule 
(  3) 

34.061 31.2160 32.172 

Density (g/cm3) 3.79 4.13 3.99 

Ti-O bond lenght 

(  

1.937(4) 

1.965(2) 

1.949(4) 

1.980(2) 
1.87~2.04 

O-Ti-O bond angle 
77.7o 

92.6o 

81.2o 

90.0o 
77.0o~105o 

 

This difference in the lattice structure causes different mass densities and electronic 

band structure between the two phases of TiO2. This difference explains why the 

anatase phase is more active than the rutile phase [9]. 

During annealing, there is a first-order phase transition from the metastable anatase 

and brookite phase to the stable rutile phase. Multiple phase transitions occur as 

ana

 According to Elbushra et al. (2018), experimental conditions during 

transition depend on properties such as annealing temperature, size of substrate, type 

of substrate [10]. The transition of titanium dioxide from an amorphous phase to 

 [11]. Of the three polymorphic 
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structures of TiO2, the most thermodynamically stable phase is rutile [12]. The lattice 

energies of the other crystal phases are close to each other and they become stable over 

long periods of time. 

rutile phase takes place. Rutile phase is the hardest phase compared to other 

polymorphic structures because it has the the most tightly packed and highest density 

[13]. Some properties of anatase and rutile phases are shown in Table 1.2. 

Table 1.2 Properties of Anatase and Rutile Structure of TiO2 [14-16]. 

Phase Anatase Rutile 

Melting point (0C) 1825 1825 

Boiling point (0C) 2500 ~ 3000 2500 ~ 3000 

Light absorption (nm)  385  

Band-gap (eV) ~ 3.0 ~ 3.2 

Refractive index 2.55 2.75 

Dielectric constant 31 114 

Hardness (Mohs) 5.5  6.0 6.0  6.5 

Bulk modulus (GPa) 183 206 

Solubility in H2O Insoluble Insoluble 

Solubility in HF Soluble Insoluble 
 

1.1.2 Application of TiO2 

The pigments in the form of anatase, which is very active, are used in paints because 

they calcify very quickly when exposed to moisture/humudity and sunlight. The 

anatase crystalline phase is advantageous for photoelectrochemical energy conversion. 

The rutile form is less photoactive and a higher refractive index will give higher 

opacity. It is known that the light absorption and refractive index of TiO2 increase 

under UV light, which reduces the viscosity and surface tension [17].  

This phenomenon, which absorbs light and transfers its energy to another object, is 

called photocatalysis. Photocatalyst is called semiconductor materials that create a 

strong oxidizing environment on the surface with the effect of UV light. TiO2 is the 

most widely used semiconductor material as a photocatalyst. By using the TiO2 

electrode, the water was separated into its components by Fujishima et al. (1969) and 
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it was demonstrated that the cyanide in the water could be separated with its use by 

Frank and Bard (1977). Then, TiO2 has been used in solving environmental problems 

caused by organic wastes [18-20].  

As a semiconductor it has a wide band gap, high dielectric constant, high transmittance 

in the visible region of the spectrum, and a large refractive index, so it has a different 

range of uses from many other semiconductors [21]. Its high dielectric constant makes 

TiO2 a good candidate for complementary metal/oxide/semiconductor (CMOS), 

metal/insulator/semiconductor (MIS) and field effect (MISFET) transistor applications 

[22]. Due to their attractive properties, TiO2 nanoparticles have found vast array of 

applications such as in gas sensor [23], solar energy [24], self cleaning [25], cancer 

therapy [26], food [27], healthcare and cosmetic products [28].  

According to Hsu and Sheu (2004), air pollution is enhanced by environmental 

pollutants such as nitrogen oxides (NOx) and sulfur oxides emitted by many sources. 

TiO2 removes these environmental pollutants from the air and can decompose them 

into less harmful CO2 gas [29]. 

1.2 Thin Film Growth Methods 

Thin film term; It includes film layers that are deposited on surfaces from a few 

micrometers to nanometers in thickness by various coating methods. Thin film; defines 

a new structure between the bulk state and molecular state of the material. Thin films 

can exhibit very different physical properties from the bulk state of the material 

[30,31]. Thin film coating methods can generally be grouped physical and chemical 

method [32]. 

Nanostructured TiO2 thin films have been grown by several methods like radio 

frequency (RF) sputtering [34], ultrasonic spray pyrolsis [35], hydrothermal [36], 

solvothermal [37], chemical vapour deposition (CVD) [38], electrochemical [39], 

successive ionic layer adsorption and reaction (SILAR) [40], sol-gel [41]. The main 

methods and techniques used to prepare thin films are given in Figure 1.2. 
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Figure 1.2 Classification of thin film deposition techniques [33] 

1.3 Sol-Gel Method 

Sol-gel technology, whose existence dates back to the mid-1800s, provides a versatile 

approach to the synthesis of inorganic polymers and organic-inorganic hybrid 

materials [42]. The first sol-gel was prepared by Ebelmen (1846) with metal alkoxide 

(SiCl4) and alcohol. This prepared compound gelled under atmospheric conditions 

[43]. Geffcken realized that this method could be used to prepare oxide films [44]. In 

the 1970s, the formation of monolithic inorganic gels at low temperatures without the 

use of high-temperature melting and transforming them into glasses brought the 

interest back to the agenda [45].  

Sol-gel process, also called soft chemistry, is based on the preparation of a solid 

material from solution at lower temperatures than traditional preparation methods, 

using a sol or gel as the intermediate stage. Through this process, homogeneous 

inorganic oxide materials with desired properties (hardness, optical transparency, 

porosity and chemical resistance, etc.) can be obtained at room temperature without 
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the need for the high melting temperature required for conversion to inorganic glasses. 

The ability of the sol-gel process to take place in exceptionally mild conditions (often 

at room temperature) and the availability of products in a variety of shapes, sizes and 

formats has allowed this technology to find increasing applications in various scientific 

and engineering fields [46,47].  

The most important advantage of the sol-gel process is that the microstructure of the 

material can be adjusted by parameters such as the type of catalyst, type of solvent, 

temperature of the reaction. By using the sol-gel method, it is possible to produce metal 

oxide-based materials such as SiO2, TiO2, ZrO2, GeO2, SnO2, Al2O3, V2O5 at much 

lower temperatures. These oxide-based materials can be produced as monolithic 

materials in various shapes and sizes, as thin films of different thicknesses ranging 

from nm to microns, or as powders [48].  

1.3.1 Overview of Sol-Gel Method 

The steps and end products of the sol-gel process are shown in Figure 1.3. The sol-gel 

process can be shortly defined as the preparation of the sol, the gelation of the sol and 

the removal of the solvent, and the preparation of ceramic and glass materials. The sol 

is different from solution. The solution is a single phase system. Sol is the suspension 

of solid particles in liquid. If solids remain dispersed in liquids, this system is called 

sol. The effect of intermolecular Van Der Waals and electrical repulsive forces is 

greater than the gravitational force. Therefore, the materials that forming of the sol do 

not precipitate to the bottom. The gel structure is a phase seen after the sol. Gel 

structure is a visco-elastic material with submicrometric interconnected pores 

[45,50,51]. Not all sols transform into gels. An important condition for gel formation 

is bonding between the smallest solvent particles and solute particles [30]. With the 

drying of the sol, the liquids and solvents in the system are removed and a solid phase 

with high porosity is formed. The amount of porosity of the solids is high. As a result, 

they have large surface area and correspondingly high surface free energy. Because of 

their high surface free energy, these solids can be annealed at much lower temperatures 

than would be expected in normal processes [52]. 



8 
 

 
 

 

Figure 1.3 Overview of the sol-gel process [49]. 

The sol-gel method generally involves of the following basic steps: 

 Hydrolysis of the precursors 

 Condensation 

 Gelation 

 Aging 

 Drying 

 Annealing 

1.3.2 Precursors of Sol-Gel Method 

In the sol-gel method; solution is prepared using starting material, solvent, and 

catalysts.  
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1.3.2.1 Starting Material 

Inorganic sols and gels are produced directly by synthesis from chemical reactants, 

usually dissolved in a liquid medium. The reactant containing a metal (M) cation in an 

inorganic sol or gel is called a chemical starting material. All soluble starting material 

are used in the sol-gel process. It can be defined as two main groups: metal salts and 

metal alkoxides.  

 MmXn                                ( X is an anionic group) 

 M(OR)x                              ( R is an alkyl group) 

Metal alkoxides actively participate in the reactions due to the highly electronegative 

OR group they contain. These compounds are highly reactive in the presence of 

moisture, heat or light [53,54]. 

1.3.2.2 Solvent 

Due to the solution chemistry of metal salts and metal alkoxides is quite different, 

solvent choice should be made according to the type of starting material. The solvent 

can be water or inorganic solvent. Water for metal salts and alcohols for metal 

alkoxides are used as solvents. Alcohols such as CH3OH (methanol), C2H5OH 

(ethanol), C3H3OH (propanol), C4H9OH (butanol) are used as precursors in the sol-gel 

method and react with metal oxides [54]. Some starting materials and solvents using 

in sol-gel process of TiO2 is given in the Table 1.3. 

Table 1.3 Starting materials and solvents using in sol-gel process of TiO2. 

Material Chemical 
formula Type Solvent Ref 

Titanyl sulfate TiO(SO4) Metal salt Distilled 
Water [55] 

Titanium cloride TiCl4 Metal salt Distilled 
Water 

[56] 

Titanium butoxide Ti(OC4H9)4 Metal alkoxide Ethanol [57] 
Titanium isopropoxide Ti(OC3H7)4 Metal alkoxide Ethanol [58] 
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1.3.2.3 Catalyst 

Catalysts used in the sol-gel method are divided into acid and base. Generally; acetic 

acid ( , nitric acid ( , hydrochloric acid (HCl), hydrofluoric acid (HF) 

and ammonium hydroxide (  are used as catalysts [59]. 

1.3.3 Reactions in The Sol-Gel Method 

There are two main reactions in the preparation of the sol. These are hydrolysis and 

condensation reactions. 

1.3.3.1 Hydrolysis reaction 

The hydroxyl ion is bonded to the metal atom by the hydrolysis reaction. 

M(OR)4 + H2 3 + ROH                                                   (1.1) 

ROH is alcohol group compound. Depending on the amount of water and alcohol, 

hydrolysis reactions can continue until all OR groups are OH.  

Hydrolysis reaction when there is enough alcohol and water; 

M(OR)4 + 4H2 4 + 4ROH                                                          (1.2) 

1.3.3.2 Condensation reaction 

The two materials undergoing hydrolysis are connected by an oxygen bridge.  

(OR)3 3 3 3 + H2O                                 (1.3) 

If one of the components is hydrolyzed, the reaction; 

(OR)3  3 3 3 + ROH                        (1.4) 

The products resulting from the reaction are hydrolyzed. These products recombine 

and a condensation reaction occurs [45,60].  
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1.3.4. Aging 

The following stage after hydrolysis and condensation reactions is the aging stage. The 

waiting time for a wet gel to be stored for a long time and transformed into a stable 

structure with the reactions of the chemicals in it is called the aging process [61].  

Aging is a step that also provides the formation of crystallization. In aging, the 

structure is reorganized as the structure decomposes and precipitation again. And 

products in crystal form are formed. As long as the gel is not aged, it remains in its 

amorphous form. As long as the gel is not aged, it remains in its amorphous form. 

Hydrothermal conditions are used to accelerate transformations in aging. 

Aging not only provides crystallization, but also affects the drying phase of the sol-gel 

process. The capillary pressure that occurs during the drying phase is proportional to 

the interface area of the gel. If this interface area decreases with aging, the pressure 

that will occur during the drying phase decreases. Thus, stronger gel networks are 

formed and cracking that may occur during drying is prevented.  

The aging time has significant effects on the phase crystallization, phase 

transformation, crystal size and thus on the surface area. Some substances that move 

away from the structure during aging also change the properties of the final product 

considerably. Oxygen vacancies were observed in the lattice due to desorption of 

hydroxyl ions after calcination in samples that were not sufficiently aged [54,62,63]. 

1.3.5 Drying 

The drying process of a porous material can be divided into a few stages. Firstly; the 

body shrinks in an equal amount with the evaporated liquid volume, and the liquid-

vapor interface remains on the outer surface of the body. When the body solidifies too 

much to shrink, the second stage begins and the liquid recedes inward by releasing the 

air-filled pores near the surface. A film of liquid help the external flow as air invades 

the pores, so evaporation continues to occur from the surface of the body. As a result, 

the liquid is isolated into the pockets and drying can only continue by diffusion of the 

outside vapor and evaporation of the liquid inside the body [54,64]. 
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Drying the gel is one of the critical steps of the sol-gel. Drying is controlled by 

capillary pressure. During drying, shrinkage occurs in the gel due to capillary pressure, 

and the change in capillary pressure inside the pores can cause mechanical damage. 

Increased capillary pressure during drying can result in shrinkage and cracking [54]. 

In order to prevent these cracks, the stresses that will occur can be relieved by drying 

very slowly. In addition, many factors such as gelling, drying and heating rate, solids 

content of the sol, and composition geometry must be taken into account to prevent 

cracking [65]. 

1.4 Sol-Gel Film Coating Methods 

Some application techniques used when coating thin films by Sol-gel method are listed 

below [66]. 

 Dip coating 

 Spin coating 

 Roller coating 

 Slit coating 

 Meniscus coating 

 Doctor-Blade coating 

Among these coating methods, dip and spin coating method are widely used for 

coating thin films. 

1.4.1 Dip Coating Method 

It is based on the principle of dipping the substrate in the prepared sol at a certain speed 

and with-drawal it at the same speed. The dip coating method can seperated into five 

stages. These five steps are shown in Figure 1.4. During the dipping stage, the substrate 

is submerged at a constant speed. It is kept in sol for a short time. Then the substrate 

is withdrawal with the dipping speed. In the deposition stage, parts of the substrate that 

is withdrew from the sol are covered with the sol. In the drainage stage, the sol which 

is coated on the substrate, is filtered drop by drop. During the evaporation stage; excess 
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sol that cannot be filtered from the substrate evaporates. Xerogel is obtained on the 

substrate. The xerogel formed on the substrate becomes a film after annealing. 

 

Figure 1.4 Stages of dip coating method [67]. 

The thickness of the coated film; It depends on the components of the solution, the 

dipping speed of the substrate and the viscosity. Some forces in the coating region 

control the film thickness. These forces are as follows [68]:  

 Upward pulling force of the substrate due to viscosity 

 Gravitational force 

 Surface tension resultant force in the concave curve of the liquid 

 The inertial force of the boundary layer of the liquid entering the coating zone. 

 Surface tension gradient 

The advantages of the Sol-Gel Dip Coating (SGDC) method can be summarized as 

follows [48]: 

 Samples of all shapes and sizes can be coated 
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 Relatively inexpensive as the coating mechanism is simple 

 Minimum pollution 

 Possibility to work easily in a controlled atmosphere 

The disadvantages of the sol-gel dipping method are as follows [48]: 

 Too much solution needed to coating large substrates 

 Necessity to coating both surfaces of the substrate 

1.4.2 Spin Coating Method 

This method is based on the principle of dripping sol onto the substrate while it is being 

rotated horizontally around an axis and spreading the sol onto the substrate surface 

with the effect of centrifugal force. Spin coating process can be broadly divided into 4 

main steps sketched in Figure 1.5, which are deposition, spin up, spin off and 

evaporation.  

During the deposition stage, sol is dropped on the substrate fixed to the rotating 

surface. The substrate that was initially mationless is rotated. The substrate should 

reach the desired rotational speed as soon as possible. Because the constant rotation 

speed will affect the uniformity of the film thickness. During spin up, sol dropped on 

the substrate spreads over the entire surface of the substrate by the effect of centrifugal 

force. During the spin-off stage, the excess sol flows to the environment. The film 

gradually becomes thinner and the removal of excess sol slows down. As the film thins, 

the resistance to flow increases and the concentration of non-volatile elements 

increases, increasing the viscosity. During the final stage, thinning occurs by 

evaporation. The advantage of the spin-coating method is that the sol wants to spread 

evenly on the substrate during the spin-off stage. This tendency increases due to the 

balance between the two main forces. These forces are centripetal force, which causes 

radially outward flow, and viscous force, which causes radially inward movement 

[69,70]. 
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Figure 1.5 Stages of spin coating method [71]. 

The advantages of the sol-gel spin coating (SGSC) method can be summarized as 

follows [48]: 

 Small amount of coating solution is used 

 The process is very fast 

 The process is suitable for multi-layer applications 

The disadvantages of the sol-gel dipping method are as follows [48]: 

 Suitable for round substrates 

 It's hard to keep clean 

 Homogeneous coating of large substrates is difficult 

 In case of rapid evaporation of the solvent, homogeneous coatings cannot be 

obtained, and in the case of using solvents with high boiling points, it becomes 

difficult to obtain the desired film thickness. 

1.5 Literature Review 

Vorotilov et al. (1991) grew TiO2 thin films on glass substrates by sol-gel spin coating 

method. They investigated the effect of solution content, gas moisture during 

deposition and heat treatment temperature on the film properties.  X-ray diffraction 

spectra, optical and electrical properties quality were studied. In contrast to titanium 

ethoxide (Ti(OC2H5)4) sols, titanium butoxide (Ti(OC4H9)4) sols were found to be 
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more stable and could be prepared with a higher oxide content. They reported that gas 

moisture/hummudity during deposition had a negligible effect on film quality when 

the ratio of water content in sol was close to a certain maximum value (no precipitaion 

should appear). It has been observed that the films annealed at temperatures below 

ure and transform from amorphous structure to anatase 

structure at temperatures above this degree, and transformation from anatase phase to 

rutile phase begins between 600-  [72]. 

Wang et al. (2001) prepared nanosized TiO2 by a aqueous sol-gel method using 

titanium butoxide was used as starting material of TiO2. Using X-Ray diffractomery 

(XRD), Auger electron spectroscopy (AES) and X-Ray photoelectron spectroscopy 

(XPS), the thin films are characterized. As the films were annealed above 350 0C, its 

transformation from amorphous phase to anatase phase. The partially crystalline nature 

of the film resulted in high refractive indices: n=2.3 at 550 nm. The indirect and direct 

optical band-gaps of the anatase film was evaluated as 3.23 and 3.80 eV, respectively 

[73]. 

Naceur et al. (2012) grew TiO2 thin films on silicon and quartz substrate by sol-gel 

spin coating method and investigated the effects of annealing on microstructural and 

optoelectronic properties. They annealed at different temperatures between 200 and 

1000 0C. The microstructural and optical properties of the grown films were 

investigating using thermal gravimetric analyses (TGA), Raman spectroscopy, atomic 

force microscopy (AFM), XRD, UV-Vis and spectroscopic ellipsometry. XRD and 

Raman spectra showed that, starting from the annealing at 400 0C, the thin films 

crystallize in the anatase tetragonal phase and annealing at 1000 0C, the thin films 

changed into rutile structure. With increasing annealing temperature, the spherical 

shaped crystals became elongated and relatively flat. Optical band-gap values of thin 

films annealed between 200 0C and 1000 0C degrees decreased from 3.65 eV to 3.09 

eV with increasing temperature. Annealing temperatures of thin films strongly affected 

the microstructural and optical properties [74].  

Wong et al (2014) studied synthesis and characterization of TiO2 thin films by sol-gel 

method in aqueous medium at room temperature. They investigated effect of aging 

time and starting material concentration of TiO2 thin films. The solution were 
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synthesized using titanium (IV) isopropoxide hydrolysed in glacial acetic acid and 

deionized water and the solution was undergone aging for 1, 2, 3, 6 and 8 weeks. It 

was observed that the films coated un-aged were in amorphous structure, and after the 

aging process, the films crystallization into anatase phase. When aging time increased, 

anatase peaks became narrower and sharper. This showed that while crystallization 

occurred at RT, the longer the aging time, the better is the crystallinity [75]. 

Hwang et al (2012) investigated synthesis, characterization and photocatalytic 

properties of TiO2 powders by using colloidal solution prepared from titanium 

isopropoxide as a starting material by sol-gel method. The effects of aging conditions 

such as aging time and temperature on the physical and chemical properties of TiO2 

were investigated. The average particle sizes of sols aged 0 h, 24 h, 72 h were 

calculated as 29 nm, 44 nm and 78 nm, respectively. This result clearly demonstrates 

that the aging time is important process in controlling the particle size. It was 

determined that the aging process affects the crystal size of TiO2 powders. With 

increasing aging time, the surface area of the TiO2 powder was increased in the range 

of 41  70 m2/g [76].  

Turabi (2019) grew TiO2 thin films on glass substrate by sol-gel method. The solution 

was aged for 1, 7, 14, 21, 28, 35, 42 and 49 days and coated with different layers by 

spin coating method. The XRD peak intensity of the films obtained from the solutions 

aged up to 35 days increased and the FWHM value decreased. On the optical study, it 

was determined that solution aging causes a decrease in the band gap energy. It was 

determined that the FWHM value and band gap value of the films obtained after 35 

days of solution aging increased. Additionaly, a decrease in the bandgap energy and 

crystallite sizes was reported with the increase of number of layers and annealing time. 

It was concluced that the crystallization of the film coated with the 35 days aged 

solution was better and increasing the number of layers and annealing time affected 

the XRD peak intensity, FWHM value, crystallite size and band gap energy. [77]. 

Miki et al., (2003) in their study; to obtain nanoporous films, TiO2 solutions were 

prepared by hydrolysis of titanium (IV) isopropoxide and addition of 

trehalosedihydrate. The porous and thin TiO2 films grew by heating up to 500 0C on 

the glass substrate by dip coating method. The maximum thickness of the film grew 
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by the dip coating method is 740 nm. The film consists of nano-sized particles (10-20 

nm) and 7 nm pores. They determined that the specific surface area of the film was 

163 m2/g and porosity of the film was 65 % [78].  

Malliga et al. (2014) investigated effect of film thickness on optical an structural 

properties of TiO2 thin films on glass substrate from alkoxide solution by sol-gel spin 

coating method. The solution consist of titanium isopropoxide, acetic acid, ethanol. 

The characterization of the films grown as 4, 6, 8 and 10 layers was performed by 

XRD, UV-Visible spectroscopy, photoluminescence (PL) spectroscopy, field emission 

scanning electron microscope (FESEM) and energy dispersive X-ray spectroscopy 

(EDAX). It was determined thas as the number of layers increased, thecrystallite size 

increased from 6.3 nm to 35.5 nm and the peak intensities increased. As the film 

thickness increased, the transmittance decreased and there was a decrease in the band 

gap energy from 3.90 eV to 3.45 eV [79].  

1.6 Objective 

In this thesis TiO2 thin films were coated on the glass substrates with different aging 

time, number of layers, dipping time and annealing temperature by sol-gel spin coating 

(SGSC) and sol-gel dip coating (SGDC) methods. The aim of the thesis is to 

investigate the effect of the sol-gel thin film growth parameters by characterizing 

structural (crystallite size, dislocation density, microstrain, avarage grain size, 

porosity), surface (homogenity and smoothness),  and optical properties (energy 

bandgap, refractive index, dielectric constant and static dielectric constant) of the 

films.  
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CHAPTER 2 

EXPERIMENTAL PROCEDURE 

2.1 Substrate Selection and Preparation 

According to the method we use, the film we will obtain must be homogeneous and 

smooth. Therefore, substrate selection becames important. The physical properties of 

the substrates on which the thin film will be formed are among the most effective 

factors for the quality of the thin film. Crystallization in the films formed depends on 

the crystal structure of the substrate and the propertions of the materials used. The 

glass was used as a substrate in our study. Glass is a very good substrate material that 

is abundantly found in nature. The glasses used in this thesis are hydrolic 3. class soda 

lime glass with high optical quality, colorless. It is produced by isolab by a fully 

automatic process to have a clean and dust-free surface. The standart thickness of the 

glasses is about 1 mm and the slide sizes are 26 mm x 78 mm.  

 

Figure 2.1 The used ultrasonic bath 
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2.2 Substrate Cleaning  

Crystallization depends on the cleanliness of the material used and the smoothness of 

the surface. Therefore, the glass substrate have been cleaned by ultrasonic cleaner (in 

Figure 2.1). The substrates was washed with detergent to purify of oil and dirt and 

clear rinsed. Then, substrates were kept in an ultrasonic bath for 5 minutes each in 

deionized water, methanol and again deionized water. The water remaining on the 

glass substrate was evaporated with the drying machine. 

2.3 Solution Preparation 

For growth of TiO2, the solutions were prepared by using titanium tetraisopropoxide 

[Ti{OCH(CH3)2}4] (Merck), ethanol [C2H5OH] (Sigma-Aldrich) and acetone [C3H6O] 

(Merck). TTIP (20 ml) was used as a starting material for TiO2 solution. It was disolved 

by adding ethanol (30 ml) dropwise into TTIP when stirring on magnetic stirrer at 600 

rpm (in figure 2.2) and stirred 10 minutes. Ethanol ( 15 ml)  acetone (7.5 ml) mixture 

was added dropwise into TiO2 solution and stirred for 90 minutes. Then, the prepared 

solution was aged in a desiccator at room temperature for different lenghts of time (1, 

7, 14, 21, 28, 56 days). 

Figure 2.2 The used magnetic stirrer and spin coater 
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2.4 Preparation of TiO2 Thin Films 

2.4.1 Dip Coating 

The cleaned glass substrates were dipped in the TiO2 solution aged 1, 7, 14, 21, 28 and 

56 days at a dipping speed of 5 mm/sec for 5, 10 and 20 seconds. After, the substrates 

were withdrew same speed and dried horizontally under ambient conditions followed 

by these was placed in an oven (in a Figure 2.3), kept at 100 0C for 30 minutes. 

2.4.2 Spin Coating 

The cleaned glass substrates were placed in a spin coater (in a Figure 2.2) and 5 drops 

of aged TiO2 solution (1, 7, 14, 21, 28 and 56 days) were dropped onto the placed 

substrate surface. The spinning speed of the spin coater was adjust at 3000 rpm for 30 

seconds. After the coated process, films were dried at 250 0C for 3 minutes in a drying 

oven followed by cooled to room temperature under ambient conditions. This process 

was repeated 3, 5 and 10 times for investigating the effect of the number of layers. 

The solution was prepared again and subjected to aging for 28 days. The films were 

prepared with 3 layers (SGSC) and 10 seconds dipping time (SGDC).  The prepared 

TiO2 thin films were annealed at 300 0C, 400 0C, 500 0C, 600 0C and 700 0C for 1 hour 

in a tube furnace (in a Figure 2.3) for the researching effect of the annealing 

temperature.  

Figure 2.3 The used drying oven and tube furnace 
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2.5 Characterization 

2.5.1 X-Ray Diffraction 

XRD is a effective technique for determining the crystal structure of solid materials 

which are long-range order. However, it is find limited application for disordered and 

amorphous materials. The patterns obtained by XRD are a characteristic features of 

the material and a different diffraction pattern is obtained for each material. Based on 

the intensity of the peak in the patterns and the peak widhts, information about the 

crystallization level of the material can be obtained. Additionaly, the XRD analysis 

method offers the chance to get information about the material by providing some 

parameters, such as crystallite size, dislocation density and microstrain [80,81]. 

In this research, the structural properties of TiO2 thin films produced by SGDC and 

SGSC methods was investigated by X-ray diffractometer (Miniflex 600, Rigaku) 

which shown in Figure 2.4. The XRD patterns were collected which uses a Cu

05 ) radiation source and  20  70 degrees with a step size of 0.02 

by 2 min-1 steps operating at 40 kV accelerating voltage and 15 mA current. Crystal 

structure and structural properties of TiO2 films were analyzed from some XRD 

patterns. 

 

Figure 2.4 The used X-Ray Diffraction instrument 
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equation is given as follow: 

                              (2.1) 

Where,  is the angle of incident of X-ray beams, d is the distance between atomic 

-rays beam and n is the 

diffraction order (usually n = 1). Hereby, [72] 

                      (2.2) 

In current research work the (101) peak is used for anatase as given by the reference 

peaks. Scherrer equation was used to calculate the avarage crystallite size with peak 

broadening analysis. 

 )                  (2.3) 

Where, D is diameter of nanocrystals, k is a constant value (

of the used X-ray source (

(FWHM), and  is the anggle of diffraction [83,84]. 

The smallest repeating unit of the crystal lattice is the unit cell, the building block of a 

crystal. Defect prevent the unit cell to being arrenged in an order. The dislocation 

density, by the following equation; 

  = 1 / D2                      (2.4) 

Where, D is the avarage crystal size [85,86]. 

The microstrain ( ) was examined using the Stokes-Wilson equation [87]: 

  4 tan                   (2.5) 

2.5.2 Scanning Electron Microscope (SEM) 

Micro and nanoscale structures of materials can be viewed by SEM. A topographic 

three-dimensional image is obtained with the SE (secondary electron) detector in the 

device. By the EDX (energy dispersive X-rays), the elemental content of the structures 

can be determined qualitatively and quantitatively.  
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Electron microscopy is based on the principle of reflection of electrons accelerated 

under high voltage by striking the material surface. By using these reflected electrons 

and accordingly X-rays, different analyzes are made and the topography of the surface 

is obtained. Field emission scanning electron microscope (FE-SEM) using for the 

analysis of the microstructural properties of the films was shown in Figure 2.5. 

  

Figure 2.5 The used Scanning Electron Microscopes 

The characterization of the surface morphologies of the grown films was examined 

with Hitachi SU 5000 FE-SEM (a) and FlexSEM 1000 II, HITACHI (b). The 

elemental content of the structures was determined with an X-MaxN 80 mm2 EDS 

(energy dispersive) detector from Oxford Instruments with Hitachi SU 5000 FE-SEM. 

Average grain size was calculated using the ImageJ which is agraphic design program 

dedicated to analyzing images. 

2.5.3 UltraViolet-Visible (UV-Vis) Spectroscopy 

UV-Vis spectroscopy is an optical characterization technique used to measure the 

amount of light that is absorbed or transmitted by a sample at different wavelenghts of 

ultraviolet (200 - 400 nm), visible (400  800 nm) and near infrared (NIR) (800  2500 

nm) light [88,89]. The optical absorbance of the thin films were measured in the 

wavelenght range of 200 1000 nm, at intervals of 10 nm, by using Shimadzu UV-VIS 

2600 Spectrophotometer which shown in Figure 2.6. 

a b 
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Figure 2.6 The used UV-Visible Spectrometer 

The ratio of the flux of incident electromagnetic energy to the distance unit in the 

direction of incident wave diffusion is known as the absorption coefficient. When the 

values of the absorption coefficient are high,  >104) at high energies, it is clear that 

the absorption coefficient helps in determining the type of the electron transition since 

the incident photon's energy exceeds the forbidden energy gap. It is anticipated that 

direct electron transitions would occur, with electrons and photons retaining their 

energy and moment. However, it is anticipated that an indirect transition of the electron 

would occur when the values of the absorption coefficient are low (  >104) at low 

energies, and the electronic momentum is kept with the help of the phonon. The 

following equation: 

                   (2.6) 

where A is absorbance, t is the film thickness [90,91].  

The thickness of the film was calculated using the gravimetric method, 

 t = (ma  mb) / ( S)                       (2.7) 
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where ma is mass of glass substrate after coating, mb is mass of glass substrate before 

coating,  is the film density which is 4.23 g/cm3 for the TiO2 compound, S is the 

surface area. 

 

  Eg)n                         (2.8) 

w

constant called the band tailing parameter, Eg is bandgap energy and ns is the power 

factors of transition mode, which is depending on the nature of material whether it is 

crystalline or amorphous [92].  

In order to determine the bandgap 2 vs hv graphs were 

drawn. The energy values of the point where the direction of the linear parts of these 
2 = 0 were determined as the bandgap energy of 

the films. 

Refractive index, n was calculated using three different models and these models have 

direct relation refractive index with the band-gap: 

The Moss relation is given by [93],  

 Eg n4 = k                   (2.9) 

where Eg is a energy ban d-gap, k is a constant with a value of 108 eV. 

Ravindra et al. relation is given by [94,95], 

                              (2.10) 

-0.62) eV-1. 

 is given by [96,97], 

 n2 = 1 + (A / (Eg + B))2               (2.11) 

where A value is 13.6 eV and B value is 3.4 eV. 

The dielectric constant ( ) was calculated by applied the following equation [98]; 

  = n2                  (2.12) 
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where n is refractive index.  

The static dielectric constant (

(2.13) 

The porosity of thin films was calculated from the following relation in equation 

[100,101]; 

 Porosity (%) = (1  (n2-1) / (nd
2-1)) x 100                       (2.14) 

where nd is the refractive index of pore-free anatase (nd = 2.52 [102]), and n is the 

refractive index of the porous thin films. 

The optical conductivity ( ) of the film was calculated by applied the following 

equation [103]; 

  )                (2.15) 

where  
speed of the light. 
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CHAPTER 3 

RESULT AND DISCUSSION 

3.1 XRD Spectrum Analysis 

3.1.1 Aging Effect for SGSC TiO2 thin Film 

The XRD patterns for 1, 7, 14, 21, 28 and 56 days of SGSC TiO2 thin films with 10 

layers are given in Figure 3.1. According to the XRD data  the thin films reveals that 

there is no obviously diffraction peaks of the titanium dioxide but it only display a 

 

amorphous TiO2 in presence, which is in accordance with the previously reported 

literature [104-106]. With increasing aging, no crystal formation were observed.  

 
Figure 3.1 The XRD pattern of TiO2 thin films for 1, 7, 14, 21, 28 and 56 days. 

3.1.2 Annealing Temperature Effect for SGSC TiO2 thin Film 

XRD patterns of the SGSC TiO2 thin films coated with the 28 days aged solution with 

3 layers as a function of annealing temperature (as-grown, annealed at 300 0C, 400 0C, 

500 0C and 600 0C) are given in Fig. 3.2. The as-grown and annealed at 300 0C films 
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exhibit amorphous behaviour. 

form. The =24.61o peak value corresponding to the TiO2 lattice plane (101). 

Previous work showed that thin films can be recrystallization from amorphous to 

anatase phase at between 300 0C and 400 0C [102,105]. Peaks at 37.53o, 47.77o, 53.59o, 

54.74o and 62.49o matched with the lattice planes (004), (200), (105), (211) and (204), 

respectively were observed that begins to appear when increased annealing 

temperature from 400 0C to 600 0C. When the XRD peaks compared with values in 

the ICDD DB card number: 01-071-1168, all the peaks compromised with the 

tetragonal anatase TiO2 structure [107-110] . 

 

Figure 3.2 The XRD pattern of SGSC TiO2 thin films by as-grown and annealed at 300 0C, 400 0C, 

500 0C and 600 0C. 

The lattice parameters; c/a ratio, volume, density, phase name, space group and 

number of titanium atoms per unit cell (Z) of SGSC TiO2 thin films for annealed at 

400 0C, 500 0C and 600 0C are given in Table 3.1. The thin films can be directly 

indexed to the tetragonal anatase structure (141:I41/amd). There are no other 

diffraction peaks detected, shows that the growth TiO2 thin films have high purity. 

Lattice parameters are in the range of a = b = 3.771 3.833 , c = 9.373 9.578  and 

c/a is in the range of 2.446 2.523. When the annealing temperature increased from 
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400 0C to 600 0C, the lattice parameters and c/a ratio changed and these results are in 

agreement with previous works [111-113]. 

Table 3.1 Lattice information of SGSC TiO2 thin films annealed at 400 0C, 500 0C and 600 0C. 
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400  3.771 3.771 9.514 2.523 90 135.30 3.892 
TiO2 

Anatase 
141: 

I41/amd 4 500  3.833 3.833 9.373 2.446 90 137.72 3.893 
600  3.809 3.809 9.578 2.514 90 138.99 3.842 

 

The other lattice parameters; d-spacing, Full Width Half Maximum 

intensity values are given in Table 3.2. The peak intensities increased for the (101) 

dominant peak from 208, 413 to 1541 for 400 0C, 500 0C and 600 0C annealing 

temperatures, respectively. These behaviour can be attribute to the increasing 

crystallization[114]. 

Table 3.2 Structural parameters of SGSC TiO2 films annealed at 400 0C, 500 0C and 600 0C. 
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400  (101) 24.61 3.614 0.27 31.81 0.988 5.40 208 

500  
(101) 24.52 3.628 0.33 26.37 1.437 6.62 413 
(004) 37.09 2.422 0.22 39.54 0.639 2.86 45 
(200) 47.26 1.922 0.34 358.9 7.76 x10-3 3.39 63 

600  

(101) 25.02 3.556 0.33 25.18 1.437 6.49 1541 
(004) 37.53 2.395 0.27 30.84 1.051 3.47 157 
(200) 47.77 1.903 0.23 113.6 77.4 x10-3 2.27 205 
(105) 53.59 1.699 0.33 103.5 94.2 x10-3 2.85 69 
(211) 54.74 1.677 0.34 40.51 0.609 2.87 87 
(204) 62.49 1.485 0.40 21.05 2.256 2.88 53 
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The FWHM and crystallite size of anatase was calculated from the diffraction peaks 

with using Eq. 2.3. The crystallite size for (101) plane of SGSC films are calculated as 

31.81 nm, 26.37 nm and 25.18 nm for 400 0C, 500 0C and 600 0C annealing 

temperature respectively. It is seen that the crystallite size decreased with increasing 

annealing temperature [115]. The lower FWHM and higher crystal size atributed to 

the higher crystallization. According to XRD results, it can be said that SGSC films 

annealed at 400 0C have better crystallization.  

3.1.3 Annealing Temperature Effect for SGDC TiO2 thin Film 

 

Figure 3.3 The XRD pattern of SGDC TiO2 thin films by as-grown and annealed at 300 0C, 400 0C, 

500 0C, 600 0C and 700 0C. 

XRD patterns of the SGDC TiO2 thin films coated with the 28 days aged solution with 

10 seconds dipping time are given Figure 3.3 as a function of annealing temperature 

(as-grown, annealed at 300 0C, 400 0C, 500 0C, 600 0C and 700 0C). The SGDC TiO2 

films as-grown and annealed at 300 0C exhibit amorphous behaviour. The presence of 

peaks in the XRD pattern for 400 0C, 500 0C, 600 0C and 700 0C annealing temperature 

represent the formation of nanocrystalline TiO2 films. This results are in agreement 

with the previous research [116]. 
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Table 3.3 Lattice information of SGDC TiO2 thin films annealed at 400 0C, 500 0C, 600 0C and 700 
0C. 
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400  3.790 3.790 9.488 2.504 90 136.28 3.249 
TiO2 

Anatase 
141: 

I41/amd 4 
500  3.791 3.791 9.504 2.507 90 136.55 3.249 
600  3.793 3.793 9.446 2.491 90 135.89 3.905 
700  3.767 3.767 9.481 2.517 90 134.53 3.249 

 

Lattice parameters; c/a ratio, volume, density, phase name, space group and number 

of titanium atoms per unit cell (Z) of SGDC TiO2 thin films for annealed at between 

400 0C and 700 0C are given in Table 3.3. When the X-ray diffraction peaks compared 

with values in the ICDD DB card number: 01-086-1157, all the peaks compromised 

with the anatase TiO2 structure. Lattice parameters of SGDC films annealed at between 

400 0C  700 0C are changed in the range of a = b = 3.767  - 3.793 , c = 9.  

 and c/a ratio = 2.491  2.517. 

The other parameters; -spacing, FWHM, Crystallite size (D), Dislocation 

2 thin films annealed at 

400 0C, 500 0C, 600 0C and 700 0C values are given in Table 3.4. All films have close 

=25.25o, 37.90o, 47.97o, 53.99o, 54.97o and 62.79o corresponding to the TiO2 lattice 

planes (101), (004), (200), (105), (211) and (204), respectively. The  (105) and (204) 

lattice planes are not observed in annealed at 600 0C films. The peak intensities for 

(101) plane in all films are increased from 1455, 1241, 1175 to 1776 with increasing 

annealing temperature. In contrast to the SGSC TiO2 thin films, the peak intensities of 

the (101) planes for SGDC TiO2 thin films decreased with increasing annealing 

temperature up to 600 0C. And a dramatically increasing was observed at SGDC film 

annealed at 700 0C. 
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Table 3.4 Structural parameters of SGDC TiO2 films annealed at 400 0C, 500 0C, 600 0C and 700 0C. 
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400  

(101) 25.25 3.524 0.17 50.07 0.393 3.31 1455 
(004) 37.90 2.37 0.15 55.59 0.324 1.91 233 
(200) 47.97 1.895 0.15 134.7 55.1x10-3 1.47 220 
(105) 53.99 1.697 0.10 288.7 11.9x10-3 0.86 151 
(211) 54.97 1.668 0.10 117.8 72.1x10-3 0.74 165 
(204) 62.79 1.479 0.11 75.44 0.175 0.79 116 

500  

(101) 24.24 3.525 0.21 38.83 0.663 4.27 1241 
(004) 37.80 2.422 0.22 37.76 0.701 2.8 145 
(200) 48.00 1.922 0.34 57.53 0.302 3.33 177 
(105) 53.93 1.698 0.29 110.7 81.6x10-3 2.49 74 
(211) 54.95 1.669 0.32 37.19 0.723 2.69 134 
(204) 62.74 1.479 0.20 41.53 0.579 1.43 88 

600  

(101) 25.26 3.523 0.31 27.17 1.354 6.04 1175 
(004) 37.75 2.381 0.21 39.52 0.640 2.68 95 
(200) 48.4 1.903 0.25 55.72 0.322 2.43 151 
(105) - - - - - - - 
(211) 55.02 1.677 0.34 33.81 0.875 2.85 79 
(204) - - - - - - - 

700  

(101) 25.48 3.493 0.32 26.33 1.443 6.18 1776 
(004) 37.89 2.372 0.46 18.12 3.045 5.85 173 
(200) 48.18 1.887 0.40 41.17 0.589 3.9 291 
(105) 54.14 1.693 0.42 55.14 0.328 3.59 118 
(211) 55.29 1.660 0.32 32.07 0.972 2.67 133 
(204) 62.96 1.475 0.38 21.88 2.088 2.71 97 

 

The crystal size for (101) plane for SGDC TiO2 thin films annealed at 400 0C, 500 0C, 

600 0C and 700 0C are calculated as 50.07 nm, 38.83 nm, 27.17 nm and 26.33 nm, 

respectively. With increasing annealing temperature from 400 0C to 700 0C, the 

crystallite size are decreased for SGDC films. Also, FWHM, dislocation density and 

microstrain values are increased with increasing annealing temperature.  
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3.2 SEM Analysis 

3.2.1 Aging Effect on SGSC TiO2 Thin Films 

SEM images at 1000x and 10000x magnification of the as-grown SGSC TiO2 thin 

films grown on the glass substrate at different aging days with 3 layers are given Figure 

3.4 and Figure 3.5, respectively. 

 

 

 

Figure 3.4 The SEM images (1kx) of SGSC TiO2 films for aged 1 (a), 7 (b), 14 (c), 21 (d), 28 (e) and 

56 (f) days. 

a b 

c d 

e f 



35 
 

 
 

It can be seen from Figure 3.4 (a) that the coating surface is non-homogeneous and 

severe cracking. The formation of cracks has been explained by a number of 

mechanism, including capillary force, which develops during the rapid evaporation of 

solvent from the coating surface during drying stage, a decrease in the bond strength 

between TiO2 nanoparticles as the film is thick, and a significant mismatch between 

the thermal expansion coefficients of the glass substrate and TiO2 nanoparticles 

[117,118].  

 

 

 

Figure 3.5 The SEM images (10kx) of SGSC TiO2 films for aged 1 (a), 7 (b), 14 (c), 21 (d), 28 (e) 

and 56 (f) days. 

a b 

c d 

e f 
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With higher magnification, the morphologies of coating surface became clear and 

shown sponge like structure of TiO2 nanostructures (Figure 3.5). This structre is 

formed by single nanosized TiO2 particles bound together, resulting in an arrangement 

randomly of holes and cavities. Similar structures have been seen in previous works 

[119]. From 1 day to 14 days smaller cracks and grains size decreasing and 

interparticle space observed. As can be seen that (Fig. 3.4(d)) the large agglomeration 

occured on the coating surface of aged 21 days. For 56 days, the coating surface of the 

SGSC films shows that more uniform and smooth surface, less and small cracks. 

 

Figure 3.6 The SEM images (2.5kx) of SGDC TiO2 films for aged 1 (a), 7 (b), 14 (c), 21 (d), 28 (e) 

and 56 (f) days. 

a b 

c d 

e f 
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3.2.2 Aging Effect on SGDC TiO2 Thin Films 

SEM images at 2500x and 20000x magnification of the as-grown SGDC TiO2 thin 

films grown on the glass substrate at different aging days with 10 seconds dipping time 

are given in Figure 3.6 and Figure 3.7, respectively. 

 

 

 

Figure 3.7 The SEM images (20kx) of SGDC TiO2 films for aged 1 (a), 7 (b), 14 (c), 21 (d), 28 (e) 

and 56 (f) days. 

It can be seen from figure 3.6 that the coating surface morphologies shows good 

uniformity, smooth, homogeneity with cracks and holes. All films shows island-like 

a b 

c d 

e f 
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structures of TiO2 nanoparticles. When the aging day increased from 1 day to 28 days, 

larger island-like structures decreased and holes became larger. Also, exhibited a more 

homogeneous distribution. At film aged 56 days, the larger and non-uniform structure 

with larger holes seen. The particles of SGDC films are about in spherical form, in 

aggrement with previous work [103,120-123]. The Figure 3.8 shows the avarage grain 

size of the TiO2 nanoparticles for differend aged days. The avarage grain sizes values 

were calculated 292 nm, 346 nm, 376 nm, 340 nm, 481 nm and 476 nm for 1, 7, 14, 

21, 28 and 56 aging day, respectively.  

 

Figure 3.8 Histogram showing the particle size distribution pattern for the corresponding SEM 

images of SGDC TiO2 thin films for different aged days. 
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3.2.3 Number of Layers Effect on SGDC TiO2 Thin Films  

The SEM images at 1000x and 5000x magnification for SGSC TiO2 thin films for 

different number of layers for 56 days aged with 3 layers are given Figure 3.9 

  

  

  

Figure 3.9 The SEM images (1kx and 5kx) of SGSC TiO2 thin films for 3 (a, b), 5 (c, d) and 10 (e, f) 

layers for aged 56 days. 

The cracks and holes observed. It was observed that with the increase of the number 

of layers, the cracks increase due to the drying process [124]. It can be seen that an 

obvious agglomeration phenomena exist. Various factors such as capillary absorption, 

a b 

c d 

e f 
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solid bridge, Van der Waals and hydrogen bonding can cause agglomeration formation 

[125].  

3.2.4 Dipping Time Effect on SGDC TiO2 Thin Films 

The SEM images at 1000x and 5000x magnification for SGDC TiO2 thin films for 

different dipping time for 56 days aged are given Figure 3.10. 

 

  

  

  

Figure 3.10 The SEM images (1kx and 5kx) of SGDC TiO2 thin films for 5 (a, b), 10 (c, d) and 20 (e, 
f) seconds dipping time for aged 56 days. 

a b 

c d 

e f 
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With the increasing dipping time, island-like structres were increased. And 

agglomeration increasing observed. Brinker and Scherer reported that the small 

particles inclined to agglomerate due to the high surface energy [45].  

3.2.5 Annealing Effect on SGSC TiO2 Thin Films 

SEM images at 1000x and 10000x magnification of the SGSC TiO2 thin films grown 

on the glass substrate for as-grown, and annealed at 300 0C, 400 0C, 500 0C, 600 0C 

and 700 0C with 3 layers are given in Figure 3.11 and Figure 3.12 respectively. 

 

 

 

Figure 3.11 The SEM images (1kx) of SGSC TiO2 films for as-grown (a), annealed at 300 0C (b), 400 
0C (c), 500 0C (d), 600 0C (e) and 700 0C (f). 

a b 

c d 

e f 
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When annealing temperature increasing up to 500 0C, the uniformity, particle 

distribution and smoothess were increased but above 500 0C dramatically decreased. 

According to the SEM images, it can be said that the TiO2 particles more 

homogeneously covered at 500 0C annealing temperature.

Figure 3.12 The SEM images (10kx) of SGSC TiO2 films for as-grown (a), annealed at 300 0C (b), 

400 0C (c), 500 0C (d), 600 0C (e) and 700 0C (f).

a b

c d

f
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3.2.6 Annealing Effect on SGDC TiO2 Thin Films  

Figure 3.13 and Figure 3.14 shows the SEM images at magnification 2500x and 

20000x magnification of SGDC TiO2 thin films for different annealing temperature 

with 10 seconds dipping time. The as-grown films shows island-like structure. When 

the SGDC films annealed at from 300 0C to 700 0C, island-like structres grew by 

merging and holes on the surface increased. All the SGDC films were composed of 

spherical particles.  

 

Figure 3.13 The SEM images (2.5kx) of SGDC TiO2 thin films for as-grown (a), annealed at 300 0C 

(b), 400 0C (c), 500 0C (d), 600 0C (e) and 700 0C (f). 

a b 

c d 

e f 
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Figure 3.14 The SEM images (20kx) of SGDC TiO2 thin films for as-grown (a), annealed at 300 0C 

(b), 400 0C (c), 500 0C (d), 600 0C (e) and 700 0C (f). 

In Figure 3.15, structures of spherical particles of SGDC TiO2 thin films annealed at 

700 0C with 10 seconds dipping time are clearly seen at larger magnification (100kx). 

Similar structures have been seen in previous works [126]. When the interlocking 

spherical structres are analyzed, it is seen that they are formed by the merging of 

smaller particles.  

 

a b 

c d 

e f 
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Figure 3.15 The SEM images (100kx) of SGDC TiO2 thin films annealed at 700 0C. 

Histogram showing the particle size distribution pattern for the corresponding SEM 

images of SGDC TiO2 thin films as-grown and annealed at 300 0C, 400 0C, 500 0C, 

600 0C and 700 0C are given in Figure 3.16. The average grain sizes were calculated 

as 337 nm, 328 nm, 325 nm, 336 nm, 350 nm and 371 nm, respectively. With 

increasing annealing temperature, the sturucture transfomed from the amourphous to 

anantase and the avarage grain size increased. 
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Figure 3.16 Histogram showing the particle size distribution pattern for the corresponding SEM 

images of SGDC TiO2 thin films at different annealing temperature. 
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3.3 EDX Analysis 

3.3.1 Annealing Effect on SGSC TiO2 Thin Films 

The Energy-Dispersive X-Ray spectra of SGSC TiO2 thin films for as-grown and 

annealed at 300 0C, 400 0C, 500 0C, 600 0C and 700 0C are given in the Fig.3.17. EDX 

spectra of all thin films have mainly exposed the presence of titanium and oxygen 

atoms and as a result materialization of SGSC TiO2 films was confirmed [127-129].  

The peak at L

by the kicked out electron in L 4.508 keV, where the electron from 

L orbital filled in the hole in K orbital provided evidence that the Ti elements were 

present. 

hole in K orbital are provided evidence that the O elements were present. The peaks 

associated with silicon were due to the glass substrate. Thermal exposure often 

activates the diffusion of Si from the thin film on glass substrate [130-132]. 

With the increasing annealing temperature, molecular weight percentage of Ti 

element was gradually increased from 17.0 % to 41.0 % and molecular weight 

percentage of O element was gradually decreased from 64.9 % to 42.2 %, in 

agreement with previous studies [133]. The EDX analysis of thin film annealed at 

700 0C which is highest Ti content are revealed a molecular weight percentage of 

41 % for Ti and 42.2 % for O. 

3.3.2 Annealing Effect on SGDC TiO2 Thin Films 

The EDX spectra of SGDC TiO2 thin films glass substrate for as-grown and annealed 

at 300 0C, 400 0C, 500 0C, 600 0C and 700 0C are given in the Fig.3.18. The EDX result 

showed that the TiO2 films was primarily composed of titanium and oxygen elements 

which is proper with the stoichiometric of TiO2. 
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Figure 3.17 The EDX analysis of SGSC TiO2 thin films for as-grown (a), annealed at 300 0C (b), 400 
0C (c), 500 0C (d), 600 0C (e) and 700 0C (f). 

a b 

c d 

e f 
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Figure 3.18 The EDX analysis of SGDC TiO2 thin films for as-grown (a), 300 0C (b), 400 0C (c), 500 
0C (d), 600 0C (e) and 700 0C (f). 

a b 

c d 

e f 
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With increasing annealing temperature, molecular weight percentage of Ti element 

was gradually increased from 16.8 % to 30.1 % and molecular weight percentage of 

O element was gradually decreased from 58.4 % to 46.7 %. The variation of 

molecular weight percentage of Ti element for SGSC and SGDC thin films 

according to the annealing temperature is shown in the Fig.3.19. When the SGSC 

and SGDC films compared, its observed that SGSC showed a higher increase in the 

percentage of Ti than SGDC films with increasing annealing temperature. 

 

Figure 3.19 Titanium content changing with the annealing temperature. 
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Figure 3.20 (a) SEM images of SGSC TiO2 thin film annealed at 700 0C, (b) EDX analysis of 

spectrum 39 and (c) spectrum 40.

The Fig.3.20 (a) show EDX analysis of the SGSC TiO2 thin films annealed at 700 0C. 

2 points were marked on the base and on the surface which is spectrum 39 and 40, 

a

b

c
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respectively. The EDX analysis of these point are given in Fig.3.20 (b) and (c). It can 

be seen that molecular weight percentage for point at the base (spectrum 39) are 44.9 

% for Ti, 31.0 % for O and 22.0 % for Si. Whereas, molecular weight percentage for 

point at the surface (spectrum 40) are 51.0 % for Ti, 43.4 % for O and 2.7 % for Si. 

When the point at the base and surface compared, it was observed that increase in Ti 

and O content and a dramatically decrease in the Si content due to the distance from 

the glass substrate.  

3.4 Absorbance and Band-Gap Analysis 

3.4.1 Aging Effect on SGSC TiO2 Thin Films  

The optical absorption spectra of the SGSC TiO2 thin films for 1, 7, 14, 21, 28 and 56 

days aged with 3 layers are given in the Fig.3.21. 

 

Figure 3.21 The optical absorption spectra of the SGSC TiO2 films for different aging day with 3 

layers. 

The absorption peaks for different aging days was exhibited strong absorption below 

400 nm. Also, it was observed that the absorption spectra for aged 7 and 14 days have 

higher visible light absorption capacity. Maximum absorption is observed at around 
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290 nm. The spectra of all thin films consist of a sharp absorption threshold around 

410 nm. Similar result was indicated in the other studies [134-136]. Which is attributed 

 from the valance band (VB) to the conduction 

band (CB) [137]. It was observed that absorption treshold of SGSC TiO2 thin films are 

shifted toward different wavelenght with increasing aging days, in agreement with 

previous work [138].  

 

Figure 3.22 Plot of ( hv)^2 versus energy for SGSC TiO2 thin films for different aging time for 3 

layers. 

It was reported by the authors of [139] that the direct transition was more fovurable in 

anatase TiO2 nanoparticles. The plot of )2 versus energy (hv) are given in Figure 

3.22, to determine the bandgap values of SGSC TiO2 thin films for different aging time 

(1, 7, 14, 21, 28 and 56 days) with 3 layers. The obtained bandgap value are given 

Table 3.5. The bandgap values are varied between 3.22 eV and 3.56 eV [140-142]. It 

can be seen that when the aging day increased from 1 day to 14 days, bandgap value 

significantly decreased, corresponding to absorption treshold shifted towards higher 
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wavelenghts. After that increased with increasing aging day. It is seen in the previous 

studies that the bandgap value changes with the effect of aging time [143]. 

3.4.2 Aging Effect on SGDC TiO2 Thin Films  

The optical absorption spectra of the SGDC TiO2 thin films for 1, 7, 14, 21, 28 and 56 

days aged with 10 seconds dipping time are given in the Fig. 3.23. 

 

Figure 3.23 The optical absorption spectra of SGDC TiO2 thin films for different aging day with 10 

second dipping time. 

When the aging day increased from 1 day to 56 days, absorption treshold shifted 

towards the shorter wavelenghts. Maximum absorption are seen for aged between 1 

and 21 days are at around 295 nm. After that for aged 28 and 56 days decreased at 

around 285 nm. Similar results at same aging day was also reached at SGSC TiO2 thin 

films. The bandgap values of the SGDC TiO2 thin films for aged 1, 7, 14, 21, 28 and 

56 days were calculated 2 - hv graph are shown in Fig. 3.24. 

The obtained bandgap values are given in Table 3.5. It can be seen that with increasing 

aging day from 1 day to 56 days, the bandgap values gradually increased from 3.32 eV 

to 3.57 eV ( seen in Figure 3.25). 
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Figure 3.24 Plot of ( hv)^2 versus energy for SGDC TiO2 thin films for different aging time for 10 

seconds dipping time. 

Table 3.5 Band-gap value of SGSC and SGDC TiO2 thin films for different aging time for 3 layers 

and 10 second dipping time. 

Band-gap 1 day 7 days 14 days 21 days 28 days 56 days 

SGSC 3.48 eV 3.36 eV 3.22 eV 3.51 eV 3.55 eV 3.56 eV 

SGDC 3.32 eV 3.36 eV 3.43 eV 3.52 eV 3.55 eV 3.57 eV 
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Figure 3.25 Band-gap changing with the aging time for SGSC and SGDC TiO2 thin films. 

The fact that the films are nanocrystalline nature may explain why we observed a 

higher bandgap value in this work [144]. It can said that this phenomenon is explained 

by variations in phase transformation and film composition [145]. The expansion of 

the bandgap can be explained by well known Burstein-Moss (BM) effect [146]. 

Transitions can only at higher energy levels in the CB because of the lowest states in 

the CB are blocked. This phenomenon frequently seen in degenerated semiconductor. 

Therefore, it is interpreted that blue shift in the energy bandgap shows a carrier density 

increased [147]. 

3.4.3 Number of Layers Effect on SGSC TiO2 Thin Films  

The absorption spectra of the SGSC TiO2 thin films for 3, 5 and 10 layers with different 

aging days is given in Fig. 3.26. 
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Figure 3.26 The optical absorption spectra of the SGSC TiO2 thin films for aged 1, 21,28 and 56 days 

for 3, 5 and 10 layers. 

The noise seen in films for 10 layers was not observed for aged 21 and 28 days thin 

films. The absorption peaks shifted towards higher wavelenght with increasing number 

of layer. According to reports, large agglomeration of TiO2 particles scatter less light 

than evenly dispersed particles, and TiO2

dependent on particle size [148]. With increasing number of layer, larger 

agglomeration are seen in the SEM images, in agreement with these results. The plot 

of ( hv)2 versus energy of SGSC TiO2 thin films for 3, 5 and 10 layers for different 

aging day are shown in the Fig. 3.27. The obtained bandgap values are given in the 

Table 3.6. With increasing number of layer, the bandgap value decreased. Similar 

results have been observed in previous studies [21,149].  
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The increase in grain size of TiO2 layers cause a decreasing in the bandgap. 

Additionally, defect levels in the TiO2 forbidden band were caused the formation of 

several subbands. So, the bandgap energy value is decreased [21,150-152]. 

  

 

Figure 3.27 Plot of ( hv)^2 versus energy for SGSC TiO2 thin films for different aging time for 3, 5 

and 10 layers. 
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3.4.4 Dipping Time Effect on SGDC TiO2 Thin Films 

The Figure 3.28 show the absorption spectra of the SGDC TiO2 thin films for 5, 10 

and 20 seconds dipping time with different aging days. It was not observed significant 

change with increasing dipping time. The plot of ( hv)2 versus energy are shown in 

the Figure 3.29. The determined bandgap values are given in the Table 3.6.  

 

Figure 3.28 The optical absorption spectra of SGDC TiO2 thin films for aged 1, 21, 28 and 56 days 

for 5, 10 and 20 seconds dipping time. 
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Figure 3.29 Plot of ( hv)^2 versus energy for SGDC TiO2 thin films for different aging time for 5, 10 

and 20 seconds dipping time. 

Table 3.6 Band-gap value of SGSC and SGDC TiO2 thin films for 1, 14, 21 and 28 days aging time 

for different layers number and dipping time. 

SGSC 
Band-gap 

3 
layers 

5  
layers 

10  
layers 

SGDC 
Band-gap 

5 
seconds 

10 
seconds 

20 
seconds 

1 day 3.48 eV 3.27 eV - 1 day 3.33 eV 3.32 eV 3.37 eV 

21 days 3.51 eV 3.63 eV 3.59 eV 21 days 3.49 eV 3.52 eV 3.50 eV 

28 days 3.55 eV 3.54 eV 3.53 eV 28 days 3.56 eV 3.55 eV 3.54 eV 

56 days 3.56 eV 3.44 eV 3.29 eV 56 days 3.61 eV 3.57 eV 3.59 eV 
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3.4.5 Annealing Effect on SGSC TiO2 Thin Films  

The Figure 3.30 are shown the optical absorption spectra of SGSC TiO2 thin films as- 

grown, annealed at 300 0C, 400 0C, 500 0C and 600 0C for aged 28 days for 3 layers. 

The absorption spectra of films annealed at 700 0C could not be obtained. 

 

Figure 3.30 The optical absorption spectra of SGSC TiO2 thin films annealed at different 

temperatures. 

It is seen that annealing affect led to a decreasing in the ultraviolet and visible light 

absorption capacity of the growth films, these results in agreement with previous 

studies [153]. The bandgap values of the SGSC TiO2 thin films was determined by 

using 2 vs energy graph (Fig. 3.31). With increasing annealing 

temperature, bandgap values decreased from 3.16 eV to 2.97 eV up to 600 0C. Similar 

changing indicated in the previous works [154-158]. As a result of the annealing 

process, small grains become larger grains due to reasons such as breaking the 

unwanted bonds and reorgaizing the atoms, and reducing the defects therefore the 

packing density increased. Consequently, the bandgap value are decreased [77,116].  
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Figure 3.31 Plot of ( hv)^2 versus energy for SGSC TiO2 thin films annealed at different 

temperature. 

3.4.6 Annealing Effect on SGDC TiO2 Thin Films  

Figure 3.32 show the optical absorption spectra of SGDC TiO2 thin films as-grown 

and annealed at 300 0C, 400 0C, 500 0C, 600 0C and 700 0C for 28 days aged with 10 

seconds dipping time. 
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Figure 3.32 The absorption spectra of SGDC TiO2 thin films annealed at different temperatures. 

 

Figure 3.33 Plot of ( hv)^2 versus energy for SGDC TiO2 thin films annealed at different 

temperature. 
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Table 3.7 Band-gap value of SGSC and SGDC TiO2 thin films annealed at different temperatures. 

 As-grown 300 0C 400 0C 500 0C 600 0C 700 0C 

SGSC 3.16 eV 3.13 eV 3.11 eV 3.06 eV 2.97 eV - 

SGDC 3.39 eV 3.35 eV 3.32 eV 3.26 eV 3.23 eV 3.20 eV 

It was seen that the visible light absorption capacity of the films decreased with the 

annealing process. The linearity of the Tauc plot of ( hv)2 vs hv for the SGDC TiO2 

thin films for as-grown and annealed at 300 0C, 400 0C, 500 0C, 600 0C and 700 0C are 

shown in the Fig. 3.33. The determined bandgap values are given in the Table 3.7. The 

bandgap values of the thin films decreased from 3.39 eV to 3.20 eV with increasing 

annealing temperature. Similar results for SGDC TiO2 films have been observed in 

previous studies [159].  

 

Figure 3.34 Bandgap changing with the annealing temperature for SGSC and SGDC TiO2 thin films. 

Figure 3.34 show a comparision the bandgap changing with the annealing effect for 

SGSC and SGDC thin films. The difference between in the bandgap values of both 

coating methods are nearly 0.20 eV. When the compared SGSC and SGDC TiO2 thin 

films, with the increasing of annealing temperature, the same changing behaviour is 



65 
 

 
 

seen in two growth thecniques and with increasing annealing temperature the bangap 

values are decereased. 

3.5 Refractive Index, Porosity, Dielectric Constant and Optical 
Conductivity 

3.5.1 Aging Effect on SGSC and SGDC TiO2 Thin Films 

Table 3.8 Refractive index (n), porosity (P), dielectric constant ( ) and static dielectric constant ( o) 

values of SGSC and SGDC TiO2 thin films as a function of aging day. 

Aging 
(day) 

Bandgap 
(eV) 

 
o 

Moss rel. Ravindra et al. 
rel. 

Herve-
Vandamme rel. 

n P 
(%)  n P 

(%)  n P 
(%)  

SGSC - 
1 3.48 7.80 2.36 14.6 5.57 1.93 49.3 3.71 2.22 27.0 4.91 

7 3.36 8.17 2.38 12.7 5.67 2.01 43.9 4.01 2.25 24.4 5.05 

14 3.22 8.60 2.41 10.4 5.79 2.09 37.2 4.36 2.29 21.1 5.22 

21 3.51 7.71 2.36 15.0 5.55 1.91 50.1 3.64 2.21 27.6 4.87 

28 3.55 7.59 2.35 15.6 5.52 1.88 52.4 3.55 2.20 28.4 4.83 

56 3.56 7.56 2.35 15.7 5.51 1.87 52.9 3.52 2.20 28.6 4.82 

SGDC - 
1 3.32 8.29 2.39 12.1 5.70 2.03 42.0 4.10 2.26 23.5 5.10 

7 3.36 8.17 2.38 12.7 5.67 2.01 43.9 4.00 2.25 24.4 5.05 

14 3.43 7.96 2.37 13.8 5.61 1.96 47.1 3.83 2.23 25.9 4.97 

21 3.52 7.68 2.35 15.1 5.54 1.90 51.1 3.62 2.21 27.8 4.86 

28 3.55 7.59 2.35 15.6 5.51 1.88 52.4 3.55 2.20 28.4 4.83 

56 3.57 7.52 2.35 15.9 5.50 1.87 53.3 3.50 2.19 28.8 4.81 
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The refractive index of the films was determined by using Moss (equation 2.9), 

Ravindra (equation 2.10) and Herve-Vandamme relations (equation 2.11). The 

dielectric constant and porosity values were calculated by using 2.12 and 2.14 

equations. The calculated refractive index, porosity, dielectric constant and static 

dielectric constant values for SGSC (3 layers) and SGDC (10 seconds dipping time) 

TiO2 thin films for 1, 7, 14, 21, 28 and 56 days aged are given in the Table 3.8.  

 

Figure 3.35 Refractive index of SGSC and SGDC TiO2 thin films versus aging time, calculated using 

Moss relation, Ravindra et al. relation and Herve-Vandamme relation. 

The calculated refractive index by Moss relation are between 2.35 2.41 for SGSC and 

2.35 2.39 for SGDC films. According to Ravindra et al. relation, the refractive index 

of SGSC and SGDC films were defined as in the range of 1.87-2.09 and 1.87-2.03, 

respectively. On the other hand, the refractive index of SGSC and SGDC were 

calculated by Herve-Vandamme relation as between 2.20 2.29 and 2.26-2.19, 

respectively for different aging day. The Figure 3.35 show the refractive index vs aging 

time values using the Moss, Ravindra and Herve-Vandamme relations. The variation 

in refractive index can be attributed to optical absorption and variety of impurities and 

defects in the thin films [160]. These refractive index values are in agreement with the 

previous studies [161,162]. 

The static dielectric constant of SGSC and SGDC thin films were calculated as in the 

range of 7.52  8.60. The porosity values were calculated using refractive index are in 

the range of 10.4 % - 15.9 %,  37.2 % - 53.3% and 21.1 % - 28.8 %, for Moss, Ravindra 

and Herve-Vandamme relations respectively. With decreasing porosity, density of 
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TiO2 thin films increased. Lower porosity values were observed for SGSC thin films 

aged 14 days and SGDC thin films aged 1 day. The dielectric constant changing with 

increasing aging day were calculated between 5.50  5.79, 3.50  4.36 and 4.81  5.22, 

for Moss, Ravindra and Herve-Vandamme relation respectively.  

 

Figure 3.36 Optical conductivy-photon energy plot for SGSC and SGDC TiO2 thin films for different 

aging day. 

The Figure 3.36 show the optical conductivity versus photon energy plot for SGSC 

and SGDC TiO2 thin films with different aging time. Increasing aging days caused a 

change in the optical conductivity. 

3.5.2 Layer and Dipping Time Effect on SGSC and SGDC TiO2 Thin Films 

The calculated refractive index, porosity, dielectric constant and static dielectric 

constant value of the SGSC for 3, 5 and 10 layers and SGDC for 5, 10 and 20 seconds 

dipping time with aged 56 days are given in the Table 3.9. The static dielectric constant 

was calculated in the range of 7.40  8.39. According to the Moss relation, the 

refractive index values were determined in the range of 2.34  2.39 for the different 

number of layers and dipping time. On the other hand, the calculated refractive index 

values by Ravindra relation were changed between 1.85  2.04. With using Herve-

Vandamme relation, the lowest refractive index values were calculated between 2.18 

- 2.27. 
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Table 3.9 Refractive index (n), porosity (P), dielectric constant ( ) and static dielectric constant ( o) 

values of SGSC and SGDC TiO2 thin films for aged 56 days as a function of number of layer and 

dipping time. 

Layer- 
Dipping 

time 

Ban
dgap 
(eV) 

 
o 

Moss rel. Ravindra et al. 
rel. 

Herve-
Vandamme rel. 

n P 
(%)  n P 

(%)  n P 
(%)  

SGSC - 3 3.56 7.56 2.35 15.8 5.51 1.88 52.6 3.52 2.20 28.6 4.82 

5 3.44 7.93 2.37 14.0 5.60 1.95 47.5 3.81 2.23 26.1 4.95 

10 3.29 8.39 2.39 11.6 5.73 2.04 40.6 4.18 2.27 22.8 5.13 

SGDC-5 3.61 7.40 2.34 16.5 5.47 1.85 55.0 3.41 2.18 29.7 4.76 

10 3.57 7.52 2.35 15.9 5.50 1.87 53.3 3.50 2.19 28.8 4.81 

20 3.59 7.46 2.34 16.2 5.49 1.86 54.2 3.45 2.19 29.3 4.79 

It was observed that with the increasing number of layers, the refractive index, 

dielectric constant and static dielectric constant increased and porosity decreased. 

Similar results with increasing number of layers was achieved in previous studies 

[163]. Lower porosity and higher refractive index were observed at SGSC films for 10 

layers. These decrease in the porosiy is due to film densification and filling of pores 

with increasing number of layers [164]. 

3.5.3 Annealing Temperature Effect on SGSC and SGDC TiO2 Thin Films 

The determined refractive index, porosity, dielectric constant and static dielectric 

constant value for SGSC (3 layers) and SGDC (10 seconds dipping time) with as-

grown and annealed at 300 0C, 400 0C, 500 0C, 600 0C and 700 0C are given in the 

Table 3.10. The calculated static dielectric constant are changed between 8.08  9.37. 

According to Moss relation, the refractive index was determined in the range of 2.38 

 2.46 for different anneling temperature. The refractive index values calculated by 

using Ravindra relation are changed between 1.98  2.24. According to Herve-

Vandamme relation, the lowest refractive index values were calculated between 2.24 
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- 2.36. The refractive index changing as a function of annealing temperature for each 

relation is given in the Figure 3.37. 

Table 3.10 Refractive index (n), porosity (P), dielectric constant ( ) and static dielectric constant ( o) 

values of SGSC and SGDC TiO2 thin films as a funciton of annealing temperature. 

Annealing 
Temp. 

Bandgap 
(eV) o 

Moss rel. Ravindra et al. 
rel. 

Herve-
Vandamme rel. 

n P 
(%)  n P 

(%)  n P 
(%)  

SGSC  
as- grown 3.16 8.79 2.42 9.43 5.85 2.13 34.3 4.52 2.30 19.7 5.30 

300 0C 3.13 8.88 2.42 8.90 5.87 2.14 32.8 4.59 2.31 18.9 5.34 

400 0C 3.11 8.94 2.43 8.55 5.89 2.16 31.8 4.65 2.32 18.4 5.36 

500 0C 3.06 9.10 2.44 7.65 5.94 2.19 29.3 4.78 2.33 17.2 5.43 

600 0C 2.97 9.37 2.46 5.98 6.03 2.24 24.7 5.03 2.36 14.8 5.56 

SGDC 
as- grown 3.39 8.08 2.38 13.2 5.64 1.98 45.3 3.93 2.24 25.0 5.01 

300 0C 3.35 8.20 2.38 12.6 5.68 2.01 43.4 4.03 2.25 24.1 5.06 

400 0C 3.32 8.29 2.39 12.1 5.70 2.03 42.0 4.10 2.26 23.5 5.10 

500 0C 3.26 8.48 2.40 11.1 5.76 2.06 39.2 4.26 2.27 22.1 5.17 

600 0C 3.23 
 8.57 2.41 10.6 5.78 2.08 37.7 4.33 2.28 21.4 5.21 

700 0C 3.20 8.66 2.41 10.1 5.81 2.10 36.3 4.41 2.29 20.6 5.25 

 

It can be seen that with increasing annealing temperature, refractive index, dielectric 

constant and static dielectric constant values increased for SGSC and SGDC TiO2 thin 

films and porosity decreased. Similar result was achieved in previous studies [165]. 
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Figure 3.37 Refractive index of SGSC and SGDC TiO2 thin films versus annealing temperature, 

calculated using Moss relation, Ravindra et al. relation and Herve-Vandamme relation. 

The optical conductivity versus incident photon energy plot of SGSC and SGDC TiO2 

thin films for as-grown and annealed at 300 0C, 400 0C, 500 0C, 600 0C and 700 0C are 

given in the Figure 3.38. It was seen that with the increasing annealing temperature, 

optical conductiviy decreased for each coating methods. 

  

Figure 3.38 Optical conductivy-photon energy plot for SGSC and SGDC TiO2 thin films for different 

annealing temperature. 
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CHAPTER 4 

CONCLUSION 

In this thesis, the structural and optical properties of TiO2 thin films grown on glass 

substrate by sol-gel spin coating and sol-gel dip coating methods were investigated. 

XRD, SEM and UV-Vis spectroscopy measurements are used for characterization.  

For these aim some growth parameter have been considred; aging day of the solution, 

number of layer, dipping time and annealing temperature.  

With using the structural analysing results, the crystallite size, dislocation density, 

microstrain, avarage grain size values, and with using the optical results energy 

bandgap, refractive index, porosity, dielectric constant and static dielectric constant 

values were calculated for each growth process. 

In the first part of the study, the prepared solution was aged 1, 7, 14, 21, 28 and 56 

days. Thin films were grown on glass substrate by using SGSC and SGDC methods. 

Using the aged solutions,  Number of layers and dipping time effect on the thin film 

were investigated. For these aim,  3, 5 and 10 layers and 5, 10 and 20 seconds dipping 

time considered, the Thin films were dried at 250 0C for 3 minutes for SGSC growth 

and 100 0C for 30 minutes for SGDC growth . To investiagte the annealing effect on 

the for all these growth parameters, TiO2 thin films were annealed at 300 0C, 400 0C, 

500 0C, 600 0C and 700 0C for 1 hour.  

The XRD results of SGSC aged TiO2 thin films showed amorphous phase. With the 

annealing of the films, recrystallization from amorphous to anatase structure was 

occured at above 400 0C. The dominant (101) peak is nearly at 24.61o corresponding 

to the lattice plane was observed in all crystal structure. The other lattice plane (004), 

(200), (105), (211) and (204) appeared with annealing. The crystallite size for (101) 

planes in all SGSC and SGDC films was calculated as 31.81, 26.37, 25.18 nm and 

50.07, 38.83, 27.17, 26.33 nm, with increasing annealing temperature. It was observed 

that, the crystallite size decreased and FWHM, dislocation density and microstrain 

increased with increasing annealing temperature. According to XRD results, the better 
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crystallization was observed at 400 0C for each coating methods. The interplanar 

spacing, FWHM, dislocation density and microstrain were calculated 

0.27o, 0.000988 nm-2 and 5.40x10-3 for SGSC TiO2 thin films annealed at 400 0C and 
o, 0.000393 nm-2 and 3.31x103 for SGDC films at 400 0C. 

From the SEM imaging, it was observed that surface of the SGSC films are non-

homogeneous and severe cracking. The increasing aging time was caused a change of 

the agglomeration size, homogenity, cracks and smoothness of the coating surface. 

From the SEM images of the SGDC thin film, all films was showed island-like 

structure. With the increasing aging time, these structure size decreased and holes 

increased. The particles of island-like structures are about in spherical form. The 

average grain size of SGDC thin film for 1, 7, 14, 21, 28 and 56 days aged was 

determined as 292, 346, 376, 340, 481 and 476 nm, respectively. With the increasing 

number of layers, it was observed that, larger agglomeration formed, homogenity and 

particle distribution improved and the holes decreased. From the SEM imaging of 5, 

10 and 20 seconds dipping time, size of island-like structure increased and larger 

agglomeration shown. When we look at the annealing effect results, it was observed 

that, the increasing annealing temperature caused a morphological changing on the 

coating surface. The average grain size of SGSC films annealed at 700 0C was 

calculated as 47 nm. With the increasing annealing temperature from room 

temperature to 700 0C, the average grain size of SGDC films was determined as 337, 

328, 325, 336, 350 and 371. 

From the EDX analysis, content of the titanium element in the SGSC films was 

gradually increased from 17.0 % to 41.0 % with increasing annealing temperature. The 

molecular weight percentage of titanium elements at 700 0C was observed as 41 % for 

Ti, 42.2 % for O and 12.2 % for Si element. The Si elements was due to the glass 

substrate. The content of the Ti element in the SGDC was gradually increased from 

16.8 % to 30.1 % with increasing annealing temperature. The higher content of the Ti 

was observed as 41.0 % at 700 0C for SGSC thin film.  

From the UV-Visible spectroscopy measurements, the absorption threshold was 

observed at around 410 nm for all grown TiO2 films. The bandgap values of the SGSC 

films were calculated as 3.48, 3.36, 3.22, 3.51, 3.55 and 3.56 eV with increasing aging 
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time from 1, 7, 14, 21, 28 to 56 days, respectively. The lowest energy bandgap value 

was observed for 14 days aged thin film. The bandgap values for SGDC films were 

determined as 3.32, 3.36, 3.43, 3.52, 3.55 and 3.56 eV for aged 1, 7, 14, 21, 28 and 56 

days, respectively. It was observed that, with the increasing aging day, the bandgap 

values gradually increased. The number of layers and dipping time was caused a 

changing in the band structure. The bandgap values of films as-grown and annealed at 

300 0C, 400 0C, 500 0C, 600 0C and 700 0C was calculated as 3.16, 3.13, 3.11, 3.06 and 

2.97 eV for SGSC films and 3.39, 3.35, 3.32, 3.26, 3.23 and 3.20 eV for SGDC films, 

respectively. As can be seen that the bandgap values for each using coating methods 

gradually decreased with increasing annealing temperature. 

The refractive index by using Moss relation was calculated as 2.36, 2.38, 2.41, 2.36, 

2.35 and 2.35 for SGSC and 2.39, 2.38, 2.37, 2.35, 2.35 and 2.35 for SGDC for aged 

1, 7, 14, 21,28 and 56 days, respectively. The lowest refractive index value was 

observed at SGDC for 56 aged thin film and the highest value was observed at SGSC 

for 14 days aged thin film. The porosity, dielectric constant and static dielectric 

constant values of the SGSC thin film for 14 days aged and SGDC for 56 days aged 

were calculated as 10.4 %, 5.79, 8.60 and 15.9 %, 5.50, 7.52, respectively. The 

rafractive index for as-grown and annealed at 300 0C, 400 0C, 500 0C, 600 0C and 700 
0C were calculated as 2.42, 2.42, 2.43, 2.44 and 2.46 for SGSC TiO2 thin films and 

2.38, 2.38, 2.39, 2.40, 2.41 and 2.41 for SGDC thin films, respectively. The lowest 

refractive index value was seen at SGDC as-grown and highest value was seen at 

SGSC annealed at 600 0C. The porosity, dielectric constant and static dielectric 

constant value was determined as 13.2 %, 5.64 and 8.08 for SGDC as-grown thin film 

and 5.98 %, 6.03 and 9.37 for SGSC thin film annealed at 600 0C. It was observed that 

optical conductivity changed with the annealing temperature. 

As a result we can summarize and say that the growt thecnique and the growt 

paramaters of the different growth thecniques effect the structural, optical and the other 

properties of the thin film. So according to the our aim, we can choose and we can 

optimize the growth parameters. In this thesis, it has been tried to do this and to 

optimize the growth parameters for two different growth methods and to draw a road 

map for those who will work on this subject from now on. 
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FUTURE STUDIES; 

1. Investigating the effects of the other sol-gel parameters 

 Different Precursors effect (TTIP, TiBu, TiCl4) 

 Differnetn Solvent effect (Ethanol, Methanol, Propanol) 

 Different Catalyst effect (Hydrocloric acid, Nitric acid, Acetic acid) 

 pH effect 

 ZnO+TiO2 (layer by layer) 

 Doping effect 

2. Compared the Hydrothermal and Sol-Gel methods 

 Hydrothermal growth on films coated by sol-gel 
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